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ABSTRACT 

Arabinonucleic acid (ANA), the 2' -stereoisomer of RJ'J'A, was synthesized via solid 

phase synthesis in order to test for its ability to associate with single and double stranded 

nucleic acids (DNA and RJ'J'A), as well as to examine priming, RJ'J'ase H activation, and 

in vitro inhibition of HIV -1 reverse transcription. 

The monomer 9-[2 '-0-acetyl-~-D-arabinofuranosyl]-[ 5 '-0-monomethoxytrityl] (N2
-

isobutyryl) 0 6 -[2-( 4-nitrophenyl)ethyl]guanine was prepared using a combination of 

synthetic strategies developed in the Damha and Pfleiderer labs with an overall yield of 

19- 22% starting from guanosine. Oligoarabinonucleotides of mixed base composition 

were found to hybridize to single stranded RJ'J'A, but only weakly (if at all) to single 

stranded DNA. A pyrimidine (Py) ANA strand was shown to form triple-helical 

complexes only with duplex DNA, and hybrid DNA (purine):RJ'J'A (pyrimidine) with an 

affinity that was slightly lower relative to the corresponding pyrimidine DNA strand. 

Neither the ANA or DNA pyrimidine strands were able to bind to duplex RNA, or hybrid 

RJ'J'A (Pu): DNA (Py). Such understanding can be applied to the design of sequence 

selective oligonucleotides which interact with double-stranded nucleic acids, and 

emphasizes the role of the 2'-0H group as a general recognition and binding determinant 

ofru'J'A. 

A V -shaped oligonucleotide containing a central arabinoadenosine unit and two parallel 

decathymidilic acid (dT10) strands joined via 2'-5' and 3'-5'-phosphodiester linkages was 

capable of forming triple-helical complexes in the presence of complementary 

deoxyadenylate strands with minimal structural effects. These complexes represent the 

lesser known "anti-parallel" motif, or T* A:T reverse Hoogsteen/W atson-Crick trip lex. 

Hybridization, stoichiometric measurements and CD spectroscopy confirmed the 

formation of this triplex. Magnesium ions and DNA binding ligands such as 

Benzo[e]pyridole (BePI), Ethidium Bromide and Hoescht 33258 can also increase the 

stability of these triplexes. Further developments with this chemistry and the idea of an 
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arabinose branch point are anticipated to contribute much to our understanding of the 

native role of branched RNA. 

The insertion of arabinonucleotide units within a DNA strand yielded chimeric molecules 

that exhibited interesting physicochemical and biological characteristics. Although the 

structural changes of DNA strands caused by arabino inserts were minimal, the biological 

outcomes were manifold. For example, DNA with araC as the 3 '-terminus (DNA-araC) 

was found to prime RT-catalyzed DNA synthesis, but significant pausing was noted after 

the addition of 4 nucleotides (n + 4 product); no significant amounts of shorter (n + 1 ... 3) 

products were observed. The appearance of the n + 4 product seems to be sequence 

independent, since it is noted with several 3 '-terminal arabinonucleotide oligomers 

targeted to different sequences on the RNA template. This is a fascinating observation, 

with potential therapeutic significance. 

The same DNA-araC chimera was found to be a very effective inhibitor of several 

important stages of HIV replication, including RT-catalyzed synthesis of full-length (-) 

strong-stop DNA as well as RT-mediated strand transfer. Maximal inhibition was noted 

at a 1:1 antisense oligomer: target RNA ratio, significantly lower than that noted in other 

studies. 

Finally ANA strands when hybridized to their respective target RNA, were found to 

activate RNase H, an enzyme that has been implicated in the mechanism of action of 

antisense drugs. These observations are likely to have a very significant impact in 

clinical chemotherapy and biotechnology. 
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RESUME 

L'acide arabinonucleique (AAN), l'epimere en 2' de l' ARN, a ete synthetise sur phase 

solide afin de verifier son association avec 1' ADN ou 1' ARN a simple ou double brins et 

pour tester l'amorvage, !'activation de 1' ARNase H et !'inhibition in vitro de la 

transcription inverse du VIH-1. Le monomere 9-[2' -0-acetyl-B-D-arabinofuranosyl]-[5'­

O-monomethoxytrityl](N2 -isobutyryl) 0 6 -[2-( 4-nitrophenyl)ethyl]guanine a ete prepare a 
partir de la guanosine avec un rendement de 22% en utilisant une combinaison de 

strategies developpees dans les groupes de Damha et Pfleiderer. L'appariement 

d'oligoarabinonucleotides de sequence mixte a ete observe avec un simple brin d'ARN et 

avec un simple brin d' ADN, mais tres faiblement dans le demier cas. Un brin AAN 

contenant des pyrimidines (Py) a forme une triple helice avec une double helice d' ADN 

et un hybride ADN (purine):ARN (Py) avec une plus faible affinite que le brin ADN (Py) 

correspondant. Par opposition, les memes brins pyrimidines AAN et ADN n'ont pas 

montre d'association avec une double helice ARN ou l'hybride ARN (Pu):ADN (Py). 

Ceci peut etre applique a !'elaboration d'oligonucleotides qui interagissent avec les 

acides nucleiques double brin et montre bien le role predominant de l'hydroxyle 2' dans 

l'ARN. 

Un oligonucleotide en V contenant une arabinoadenosine centrale et deux brins d'acide 

decathymidylique (dT10) paralleles unis par des liens phosphodiesters 2'-5' et 3'-5' a 

forme une triple helice en presence d'un brin deoxyadenylate complementaire. Cette 

triple helice represente le motif «antiparallele» ou triple helice T* A:T Hoogsteen 

inverse/W -C et a ete caracterisee par different appariement, me sure stoechiometrique et 

dichroi'sme circulaire. Des developpements futurs dans !'utilisation d'un arabinose 

comme agent de branchement va permettre l'approfondissement de nos connaissances 

sur 1' ARN branche. 

L'insertion d'arabinonucleotides dans un brin d' ADN a tres peu affecte la structure du 

brin d' ADN, mais a eu des consequences importantes sur l'activite biologique. La 

substitution de dC par araC a la position 3' n'a pas modifie l'amorvage de la synthese 
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d' ADN par la transcriptase inverse, mais un arret prononce a ete observe apres !'addition 

de 4 nucieotides (produit n+4); aucun autre produit plus court a ete observe. L'obtention 

de ce produit n+4 n'a pas semble dependre de la sequence puisque le meme effet a ete 

observe avec plusieurs oligomeres d' ADN modifies en 3' par un arabinonucleotide. Ceci 

est une observation fascinante, avec possibilite d'application therapeutique. 

Le meme hybride ADN-araC a demontre un effet inhibiteur sur quelques etapes 

importantes de la replication du VIH, incluant la synthese par la transcriptase inverse de 

1 'ADN «(-) strong-stop» et le transfert de brin facilite par la transcriptase inverse. 

L'inhibition maximale a ete observee a un ratio oligomere antisens: ARN-cible 1:1, ratio 

plus petit que les autres etudes. 

Un brin d'ADN apparie a un ARN complementaire a active la ARNase H, un enzyme 

implique dans le mode d'action des drogues antisens. Cette observation pourrait avoir un 

impact significatif en biotechnologie et chimiotherapie clinique. 
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'The biological scientist is steeped in the satisfaction of studying a well 

defined area; He is studying "the central point between nothing and all, " 

the mechanism of life and, therefore of man, and he knows of no more 

rewarding a way to spend a life ". 

Ernest Borek 
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CHAPTER I INTRODUCTION 

1.1 IMPORTANCE OF NUCLEIC ACIDS 1
•
2

•
3

•
4

•
5 

Nucleic acids are the most fundamental and important constituents of all living 

cells. They are the "databases," of the cell which contain "all the information" required 

by a cell to live and develop. They also govern a number of the functions of the cell 

including metabolism and reproduction. Although they play a major role in the processes 

of life, they are by themselves inert outside the context of a cell. 

There are two types of nucleic acids in a cell: DNA (deoxyribonucleic acids) and 

RNA (ribonucleic acids), both of which are polymers of alternating sugar and phosphate 

residues (Figure 1.1). Attached to the Cl' of the sugar atom is a purine or pyrimidine 

base. The configuration of this linkage is p, as the base lies on the same side as the C5' 

hydroxymethyl group. The DNA chain is said to have a "directionality"- one end of the 

chain has a free 5' -hydroxyl (OH) group and the other end a free 3 '-OH. 

During the majority of a cell's life cycle, DNA is double stranded (ds). The two 

strands are held together in an antiparallel fashion by Watson-Crick (W-C) hydrogen­

bonds between composite purine and pyrimidine bases. Three of the bases are common 

to both DNA and RNA: adenine, cytosine, guanine. The fourth DNA base, thymine, is 

replaced by uracil in RNA. The principles of life and evolution (the genetic information) 

lie in the sequence of these bases and are characteristic for each organism. This 

complementarity between the bases constitutes one of the major stabilizing interactions 

(hydrogen bonds) and is also responsible for the intrinsic double helical nature of DNA. 

The second major interaction is hydrophobic and results in the vertical stacking of pi (n) 

electron systems of the coplanar heterocyclic bases along the vertical axis of the double 

helix. These two base-derived stabilizing interactions, along with steric and hydrophobic 

interactions, impart on the DNA molecule the stability necessary to preserve life. The 

four nucleobases ensure fidelity of genetic information transfer while the sugar­

phosphate backbone imparts structure, flexibility and hydrophilicity. 
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Figure 1.1: Structural representation for 2' -deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA). Numbering for pyrimidines (C,T,U), purines (A,G) and 
carbohydrates is given. DNA contains the carbohydrate ~-D-2-deoxyribofuranose while 
RNA contains ~-D-2-ribofuranose. The A:T and a:c Watson Crick base pairs are also 
illustrated. 
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RNA molecules are usually single stranded (ss) and composed of ribonucleotide 

units. They are generally shorter than DNA, as they are copied from a limited region of 

DNA (chromosomes), and have a wide array of tertiary structures. Three major types of 

RNA exist: messenger RNA (mRNA), transfer RNA (tRNA) and ribosomal RNA 

(rRNA). The various roles of RNA in gene expression clearly indicate the significance of 

these molecules in living cells, for without the intermediary "RNA" the genetic message 

stored in DNA would have no means of expression. During the course of evolution, 

DNA, which is chemically more stable, emerged better suited for preserving genetic 

information.6 RNA's instability lies in the presence of an additional hydroxyl (OH) 

function at the 2' position of the sugar ring, making RNA sequences more labile or 

sensitive than DNA, due to hydroxyl participation in degradation (both enzymatically and 

chemically).7 

1.2 REGULATION OF GENE EXPRESSION BY OLIGONUCLEOTIDE 

ANALOGUES 

The path from DNA to protein synthesis begins in a ceWs nucleus, when the double­

stranded DNA helix is unwound from one point to another, typically the length of 12 base 

pairs which is enough for transcription to occur (Figure 1.2). RNA polymerase binds one 

of the strands of the DNA duplex at the promoter region (3' end), unwinding ea. 1 turn of 

the DNA helix, which now serves as a template for RNA synthesis. RNA is then 

synthesized, one nucleotide residue at a time, from the template strand of the unwound 

DNA. This nascent RNA strand grows in the 5' to 3' direction, transiently forming a 

DNA:RNA hybrid of ea. 12 nucleotides at the growing 3' end. The DNA:RNA hybrid 

then dissociates and the melted region of the DNA rewinds to form the original DNA 

duplex. This is followed by the RNA polymerase dissociating from the DNA template and 

then from the enzyme itself. Known as the primary transcript or precursor RNA (pre­

mRNA), the nascent RNA is a complementary copy of the original DNA strand. The 

primary RNA transcript thus formed now requires the excision of its introns (noncoding 

regions) which occurs in the nucleus in order to form mature mRNA before transport to 

the cytoplasm. Entry into the cytoplasm signals the ribosomes to recognize the leader 

region at the 5'-end of the mRNA which then form a ribosomal-mRNA complex. 
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Everything is now in the right place to begin the translation of mRNA to the polypeptide 

(protein), of which the first amino acid is always N-formylmethionine. This transfer of 

biological information from a stored form (typically double helical DNA) to functional 

polypeptides via mRNA intermediates comprises the "central dogma of molecular 

biology".8 Artificial inhibitors of biological functions have traditionally been targeted 

towards the final protein products of this pathway ("Sense" approach). However in the 

last few decades, approaches have been suggested for the inhibition of intermediate 

information transfer reactions prior to "protein" synthesis. Such strategies include 

"antisense" and "antigene" interactions of oligonucleotides with messenger RNA and the 

genome, respectively. These interactions may be applicable to the inhibition of many 

DNA characterized diseases, thereby constituting a potential route to rational drug 

d . 9 
estgn. 

1.2.1 Antisense Strategy10
'
11 

Antisense technology, one of the most exciting fields in genetic research, holds the 

promise of novel therapies for hard-to-treat diseases. Part of the power of antisense rests on 

the fact that the genetic code of every known organism is made up of the same handful of 

nucleotides. As described above, the four-letter chemical alphabet, when combined into a 

sequence called a gene, encodes the synthesis of a specific protein. Ordinarily, mRNA 

leaves the nucleus and enters the cytoplasm, where it becomes the physical template for 

protein synthesis in the cell. If it is prevented from forming, or its genetic signals are 

blocked, the protein it encodes cannot be synthesized. Several diseases occur when a 

mutated gene is translated into a "dysfunctional" protein, when a gene over-expresses or 

underexpresses a given protein, or when the genetic code of a micro-organism or virus codes 

for proteins that cause disease. One obvious way to prevent a "harmful" protein from 

forming is to block the mRNA strand that codes for it Thus the principle of the antisense 

approach involves the synthesis of antisense molecules which are usually short, 

chemically modified oligonucleotide sequences that hybridize specifically to a 

complementary sense sequence to form an "antisense:sense" duplex resulting in the 

suppression of information flow to the next stage, namely translation or virus production. 

Although control of gene expression of natural antisense oligoribonucleotides by RNA is 
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known to occur in prokaryotes, 12 usually DNA analogues are preferred over RNA for 

synthetic and therapeutic purposes due to their greater stability and sometimes less 

complicated synthesis. 

Traditionally, most drugs target proteins rather than mRNA. However, once 

protein synthesis begins, millions of copies of a given protein can be produced, the 

amount depending on the gene coding for it - all of which have to be deactivated. But 

compared with the protein it produces, the amount of mRNA is trivial. If a drug blocks 

mRNA rather than a protein, it has a much easier task ahead of it in terms of amount of 

target to be deactivated. Moreover site-specificity constraints considerably limit the 

develpment of drugs that can antagonize the effects of these proteins. Thus antisense 

technology could provide therapies capable of pinpoint accuracy - effective therapies that 

could diffuse through the body, striking only "trouble spots" but leaving their surroundings 

untouched. In other words antisense drugs have in principle, the added advantage of 

specificity; by blocking the synthesis of only one protein, they are less likely to cause side 

effects (toxicity). 

Modes of Antisense Inhibition: 13
.l

4
a,b The informational route from RNA to proteins can 

be prevented by two possible mechanisms. As described above, the first one results as a 

consequence of a stable duplex formed between the antisense oligonucleotide and either a 

strand of unwound DNA or the mRNA thus inhibiting transcription (DNA to mRNA) or 

translation of the nucleotidic sequence to the peptidic sequence respectively. In 

principle, this "translation arrest" can occur at different stages during the life of the 

mRNA (Figure 1.2 Steps B through F). Hybridization of the antisense molecule to the 

target mRNA can occur within the nucleus, before transcription is completed, during 

splicing of pre-mRNA to mRNA, or during passage of the mature transcripts from the 

nucleus to the cytoplasm. Thus, hybridization of the antisense strand to the local 

unwound loop (DNA) inhibits polymerase movement along the DNA and stops 

"transcription" by physical arrest (step B). Hybridization of antisense oligomers to the 

pre-mRNA obstructs formation of mature mRNA by either disrupting pre-mRNA tertiary 

structure formation or preventing spliceosome assembly. 
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Figure 1.2. Eukaryotic Gene Expression: The flow of biological information in living 
cells. Transfer of information between macromolecules occurs at replication, 
transcription, reverse transcription and translation. Proteins have generally been 
traditional targets for therapeutic intervention. Antisense and antigene strategies seek to 
interrupt translation and transcription, respectively, by sequence-specific binding to 
informational macromolecules. 
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Antisense hybridization at the intron-exon junction inhibits the splicing (cleavage) of the 

intron and/or the ligation of the exons (step C). Complementary binding of antisense 

molecules to nuclear mRNA can also interfere with transport of mRNA to the cytoplasm 

(step D). Finally translation of the mRNA to polypeptides can be blocked by 

hybridization of the antisense molecule to cytosolic mRNA via antisense binding to 

initiation factors and/or assembly of the ribosomal subunits at the start codon or by 

preventing the ribosome from scanning the mRNA message in the target sequence (steps 

E and F). This strategy essentially targets mRNA upstream of the AUG promoter with 

"passive" oligonucleotides (which do not modify the target). Thus the mode of action is 

a steric block or physical arrest mechanism. 

The second, more attractive and accepted route, is the activation of RNase H, an 

intracellular enzyme that degrades the RNA strand of a hybrid antisense-DNA:RNA 

duplex. 14
a Inhibition will not generally occur when targeting the coding region of mRNA 

unless the resulting antisense-DNA:RNA complex is cleavable by RNase H. For 

example, because certain antisense oligonucleotide analogues do not elicit RNase H 

cleavage when targeted downstream of the AUG initiation codon, they must 

consequently be targeted to a region from the 5' cap site to a few nucleotides upstream of 

the AUG initiation codon in order to elicit a "physical arrest mechanism". The 

contribution of these two mechanisms is primarily dependent on the location of the target 

along the mRNA, but the same ultimate result is effected in either case (i.e. protein 

synthesis is inhibited). However the location of action of antisense oligonucleotides 

within the cell is still uncertain. 

As described below, antisense oligonucleotides can also be linked to active 

groups such as metal complexes or photosensitizers which irreversibly damage the target 

mRNA by cleavage or crosslinkage, respectively. 15 In this case, the location of the target 

is less important as the irreversible damage ultimately prevents protein synthesis. 

Development of Antisense Oligonucleotide Analogues: Antisense drugs are essentially 

designed to display the following properties: (i) formation of more stable duplexes with 

RNA under conservation of the base pair specificity (ii) efficient penetration through the 

cell membranes in order to reach their targets in the cytoplasm or the nucleus (iii) high 
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stability to intra- and extra-cellular nucleases. (iv) a size that is longer than 16 units, in 

order to statistically inhibit the expression of a single gene among the entire human 

genome16 and (v) high specificity for their target relative to protein and unintended 

targets. 

The chemical nature of the DNA molecule permits modifications at a number of 

different sites (Figure 1.3). Ideally, chemical modifications should result in structural 

analogues with hybridization properties similar to or better than the parent molecule 

under physiological conditions. The rapid advances made in the development of a 

complete set of reliable protecting groups and coupling methodologies permitted 

oligonucleotide synthesis via automated solid phase procedures. With the advent of such 

automated synthesis 17 more than 200 different analogues have been reported over the past 

several years.18 The most widely used chemical route for solid-phase oligonucleotide 

synthesis is the phosphite triester method introduced by Letsinger19 and latter refined by 

Beaucage and Caruthers (Figure 1.4).20 It relies on nucleoside phosphoramidite 

synthons and long-chain alkylamine derivatized controlled pore glass (LCAA-CPG) as a 

solid-phase matrix supporting the synthesis. It was estimated that greater than two 

million oligonucleotide sequences are assembled annually employing CPG-based 

supports.Z1 This approach, as illustrated in Figure 1.4, is suitable for not only DNA and 

RNA synthesis, 22 but also for nucleic acids bearing various modifications (Figure 1.3). 

The modifications can be categorized into three main classes. Oligonucleotides 

bearing modifications at (a) the phosphate-backbone (intemucleoside linkage), (b) the 

base, and (c) the pentofuranosyl sugar. So far, most of the approaches have focused on 

the modification of the phosphodiester groups, as in this situation the base pairing 

necessary for specificity and the orientation of the backbone are still maintained.23
'
24 

This category itself includes two types of modifications. 
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The first requires replacement of the intemucleotide phosphate residue by other 

functional groups ("Dephosphono" oligonucleotides). Examples of this include 

1. 1 'd ' . 1 b 253 b b 21 c d di lkyl d' 1 o 1gonuc eotl es contammg one or severa car onate, ' car amate, ' a or 1ary 

silyl,24e'methylene24
f (methylamino) and amide24

g,h, groups, among many such 

intemucleotidic linkages. The second class encompasses modifications of only the atoms 

around the phosphorus atom, or "phosphate" modified oligonucleotides. Some examples 

include phosphorothioates, 26 phosphorodithioates, 27 

boranophosphonates29 and phosphoramidates30 (Figure 1.3). 

methylphosphonates,28 

Phosphorothioates (S~oligos), wherein one nonbridging phosphate oxygen atom is 

replaced by sulfur, were introduced by Belikova31 and used in stereochemical and 

mechanistic studies by Eckstein and coworkers. 32 These were later shown to possess 

several desirable properties of antisense agents: they are resistant to nuclease 

degradation/3 have sufficient binding capacity to the target and also induce RNase H 

cleavage of the RNA target. 34 However like their phosphodiester counterparts, they do 

not sufficiently penetrate cells and are required in relatively high concentrations to 

achieve the desired effects. In addition, these analogues are believed to be implicated in 

non-specific antisense inhibition with a potential risk oftoxicity.35 

Methylphosphonates, wherein a non-bonding oxygen is replaced by a methyl 

group are not only nuclease resistant but, due to the non-ionic nature of the 

intemucleotide bridge increase cellular uptake considerably. However, the binding 

affinity of these molecules is drastically decreased,36 and they do not elicit RJ~ase H 

cleavage when bound to the target RNA. 

Since the specificity of the antisense strategy is based on Watson-Crick base 

pairing rules, any modifications to the bases must preserve this base pairing and, as a 

consequence, this approach has a rather finite scope. 23 Among the base modifications 

studied, some examples include 5-methylcytosine, 5-bromocytosine/7 5-ethynyluracil,38 

5-(l-propynyl)-2'deoxyuraciVdeoxycytosine,39 pseudouracil40 and 2,6-diaminopurine.41 

Oligonucleotides incorporating these bases have been shown to hybridize to 

complementary RNA but further modifications in the sugar-phosphate backbone are 

necessary in order to provide appropriate resistance towards degradative enzymes. 
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Figure 1.4: Solid phase synthesis cycles using nucleoside-phosphoramidite synthons. 19
-
21 

(A) Cycle entry with support bound protected nucleoside. (i) Detritylation: 
trichloroacetic acid in dichloroethane. (ii) Coupling: nucleoside-3' -phosphoramidite and 
tetrazole. (iii) Capping: acetic anhydride, N-methylimidazole and collidine in THF. (iv) 
Oxidation: iodine, pyridine and water in THF. (B) Cycle exit: Cleavage/Deprotection: the 
support-bound protected oligomer is concomitantly cleaved and deprotected by treatment 
with concentrated aqueous ammonia after n + 1 cycles. 
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Recently there has been a considerable interest in the synthesis and properties of 

oligonucleotide analogues with "sugar" components different from those of natural DNA 

and RNA.42 Structural changes include direct modifications in the pentofuranosyl 

moiety, for example altering the configuration of the anomeric position (p to a glycosidic 

bond), or introducing pendant moieties at different positions of the sugar ring.18 

Oligodeoxynucleotides based on L-and D- deoxynucleotides,43 D-glyceronucleosides,44 

peptido-nucleosides (peptide nucleic acid or PNAt5 and morpholinonucleosides46 are 

some notable examples of antisense constructs. 

Sugar modifications at the 2' carbon of the pentose ring are gaining popularity. 

The beneficial effects of a C2' substitution include cellular uptake in vitro and in vivo, 

nuclease resistance or binding affinity. 1
6.4

7 These include RNA analogues with 2'­

fluoro,48 2'-0- methyl,49 and 2'-0-allyl substituents instead of the natural2'-0H group.42 

The synthesis of oligonucleotides containing hexopyranoses instead of pentofuranose 

sugars has also been reported.50 A few of these pyranose analogues have increased 

enzymatic stability but generally suffer from a reduced duplex forming ability with the 

target sequence. A notable exception is the 6'~ 4' linked oligomers constructed from 

1 ,5-anhydrohexitol units which, due to their highly pre-organized sugar structure, form 

very stable complexes with RNA.51 In fact oligomers composed of arabinopyranose 

sugars specifically hybridize to complements containing arabinopyranose oligomers but 

not to RNA or ssDNA.51 However, none of these hexopyranose oligonucleotide 

analogues have been shown to elicit RNase H activity. 5° 

Lastly, compounds linked at 3' or 5' ends of the phosphate linkage have also been 

investigated and some of these are illustrated in Figure 1.323
'
52 Covalently linking 

lipophilic moieties such as cholesterol to an oligonucleotide effectively improves both its 

transport and hybridization properties. 53 In addition, attachment of photosensitive groups 

(e.g. psoralen) to the termini of oligomers have been shown to damage RNA or ssDNA 

targets after hybridization. 15 

Some interesting applications of the antisense technology include the in vitro 

synergistic inhibition of HIV-1 reverse transcriptase by antisense oligonucleotides and 

nucleoside analogues, 54 and inhibition of human melanoma metastasis, by targeting 

mRNA coding for protein kinase c-a.,55 both cases occurring in vitro. Other applications 
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that have advanced to in vivo studies are: selective inhibition of a (!B)-adrenergic 

receptor expression and function,56 inhibition of influenza virus RNA polymerase and 

nucleoprotein expression by phosphorothioate oligonucleotides,57 and inhibition growth 

of human hepatoma cells overproducing Insulin Growth like Factor (IGF-11).58 

In mid 1998, the U.S. Food and Drug Administration approved fomivirsen 

(Vitravene)™, an antisense drug (thioate-DNA) made by ISIS Pharmaceuticals m 

California, that is injected into the eye to inhibit cytomegalovirus (CMV) retinitis. It 

specifically targets the viral RNA, thus inhibiting production of a protein that the virus 

needs to replicate. CMV retinitis is a common infection seen in AIDS patients that can 

lead rapidly to blindness. Before Vitravene® the only effective treatment available for 

CMV retinitis was the nucleoside analogue ganciclovir developed by former McGill 

professor Kelvin K. Ogilvie. Patients with low tolerance of ganciclovir® are 

administered Vitravene®. Alternatively, a combination of Vitravene® and ganciclovir® 

are indicated.44 

1.2.2 Triple Helix Formation and the Antigene Approach 

The selective recognition of DNA base sequences plays a central role in molecular 

biology. Gene expression is controlled by sequence specific regulatory proteins, many of 

which have been shown to recognize the major groove of DNA. 59 Anti gene inhibition is 

designed to target a specific gene in order to modulate transcription of the targeted gene 

(Figure 1.2 step A). Because it targets duplex DNA rather than single stranded RNA, it 

is different from antisense inhibition and intrinsically more difficult. Sequence specific 

transcriptional arrest demands that oligonucleotides interact with chromatin in a fashion that 

inhibits transcription. To do this, oligonucleotide analogues must either invade double 

stranded DNA structures (strand displacement) or form triple stranded structures. Either task 

is both a chemical and a biological challenge. Given the difficulty of this approach, it is not 

surprising that progress is at a reduced pace relative to that of the antisense strategy.60 This 

disappointingly slow progress is in spite of the several unique advantages that trip lex gene 

targeting offers, at least in principle. 

One of the advantages of triplex gene targeting is the high probability, on a 

statistically random basis, that a -16 base pair target sequence will occur uniquely in the 
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human genome. This means that only low levels of a third strand oligonucleotide of 

appropriate sequence will be needed for triplex formation. Furthermore, the resulting down­

regulation of transcription can be long-lasting, in contrast to the antisense targeting of 

mRNA, where sustained levels of oligonucleotide may well be required in order to down­

regulate multiple mRNA molecules as they are synthesized. 
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Figure 1.5: Triple helical formation (pyrimidine motif). Ribbon model of the local 
triple-helical structure formed by the binding of an oligonucleotide to a target DNA 
sequence. The Watson-Crick duplex strands are depicted as black ribbons, while the third 
oligonucleotide is depicted as a white ribbon. 

Triple-helical RNA complexes have been recognized since 1957.6 1 Subsequently, 

it was established that ribo- as well as deoxyribohomopyrimidine strands ('third strands' ) 

could associate with complementary double helical homopurine-homopyrimidine 

complexes to form triple helices (Figure 1.5).62
'
63 At least two structural classes of DNA 

triple helices exist that differ in hydrogen bonding, sequence compositions of the third 

strand, relative orientations and relative positions of the sugar-phosphate backbones.64 

Both classes contain oligonucleotides binding in the major groove of duplex DNA, by 
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specific interactions between the third strand65 and the purine strand of the target duplex. 

Since polypurine sequences are widespread in eukaryotic genomes and often occur in 

positions that flank transcribed genes,66 the antigene approach to gene regulation can in 

principle be put into practice. 

In the first more commonly described 'pyrimidine' motif, the third strand binds via 

Hoogsteen base pairing, with thymines and/or uracils recognizing only A:T61
'
67 base 

pairs, and protonated cytosines recognizing only G:C base pairs (Figure 1.6).63
•
64

·
68

•
69 

Protonation of the N3 of the pyrimidine ring of C or 5-Me-C is necessary for this binding 

motif and generally limits its use to acidic conditions (pH 5.5-6.5) or targets which are 

relatively poor in G:C base pairs. 64 Despite this limitation, pyrimidine rich oligonucleotides 

have been used to inhibit the binding of transcription factor SpJ70 and RNA polymerase II 

transcription in vitro.11 The pH dependence of binding can be overcome using analogues of 

C which have the correct hydrogen bond donors at pH 7; examples include 2'-0-methyl­

pseudocytidine, 72 6-methyl-8-oxo-2' -deoxyadenosine 73 and 3-methyl-5-arnino-1-pyrazol­

[ 4,3-d] pyrimidin-7 -one. 74 These bases have all been identified as capable of trip lex 

interaction with G:C base pairing at physiological pH, allowing for sequence-specific 

inhibition under physiological conditions. Oligonucleotide-directed triple helix 

formation in the 'pyrimidine' motif is stabilized by increasing oligonucleotide length ( 11-

15 nt) as expected by analogy with double helical-DNA.9 The terms "parallel" and 

"antiparallel" are sometimes used in the literature to refer to pyrimidine Hoogsteen ( •) 

and purine reverse-Hoogsteen (*) triplexes respectively. 

In the second class termed the 'purine' motif, a purine third strand binds in an 

antiparallel fashion to the duplex purine strand through reverse-Hoogsteen base 

pairing.64
•
75

•
76 Base pairing in this motif includes guanosine binding to guanosine (G*G:C) 

and either adenosine or thymidine binding to adenosine (A* A:T or T* A:T). 
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Unlike the pyrimidine motif triplexes, these purine motif (Pu*Pu:Py) triplexes have been 

shown to exist at physiological pH, and are stabilized by polyvalent cations such as Mg 2+, 

but not by monovalent cations such asK+, Rb+, NH/ and Na+.77
'
78 Oligonucleotides which 

bind in the purine motif have been shown to form specific complexes with a number of 

biologically significant targets including the promoters for human epidermal growth factor 

receptor gene, "proto-oncogne" HER2 and c-myc gene, 79 and inhibit transcription from the 

1 tt . . 75 d 'bl . . 80 a er m v1tro an posst y m v1vo. 

Applications and Limitations of the Antigene strategy: The concept of the antigene 

strategy has been clearly verified in vitro for both purine and pyrimidine motifs. 

Oligonucleotides bound to duplex DNA were able to inhibit in vitro transcription81 by 

altering DNA-protein interactions (RNA polymerase or transcription factors) or by 

blocking transcription, elongation and unwinding of the duplex DNA. 82 Other 

biomedical applications involve the mapping of megabase DNA through the selective 

cleavage of specific DNA duplex domains.64
'
83

'
84 The effective development of such 

applications requires a knowledge of the affinities and specificities of third strand probes 

for target DNA:DNA, RNA:RNA and RNA:DNA duplex domains. In recognition of this 

need, several studies have focused on elucidating the influence of 'strand composition' 

(RNA versus DNA) on the stabilities and energetics oftriplex structures.85
•
86

•
87 

Antigene strategies suffer from the following problems: (a) third strand 

association with duplex is invariably weak, so a high local concentration of the third 

strand would be required in cells; (b) the c+ •G:C triplet in pyrimidine triplexes is only 

stable at pH < 6.5, so a C:G-rich parallel triplex is generally unstable at physiological pH 

unless there exists an accompanying "helper effect" such as protein binding, or psoralen 

cross-linking as described above; 88 (c) an adequate level of third strand has to reach the 

nucleus, and thus needs to transcend two membrane barriers - there is evidence that this 

does indeed occur, at least to some extent;89 (d) the target site may be inaccessible due to 

its masking by chromosomal and other nuclear proteins, although this is less likely to be 

a problem when a gene is being actively transcribed; and (e) despite much effort, the 

triplex recognition code is not general for all sequences. Triplex formation has been 

considered to be most effective when directed against perfect tracts of 

oligopurine:oligopyrimidine DNA sequences, although an increasing number of studies 
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have suggested that 'purine motif' triplexes with a significant number of sequence 

imperfections are stable under cell culture conditions.90 

Although triple helices were known since 1957,61 Dervan,64 and Helene91 only 

recently demonstrated the feasibility of the antigene concept. Triplex stability in both 

cell-free systems and in vitro (human P450 aromatase gene)88
a were enhanced by 

intercalating groups such as acridine linked to the 5 'end of the third strand. A more direct 

demonstration of trip lex formation has been made by means of a primer extension assay, 

in which Taq polymerase is stopped at the site of a psoralen cross-linked lesion at the 

promoter of the interleukin-2 receptor a. subunit. Inhibition of transcription has been 

reported to persist in He La cells up to 72 h using a 5 '-psoralen linked 19-mer third strand 

triplex.92
a A similar oligomer targeting the supF gene in the mouse genome was also 

shown to have varying effects92
b in repair-deficient cells that cause xeroderma 

pigmentosum. 92
c-e Several other cellular studies have highlighted the large number of 

possible targets for triplex formation within a gene. 

Triplex formation competes with binding of transcription factors, although the 

possibility of third-strand interaction with these proteins rather than DNA cannot be ruled 

out. Non-toxic third strand oligonucleotide concentrations of -2J..tM have successfully 

demonstrated inhibitory effects of gene expression via trip lex formation mechanism e.g., 

in NF-KB93
a promoter sequences and human tumor factor93

b (TNF gene). Within the 

viral genomes, the potential for trip lex specific targeting has been shown for HIV -1 

provirus in chronically infected cells.93
c 

Very little is known about the mechanisms that govern triplex-stabilizing binding 

events. There is a need to define solution conditions and structural modifications which 

could predictably alter trip lex-stabilizing properties. Some of these requirements will be 

investigated in Chapter 3, Section 2. Specifically the pyrimidine triplex motif, which is 

less known and more difficult to form at physiological conditions, will be examined. 
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1.3 HYBRIDIZATION OF NUCLEIC ACIDS 

1.3.1 UV Spectroscopy94 

A fundamental biophysical intrinsic property of single stranded DNA and RNA is 

their ability to associate or hybridize to other single stranded nucleic acids. This interaction is 

sequence specific and may be intermolecular or intramolecular in nature. Intramolecular 

interactions arise when self complementary regions exist in the nucleic acid itself. 

Unimolecular, bimolecular, as well as higher order complexes such as triplexes,63
'
95 

tetraplexes 96 and three- and four-stranded junctions are also known to exist.97 

Monitoring Duplex and Trip/ex Formation: 

The nucleobases are chromophores absorbing UV light at wavelength (A.) ea. 260 

nm. Hence UV spectrophotometrical changes that accompany the dissociation and 

association of nucleic acid complexes can be used to monitor and consequently determine if 

the desired complexes (duplexes or triplexes) are indeed being formed.98 This is because 

nucleic acid polymers are known to absorb UV light to a "lesser" extent than the sum of their 

monomeric components. Moreover, aqueous solutions of nucleic acids absorb less UV light 

at lower than at higher temperatures. This occurs as a result of greater electronic interactions 

between the chromophores in the ordered complex compared to the single strands (random 

coil). The ordered structures are predominant at lower temperatures while the single strand 

population increases as temperatures increase. This decrease in UV absorbance for the 

ordered complexes is known as "Hypochromicity". Hypochromicity is usually reported as a 

percentage, according to the equation AH% [(A1 - Ai)/ Afi x 100, where Ai = solution 

absorbance at initial temperature and A1 = solution absorbance at final temperature. AH% is 

thus an indication of the chromophoric base stacking interactions between the strands. (For 

a detailed explanation of the currently accepted hypochromicity theory refer to the literature 

review).98 The "Melting Temperature" {Tm) is the temperature at which only one half of the 

complex-population exists in the hybridized form and the remaining half is fully dissociated. 

T m measurements involve mixing the strands of interest together, followed by incubation in 

the appropriate buffer at low temperatures in order to promote annealing. The UV 

absorption behaviour is then monitored at 260 nm over a specific temperature range (265nm 

for C+:C rich systems, 284 nm T•A:T system, 300nm C+•G:C system). The resulting profile 
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of absorbance versus temperature is known as the "Melt Curve" or "Melt Profile" (Figure 

1.7). 
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Figure 1.7: Hypothetical melting curve from which the melting temperature or Tm is 
determined. The tangents on either sides of the steepest rise are determined. A1 
represents the absorbance at high temperature and Ai absorbance at lower temperatures. 

The base-line method for T m determination involves determining the average (At +A ) 
2 

(absorbance axis) which is then extrapolated onto the temperature axis to give the Tm 
(ea. 70°C). The Tm can also be determined by measuring Tat dA/dT =maximum (first 
derivative method); in this case Tm = 72°C. The base-line method was used in the 
studies described in this thesis. 

Melting of the third strand from the underlying duplexes, or of the duplexes 

themselves can be observed as monophasic melt profiles with the appropriate choice of 

wavelength. Loss of the third strand from a C:G rich system coincides with a 

hypochromic UV absorbance change at 300 nm and no change at 284, while the 
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denaturation of the duplex coincides with a hyperchromic UV absorbance at 284 and no 

change at 300 nm (Chapter 3, Section 3). Dissociation of T/A:T triplexes (both 

Hoogsteen and reverse-Hoogsteen) into duplex and single strands (dT)0 is accompanied 

by a hyperchromic absorbance change at 284 nm, while the denaturation of the duplex 

shows no change at this wavelength99 (Chapter 3, Section 2). However the denaturation 

of both the Watson-Crick and Hoogsteen paired strands is accompanied by a 

hyperchromic change at 260 nm. 

1.3.2 Circular Dichroic Spectroscopy100 

Circular Dichroism (CD) is a powerful technique for studying nucleic acid structure, 

i.e. absolute configuration, complexation of small molecules, and three-dimensional 

structure (conformation, helical arrangement). This is achieved by alternately measuring the 

absorbance of left and right handed circularly polarized light as a function of wavelength 

(A), 101 in the UV range. The CD spectrum usually detects a region of rapid change with 

respect to A termed the Cotton effect. Both the sign and absolute intensity of the Cotton 

effects are sensitive to molecular stereochemistry. The CD spectra of many types of nucleic 

acid complexes have been determined and certain patterns and signatures established. Hence 

CD analysis proves useful in structural elucidation of new complex formation. Although an 

'absolute' method for determining stereochemistry of small molecules, CD is used more as a 

comparative than an absolute method for the studies involving larger biomolecules such as 

the ones described in this thesis. 

The nucleobases themselves have a plane of symmetry, and thus are not 

intrinsically optically active. When the bases are attached to the Cl' of the asymmetric 

pentose, the resulting nucleoside is now also asymmetric and this induces CD in the 

absorption bands of the chromophoric bases. As a result of this secondary effect the 

intensity of the CD peaks is unfortunately low. This situation is however different for the 

nucleosides in oligomers and nucleic acid complexes. As mentioned above the 

hydrophobic planes, the hydrophilic edges, as well as charge-charge interactions, cause 

the bases to stack and the polymer as a whole to assume a helical structure (Figure 1.1). 

Thus the electronic transitions of the chromophoric bases in a "duplex" are now in close 

proximity, and can interact to give CD spectra of high intensity. The nucleobase is the 
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biggest contributor to the CD spectrum and consequent analyses. Thus a large number of 

1t-1t· -type transitions are involved and begin at about 300 nm, with high intensity. Other 

sources of electronic transitions include (a) phosphate groups (170 nm, high energy), the 

sugar moiety (190 nm, low energy) and nonbonding electrons, the latter giving rise ton-

1t* transitions of low intensity that are buried under the 1t-1t* transitions. Since CD is 

dependent on base-base interactions, the technique is sensitive to nucleic acid secondary 

and primary structure. 

In the case when polymorphism is dependent on solvent conditions, CD becomes 

the method of choice for following changes in secondary structure as a function of 

solvent conditions. For example the B to A transition observed when ethanol is added to 

a duplex solution can usually be monitored by CD. Circular dichroism will be used in 

this thesis to determine the relative conformation of nucleic acid complexes (i.e. A, B 

form etc.), and the nature of the complex formed (i.e. triplex or duplex). Some 

characteristic features of these complexes are exemplified in Figure 1.8. 

B form versus A form Helices: B-form helices display a positive band centered near 275 

nm, a negative band near 240 nm and a crossover around 260 nm (the wavelength 

maximum for the normal absorption). The CD band in the longer wavelength region does 

not appreciably change upon melting of the duplex, whereas the high intensity CD bands 

in the short-wavelength regions are sensitive to the G:C content of the particular DNA 

and show large changes in intensity as a result of melting. A-form duplexes exhibit a 

strong wavelength band centered around 260 nm, and a fairly intense negative band 

around 210 nm. (Figure 1.8A). 

Nature of Complex: Trip/ex signatures for T•A:T and C+ II(]:C motifs: The spectra for 

sequences of both C+ •G:C (data not shown) and T•A:T systems exhibit changes in the 

240-300 nm region with increasing triplex:duplex ratios (Figure 1.8 B). 
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Figure 1.8 CD spectra illustrating (A) differences between A~ and B~ form duplexes; (B) 
differences in trip lex and duplex signatures for T* A:T systems. 
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However, the nature of these changes appears to be unique to the specific sequence. 

Unlike the spectral changes in the 240-300 run region, those in the 210-240 run region are 

more independent of sequence. With increasing trip lex: duplex ratios, the spectra of both 

sequences show a marked amplitude decrease, broadening and red-shift of the negative 

band at 210 run. The similarity in spectral variations that both sequences display in the 

210- 240 run region upon alteration of the triplex:duplex ratio suggests that this spectral 

region presents a useful circular dichroic signature of triplex formation irrespective of 

base sequence102 (See Chapter 3, Section 2- 3). 

1.4 PROJECT BACKGROUND AND OBJECTIVES 

This thesis work focuses on the synthesis and use of oligonucleotides based on D­

arabinose instead of the natural D-ribose (Figure 1.9). Three independent driving forces 

exist for studying oligoarabinonucleotides, namely, (I) to obtain information on nucleic 

acid structure, (11) to study protein:nucleic acid interactions (e.g., interactions of HIV -1 

RT and RNase H with nucleic acids), and (Ill) to assess their use in antisense and 

antigene strategies. 
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Figure 1.9: Structures of DNA, RNA and arabinonucleic acids (ANA). ANA like RNA, 
has a hydroxyl group (OH) at the C2' position, but unlike RNA this is trans to the 
phosphodiester linkages. 
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1.4.1 Biochemical and Physicochemical Studies of Arabinonucleic Acids 

Antisense oligonucleotides hold great promise as highly specific therapeutic 

agents against a wide range of human diseases including viral infections and cancer. 

Antisense oligomers that modulate gene expression by more than one mechanism of 

action are highly desirable as this increases the potential efficacy of these compounds in 

vivo. 103 In addition to the antisense oligomer binding tightly to its complementary target 

RNA, another essential requirement in the antisense approach is the ability of the 

resulting anti sense oligomer: RNA hybrid to serve as a substrate of RNase H. The added 

effect is likely to have therapeutic value by enhancing the antisense effect relative to 

oligomers that are unable to activate this enzyme. Apart from phosphorothioate (PS­

DNA) and phosphorodithioate (PSrDNA), boranophosphonate-linked DNA and 

oligomers containing an internal PS-DNA segment, there are no other examples of fully 

modified oligonucleotides that elicit RNase H activity. 104 Although oligonucleotide 

phosphorothioates are performing well in clinical trials and are moving rapidly towards 

New Drug Applications (NDA), sequence-nonspecific biological effects are often 

encountered in the evaluation of these compounds. 105 Moreover, as indicated above, the 

therapeutic applications of the phosphorothioate molecules are somewhat limited since 

they form less stable duplexes with the target nucleic acid than do normal 

phosphodiester oligomers and are also less efficient than the corresponding 

phosphodiester-linked oligodeoxynucleotides with respect to RNase H activity. 106 For all 

of these reasons and because of the problems encountered with PS-oligomers (e.g. non­

specific antisense effects and potential risk of toxicity), alternative oligonucleotide 

analogues that selectively block gene expression through the activation of RNase H 

activity are constantly being sought. From this point of view, oligoarabinonucleotides may 

have advantageous and interesting properties, since the arabinonucleosides are well known 

for their clinical potential as antiviral and anti-neoplastic agents. 107
'
108 Moreover 

arabinonucleotides appear to be more stable to enzyme degradation, 109 depurination110 

and may be promising alternatives to normal deoxynucleotides for use in antisense and 

. . tll112tt3 I h c: • fr · 1 d antigene strategtes. · · t t ere1ore appears Important, om a practica an 

theoretical point of view, to study the thermal stability of ANA:RNA duplexes as well as 
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to assess their susceptibility to RNase H cleavage. This would be of interest, not only for 

the antisense area, but also in the study of the mechanism of action of different enzymes. 

Thus as a further extension of the studies conducted earlier in this research group 

(Damha's lab),114 the synthesis ofarabinonucleic acids (ANA, Figure 1.9) of mixed base 

(A, U, C, G) composition will be conducted for the first time (Chapter 2). The properties 

of the complexes formed between ANA and RNA, and ANA and ssDNA will be 

investigated by physicochemical methods (Chapter 3, Section 1 ). In addition, a self 

complementary ANA dodecamer adapted from the pioneering work of Dickerson and 

Drew115 will be synthesized and studied for the potential formation of pure ANA:ANA 

duplexes (Chapter 3, Section 4). Since the Dickerson~Drew DNA duplex was one of the 

first to be studied at high resolution (x~ray diffraction), this is an excellent model to adopt 

and compare. 

Two other studies will involve the synthesis of an ANA~DNA chimeric series of 

oligomers (18 nucleotides in length) complementary to the R region of the HIV~1 genome, 

in order to (a) investigate their ability to inhibit viral production (Chapter 4, Sections 1 and 

2) and (b) to ascertain the relative roles of ANA in mediating RNase H cleavage (Chapter 

4, Section 3). In the first study, oligodeoxynucleotides containing a single 

arabinonucleoside at or near the 3'~end will be prepared (e.g., 5'DNA~araC3') and 

targeted to genomic HIV ~ 1 RNA. The idea is to investigate whether the chimera will 

inhibit polymerization by HIV reverse transcriptase (RT). i.e. by a steric blockage 

mechanism, and then to explore the extent of the sensitivity of RT to subtle changes in 

the primer strand of the DNA-araC:RNA duplex on such polymerization. 

1.4.2 Structural Studies 

Triplexes: As part of a long term interest in structure-function correlation of branched 

oligonucleotides, considerable effort will focus on reverse~Hoogsteen T* A:T triplexes 

formed by oligonucleotides containing arabinoadenosine as a branch~point (Chapter 3, 

Section 2). A vast repertoire of synthetic branched nucleic acids (both in terms of 

composition and size) have already been synthesized and thoroughly investigated in the 

Damha laboratory, but these were based on ribose rather than arabinose branch~points 

(Figure 1.10).116 
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Figure 1.10: Complexes formed by branched V shaped molecules with deoxyadenylate 
third strands. ('111

) Watson-Crick bonds and(*) reverse-Hoogsteen bonds. [The following 
symbols will be used throughout this thesis for base pairing: Watson-Crick (:) Hoogsteen (•) 
and reverse-Hoogsteen (*)].(A was studied by Hudson et a/.)116 
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Specifically, a "V"-shaped 21-mer, containing a single arabinoadenosine branch-point 

esterified at the 2' and 3' positions with decathymidilic acid will be synthesized, and its 

association with complementary DNA and RNA investigated. An examination of 

melting temperatures (T m) for complex dissociation and nucleobase mismatch tolerance 

on hybridization will be measured in order to reveal fundamental physicochemical 

properties of branched oligonucleotides. This "branched strategy" for recognition of 

nucleic acids may be important in antisense applications that target viral ssDNA or RNA. 

Finally the formation of triplexes by a polypyrimidine ANA third strand with 

duplex DNA, duplex RNA and DNA:RNA hybrids will be investigated for the first time 

(Chapter 3, section 3). "Will the chemically more stable ANA (the 2' -epimer of RNA), 

bind to duplex DNA?" These studies are important since RNA third strands are known 

to bind with high affinity to duplexes, but their short half-life in vivo precludes their use 

as antigene agents. 
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CHAPTER 11 SYNTHESIS AND CHARACTERIZATION OF OLIGOARABINO­
NUCLEOTIDES OF MIXED BASE COMPOSITION 

2.1 BACKGROUND ON ARABINONUCLEOSIDES AND ARABINONUCLEIC 

ACIDS 

2.1.1 Arabinonucleosides 

Arabinonucleosides are stereoisomers of the naturally occurring ribonucleosides, 

differing only in the configuration at the 2' -position of the sugar ring. This simple 

alteration of the sugar ring leads to nucleoside analogues with diverse biological 
. . . . l d' . 101 111 d . . l . . . to& (F. 2 1) actlvtttes, me u mg anticancer · an anttvua actiVIties tgure . . 

araFA cyclaradlne 

Figure 2.1: Arabinonucleosides used as anticancer and antiviral drugs. 

To date, 1-P-D arabinofuranosylcytosine (araC) is the most successful nucleoside 

anticancer agent118 and is widely used either in combination therapy, or at high doses as a 

single agent to treat patients with leukemias (acute nonlymphocytic and human 

myeloblastic ).119 Amphidicolin and araC elicit synergistic inhibition of DNA repair 
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synthesis in human fibroblasts, possibly due to the inhibition of DNA repair synthesis of 

pre-existing DNA damage caused by amphidicolin. 120 AraC has only weak antiviral 

activity121 and its usefulness is limited by its in vivo deamination to inactive 

arabinofuranosyluracil ( araU). 

9-~-D-arabinofuranosyladenine (araA) and its 5'-monophosphate derivative122 

have substantial antiviral activity towards Herpes Simplex Virus (HSV) and 

hematological malignancies. 123 Large doses of araA are needed however because of its 

conversion by adenosine deaminase to the less active 9-~-D-

arabinofuranosylhypoxanthine ( araH). AraA is therefore more effective against HSV 

infection when externally applied as an ointment. Adenosine analogues including 9-~-D­

arabinofuranosyl-2-fluoroadenine124 and cyclaradine125 have been developed to 

circumvent the deamination of the adenine ring (Figure 2.1). 

In order to achieve a therapeutic effect, it is necessary for these drugs to be 

phosphorylated by nucleoside kinases once inside the cell. 126 The difference in substrate 

specificity between cellular and viral induced nucleoside kinases, serves as a basis for the 

selectivity of several clinically used antiviral nucleoside analogues. Interestingly, 

carbocyclic-dO, araG, araH and araA are all substrates for the enzyme 2'­

deoxyguanosine kinase, whereas 3'-modified dG analogues such as 3'-fluoro-2',3'­

dideoxyinosine and 3 '-azido-2' ,3 '-dideoxy-2,6-diaminopurine riboside are not. 126 AraC 

is converted by a series of kinases to the active metabolite araCTP. 127 AraCTP and 

araATP are known to be incorporated into elongating DNA strands128 and to work as 

inhibitors of DNA polymerase a, thus inhibiting DNA synthesis. Arabinofuranosyl 

nucleosides could also induce apoptosis (programmed cell death) in different cell lines 

such as human myeloid leukemia cell lines129 without being incorporated into DNA. 

Thus at the cellular level, the major biochemical consequence of arabinonucleosides in 

treatment is suppression ofreplication130 and of DNA repair. 131 

Recently 2' -0-allyl arabinofuranosides have been investigated with respect to 

their biological importance in the inhibition of ribonuclease reductase. 132 The 2 '-0-allyl 

araC derivative is approximately three orders of magnitude less cytotoxic than the parent 

compound araC, possibly due to a reduced phosphorylation efficiency by nucleoside 

kinases and/or a decreased affinity of the metabolite for its target enzyme. 
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While some arabinonucleosides have significant antitumor activity, their use is 

limited by the fact that they are equally toxic to rapidly proliferating normal cells. In this 

regard, it is worth noting that araG is selectively cytotoxic to T -lymphoblasts in vitro 

compared to B-lymphoblasts and null cells. 133 As such, araG is an attractive candidate as 

a selectively acting chemotherapeutic agent. 134
'
135

'
136 The decreased catabolism of araG 

in T cells relative to B cells results in selective accumulation of the nucleoside137 and 

consequently greater exposure of such cells to the activated araGTP, ultimately inhibiting 

DNA synthesis.134
'
136 

AraG also serves as a substrate for a number of other enzymes. For example it is 

phosphorylated by deoxycytidine kinase138 in both T and B cells.135
'
139 It is also a 

substrate of mitochondrial deoxyguanosine kinase140 and an inhibitor of both 

mitochondrial purine nucleoside phosphorylase141 and Giardia Iamblia DNA 

synthesis. 142 It has proven to be an effective ex vivo agent for purging residual malignant 

T cells from human bone marrow. 133 

Although araG has been studied for over a decade as a selective T -cell cytotoxic 

agent, no clinical trials of araG have yet been initiated. The two greatest clinical 

deterrents are its poor water solubility and its elaborate chemical synthesis. The former 

concern was addressed by the development of 2-amino-6-methoxypurine arabinoside, 143 

a water-soluble "pro-drug" that is converted to araG by adenosine deaminase whereas the 

issue of chemical synthesis was somewhat eased by the development of chemo­

enzymatic synthetic methods.144 

2.1.2 Oligoarabinonucleotides 

The above data clearly demonstrate that arabinonucleosides are valuable and 

unique agents that merit further investigation. In this regard, oligonucleotides 

constructed from arabinonucleotides have been under investigation from various different 

aspects. 145 Incorporation of these arabinonucleosides into a nucleotide chain 146 have 

been investigated in an attempt to improve the solubility of arabinonucleoside 

therapeutics. Specifically incorporation of araC into oligonucleotide strands has also 

been the focus of research to understand the mechanism of action of this anticancer 

drug.147
'
148 For example, DNA strands containing arabinocytosine have been a subject of 
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a number of structural studies. In the crystal, DNA duplexes containing araC adopt a 

normal B-type double helix with only small conformational perturbations at the araC-dG 

base pair. 149
'
150 The association properties of uniformly modified 

oligoarabinonucleotides have been investigated in this research group 109 and 

independently by Pfleiderer and coworkers.151 Pfleiderer et al. have described the 

chemical synthesis of a 'transfer Arabino Nucleic Acid (ANA)', and several other groups 

have reported on the hybridization properties of DNA:DNA and DNA:RNA duplexes 

incorporating at most a single P-D-arabinonucleotide residue.148
•
152 

Oligomers constructed solely from u-arabinofuranosylthymine (u-ara-T) 

exhibited a large decrease in melting temperature toward complement DNA relative to 

control DNA (P-dT).153 Duplexes formed by the association of either u-araT15 or dT15 

with complementary RNA (poly-rA) were found to be of similar stability. More recently, 

Wengel and eo-workers reported the synthesis and association properties of DNA 

oligomers containing one and two P-2'-0Me-araT inserts. 113 These oligomers showed 

moderately lower thermal stabilities towards both ssDNA and RNA, compared to 

unmodified DNA controls. The same authors reported that oligomers constructed from 

u-2' -OMe araT units exhibited increased affinity towards a riboadenylate target 

compared to normal DNA controls. However the u-2'-0Me araT strand did not display 

any additional advantage relative to the known u-dT oligomers. 

Aside from all the above mentioned studies, oligoarabinonucleotides containing the 

four natural nucleobases have not been extensively studied in biological and antisense fields, 

probably due to the problems of differential chemical protection of arabinose's hydroxyl 

groups.22
b'

154 The selective protection of different OH functions is one of the crucial 

problems in the synthesis involving nucleosides and other polyfunctional compounds, 

such as DNA and particularly RNA. 

There exist a few reported strategies for the chemical synthesis of arabinonucleotides 

which were then incorporated into oligomers. The first and original work of Wechter146 

involved coupling of arabinonucleotides without any 2' hydroxyl protection, thus resulting in 

the formation of mixed 2'-5' and 3'-5'linked nucleotides (Figure 2.2a). 
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Figure 2.2a: First chemical synthesis of oligoarabinonucleotides.146 

Another strategy makes use of 5' ,2' -0-protected arabinonucleosides as precursors, 

which upon phosphorylation of the remaining 3 '-OH function afford suitable building blocks 

for the oligoarabinonucleotides.155'156 The problem with this approach is the selective 

protection of the 2'-0H function which is on the sterically more hindered p face of the sugar. 

In practice this involves the use of a Markiewicz's bifunctional silylating reagent {1,3-

dichloro-1,1',3,3'-tetraisopropyldisiloxane)157 to temporarily protect the 3' and 5' positions 

and followed by protection of the 2 '-OH group. Removal of the disiloxane function, 

followed by 5'-tritylation and 3' phosphitylation generates the completely functional arabino­

building block for automated synthesis.156 It was possible to introduce both the 2' and the ~ 

protecting groups in a single step leading to an overall simplified synthesis of the araC. 155 A 

third synthetic method, involving the formation of 0 2-2'-anhydronucleoside synthons, is 

limited only to pyrimidine arabinonucleosides (Figure 2.2.b ). 158 

A fairly recent strategy introduced by the Damha research group involved the 

sequential and regioselective tritylation (at 5') after the usual base protection, followed by 

phosphitylation (at 3'), and acetylation (at 2') of arabinonucleosides. 109 Thus, by taking 

advantage of the different reactivities of the hydroxyl groups (5'0H > 3'0H > 2'0H) this 

method significantly minimized protection steps of arabinonucleoside units and afforded 

only the 3'-5' linked oligonucleotide in good yields. 159 It is worth noting that acyl protecting 

groups (acetyl and benzoyl) could be employed for the arabinose 2'-0H group because its 

removal at the end of the chain assembly does not cause intemucleotide cleavage or 3'-5' to 

2'-5'-isomerization of the phosphodiester moiety. These problems are observed when 2'-0-
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acylated RNA chains are deblocked under the same conditions, since the 2 '~OH now has the 

right orientation (stereochemistry) to effect the intemucleotide cleavage.156 

L~ _0 
OOWN ---.l:V 

o, /0 OH 
c 
11 
0 

NH2 

L~ 
e_oH_..,.Ho~~~N 

)-JOH 

OH 

Figure 2.2.b: Formation of 0 2-2'-anhydronucleoside synthons limited only to pyrimidine 
arabinonucleosides.158 

When this project was initiated, oligoarabinonucleotides containing all four 

nucleobases had not been thoroughly investigated due in part to the difficulties in the 

synthesis of the 9-P-D-arabinofuranosylguanine (araG). This chapter will first describe a 

new method for the synthesis of araG. Oligoarabinonucleotides of mixed base 

composition will then be prepared and characterized. 

2.1.3 Chemical Synthesis of Arabinoguanosine 

Arabinoguanosine was first synthesized by Reist and Goodman in 1964, by the 

initial condensation of 2,6-dichloropurine with xylofuranose tetraacetate followed by its 

transformation into araG (Figure 2.3a}. 160 Since then there have been several attempts to 

develop practical syntheses of araG by glycosylation of a purine base with the 

appropriately protected ara-sugar moiety. 161 Unfortunately this approach often leads to 

unseparable mixtures of aJP-anomers. 
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IV R = Ms (33%) 

Figure 2.3a: Synthesis of arabinoguanosine via the condensation of 2,6-dichloropurine 
. h 1 fur 160 wit xy o anose tetraacetate. 

In another approach described by Chattopadhyaya and Reese, 162 guanosine is converted 

into araG via the 8,2' -anhydroguanosine intermediate (Figure 2.3b ). 163 
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HO'K: 1 ..l Excess 
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HgO/EtOH 

(88%) (92%) 

Figure 2.3b: Synthesis of arabinoguanosine via the 8,2'-anhydroguanosine 
intermediate. 162 
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Although this offers an attractive and reproducible route to araG, the overall yield from 

riboG is usually quite low. Hansske et al. have reported the conversion of guanosine to 

araG via a 2' -ketonucleoside; 161
c,I

64 however this method leads to unseparable mixtures 

of ara/ribonucleosides (Figure 2.3c). 
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Figure 2.3c: Oxidation-reduction conversion of riboG to araG.164 

+ 

araG 

Enzymatically catalyzed transglycosylations165 have been used to convert 

guanosine to the 2,6-diaminoarabinoside, followed by enzymatic deamination with 

adenosine deaminase to give the desired araG nucleoside. 166 There remains some 

definite practical limitations in all of the above mentioned approaches because of low­

yielding, laborious and time-consuming steps. 

Recently Resmini and Pfleiderer reported a successful chemical conversion of 

guanosine to arabinoguanosine by triflating the 2' -OH and subsequent nucleophilic 

displacement with LiOAc, 167 as previously reported for the synthesis of araA.168 This 

synthesis appeared attractive and thus was adopted in the current work with a few 

modifications. For example, it was desirable to synthesize a fully protected araG 

monomer that was compatible with the DNA and RNA synthesis strategy developed by 

Damha et al. 169 (Figure 2.4). 
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Thus the first step involved the simultaneous protection of the 3' and 5' hydroxyl 

groups with the Markiewicz' s reagent (1 ,3-dichloro-1, 1 ',3,3 '-tetraisopropyldisiloxane) 

with some modifications to the original protocol. 151 This step regiospecifically blocks 

the 5' and 3' OH groups and also affords a compound (U) that is less polar than the 

starting materials used by Resmini. As a result, silica gel chromatography is less tedious. 

A long standing problem in nucleoside and oligonucleotide chemistry is dealing 

. h 'd . . h 0 6 • • f . 'd 170171 Th ~ wtt s1 e-react10ns occurnng at t e -position o guanosme rest ues. · ere.Lore, 

protection of the exocyclic amine and amide 0 6 function is an obvious necessity if these 

side reactions are to be eliminated. Thus protection of the 0 6 atom with the para­

nitrophenylethyl group (npe) was accomplished by the Mitsunobu reaction172
'
173 with 

nitrophenylethyl alcohoL Both its introduction and removal are fairly straightforward. 

An important consideration in this step was the order in which the reagents were added. 

Triphenylphosphine and diethyl-azodicarboxylate were first mixed and the nucleoside ZJ. 

was added last to reduce potential reaction at the free 2' -OH group. After workup, 

triphenylphosphine oxide was removed by precipitation of the crude U in ether followed 

by silica gel column chromatography. The desired 0 6-npe protected nucleoside U was 

isolated in 73% yield. Visualization of the desired product by TLC using long 

wavelength UV (365 nm), and NMR, confirmed the presence of the npe group. 

Conversion of U to the more reactive 2 '-0-triflate derivative l,J, was 

accomplished with trifluoromethanesulphonic anhydride in the presence of pyridine and 

4-(dimethylamino)pyridine (4-DMAP) in CH2Cl2• The crude product U was obtained in 

moderate yields (75-80%) and was generally used without purification in the next 

reaction. 

Conversion of ribonucleoside U to the desired arabinonucleoside was 

accomplished by subsequent nucleophilic displacement of U with lithium acetate, in 

hexamethylphosphoramide (HMP A)/DMF solvent. Following work-up, M was 

obtained as an amorphous powder which inevitably turned to a gum on exposure to the 

atmosphere. This called for some modifications to the original protocol. The gummy 

residue was thus dissolved in ethyl acetate, with drying over MgS04, filtering and 

evaporation to give M as a sticky 'foam'. Yields varied between 65 and 90%. 
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Protection of the guanine exocyclic amino group with isobutyryl chloride (iBuCl) 

was postponed to a later stage, in order to avoid depurination during the triflation step. 

This side reaction appears to be favored for nucleosides with the npe-06 and NH -iBu 

protected base. 167 When isobutyrylation was attempted with isobutyric anhydride 

[(iBu)20] instead, no reaction occurred even after 3 days, 6 additional equivalents of 

(iBu)20 and 4-DMAP as catalyst. It is possible that the steric bulk and the electron 

withdrawing ability of the 0 6 -npe group causes the NH2 group to be less reactive towards 

the anhydride, which itself is a larger and less reactive acylating agent than iBuCl. 

Interestingly in riboG synthesis, the isobutyryl function can be introduced via (iBu)20 

prior to the Mitsunobu reaction step, without any complications.174 

Cleavage of the disiloxane (TIPS) group in ltS. was achieved with 1.0 M 

tetrabutylammonium fluoride/THF /acetic acid (TBAF(THF)/ AcOH/nucleoside) in the 

ratio 6:7.5:1 (molar equivalence). This afforded~ in only 12-30% yields, which was 

significantly less than those reported for analogous reactions (ea. 70%).167 The dramatic 

loss of material in the current approach could be explained by the high polarity of ~ 

which makes it "stick" to silica gel during purification by column chromatography. It 

should be noted that the npe group was not affected by excess ofF, under the conditions 

used (as ascertained by mass spectrometry and NMR). The next step entailed selective 

tritylation of the 5'-0H 169
'
175 with MMTrCl in pyridine at r.t. to give U in moderate 

yields (69-73%). 

The completely protected monomer was obtained by reacting U in the presence 

of 1.1 equivalents of N,N-diisopropyl-P-cyanoethylphosphoramidic chloride and N,N­

diisopropylethylamine (DIPEA) in THF as described for ribomonomers. 176 The overall 

yield of the completely protected araG monomer was 19-22% (from guanosine and 

without carrying out the purification step of compound~). 



40 

2.2 CHARACTERIZATION OF ARABINOGUANOSINE NUCLEOSIDE 

DERIVATIVES 

AraG derivatives were characterized by East Atom Bombardment Mass 

Spectrometry (F AB MS) and Nuclear Magnetic Resonance Spectroscopy (NMR). The 

NMR techniques used were one-dimensional proton eH), two-dimensional Qlrrelated 

Spectroscopy eH-COSY) and Heteronuclear Multiple Quantum .Correlated Spectroscopy 

(HMQC). 

Usually 1H-NMR allows for the specific identification of ribo-and arabino­

nucleosides because of certain characteristic signals that result from different structural 

features of the protecting groups used. Figure 2.5 shows the proton NMR spectra of ribo 

and arabino compounds lJ. and M, respectively. The insets show the anomeric proton 

resonances with their respective coupling constants J1.,2•• The chemical shifts are 

summarized in Tables 2.1 and 2.2 respectively. It is clear that the introduction of the 

(trifluoromethyl)sulphonyl group (lJ.) causes a typical downfield shift (5.56 ppm) of H­

C(2') relative to that caused by acetyl group in 2.4 (5.52 ppm) or the free 2'0H (4.78 

ppm). Furthermore, a typical signal down-field shift of the anomeric proton is seen upon 

conversion of lJ. (6.08 ppm) to M (6.32 ppm). Coupling constants (J1.,2.) for the 

anomeric protons in the disiloxane protected nucleoside, as shown in each spectrum are 

typical for ribo (J1'.2' = 0-1.5 Hz) and ara (J1.,2• = 6-6.5Hz) nucleosides. These results are 

in accordance with earlier observations made by Robins177 et al. and Resmini et a/.167 and 

suggest that the furanose ring adopts primarily the C3 '-endo conformation, as shown by 

the structures given in Figures 2.5 A and B. 
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Table 2.1: 1H and 13C-NMR Assignments of 0 6-[2-(4-Nitrophenyl)Ethyl]-9-{3',5'-0-

(1,1 ',3,3 '-Tetraisopropyldisiloxane-1,3-Diyl)-2 '-0-[ (Trifluoromethyl)Sulfonyl]-~-D­

Ribofuranosyl}Guanine a.J) via HMQC Experiments 

1H (8 ppm) ... split 
1H assignment 13C (8 ppm) 

8.17 d 2HotoN02 138.3 
8.09 s H-C(8) 123.9 
7.53 d 2Hm to N02 130.2 
6.10 s HI' J=OHz 86.7 
5.56 d H2' 87.0 
4.93 m H3' 69.8 
4.80 t OCH2CH2 81.7 
4.26 d H5' 59.1 
4.16 m H4' 67.3 
4.02 dd H5" 59.1 
3.31 t OCH2CHz 34.7 
1.02 m Me from i-Pr 12.5, 16.5 

Table 2.2: 1H and 13C-NMR Assignments of9-[2'-0-Acetyl-3',5'-0-(1,1',3,3'­

Tetraisopropyldisiloxane-1,3-Diyl)-~-D-Arabinofuranosyl] 0 6 -[2-( 4-Nitropbenyl) 

Etbyl]Guanine(M) via HMQC Experiments. 

1H 8 H assignment 13c 8 

8.16 2H otoN02 137.8 
7.87 s H-C(8) 123.2 
7.43 d 2H m to N02 129.8 
6.32 d Hl' J= 6.0 Hz 80.0 
5.52 m H2' 76.0 
4.70 m H3', OCH2CH2 65.5, 71.0 
4.05-4.18 m H5, H5" 60.0 
3.87 m H4' 80.0 
3.27 dd OCH2CH2 34.5 
1.76 s OCH3 20 
1.02 m Me from i-Pr 17 
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The other three required arabinonucleoside derivatives, namely, 5'-

monomethoxytrityl-2 '-OAc-3 '-0-(~-cyanoethyl-N,N-diisopropylphosphoramidite) of 

ara-A {N>-Bz), araC {1t-Bz) and araU were prepared by variations of published 

procedures. 109
'
169 

2.3 SYNTHESIS OF OLIGOMERS OF ARABINONUCLEIC ACIDS (ANA) 

Oligoarabinonucleotides were readily prepared by the conventional solid-phase 

methodology employing the phosphoramidite chemistry described in Chapter 1. A 

number of oligoarabinonucleotides were synthesized in order to investigate the influence 

of the arabinose sugar-backbone in different studies that will be described in detail in 

Chapters 3 and 4. The oligomers were prepared on a 1 Jlmole scale, using an automated 

DNA synthesizer,178 and controlled-pore glass (CPG) as the solid support. CPG consists 

of a uniformly prepared glass matrix with pores of defined size and is the preferred solid 

support in oligonucleotide synthesis. The preparation begins with the attachment of the 

3 '-hydroxyl group of the first nucleoside to the solid support as previously published. 179 

Typical arabinonucleoside loadings on CPG were 20-40 Jlmole nucleoside/g. The 

amidites were introduced as O.llM ara (C, A, U) or 0.15 M araG concentrations in 

acetonitrile. Prior to chain assembly, the support was treated with the capping reagents, 

namely acetic anhydride/N"-methylimidazole/4-N,N-dimethylaminopyrimidine. The 

coupling efficiencies, based on the yield of the monomethoxytrityl cation released after 

each coupling were consistent with that observed for ribonucleotide synthesis and varied 

between 79 and 109%. After deprotection with aqueous ammonia/ethanol (3:1, r.t. 24-48 

h.), the oligomer was purified by preparative gel electrophoresis (PAGE) on denaturing 

gels (14% acrylamide/7M urea). Desalting by size exclusion chromatography (Sephadex 

G-25)™ afforded the purified oligomers in good yields. For oligomers containing araG 

units it was necessary to subject the partially protected oligomer to an additional step in 

order to cleave the p-nitrophenylethyl guanosine 0 6 protecting group. Thus following the 

ammonia treatment and evaporation step, the oligomer was treated with a solution of IM 

TBAF/ THF (50 f.lL, r.t. 16 h) prior to PAGE analysis. (For a detailed list of the yields 

obtained, refer to the Experimental Section, Chapter 6) 
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2.4 CHARACTERIZATION OF OLIGOMERS 

Oligoarabinonucleotides (ANA} were analyzed by polyacrylamide gel 

electrophoresis (PAGE), UV spectroscopy and MALDI-TOF mass spectrometry. 

Although a large number of sequences were synthesized for this thesis work, only a few 

ANA oligomers (Table 2.3) will be discussed here to illustrate the characterization. A 

complete list of all sequences synthesized can be found in Chapter 6, Tables 6.1 and 6.2. 

Table 2.3: Examples of arabinonucleic acids (ANA) and ssDNA and RNA controls 

synthesized 

Sequence Sequence Description Associated 

Number Chapter 

u d(AGC TCC CAG GGT CAG ATC) 3.1 

JJd r(AGC UCC CAG GGU CAG AUC) 3.1 

us a(AGC UCC CAG GGU CAG AUC) 3.1 

U1 d(CCT CTC CTC CCT} 3.3 

~ r(ccu cue cue ccu) 3.3 

J..ll a(ccu cue cue ccu) 3.3 

U2 d(CGC GAA TIC GCG) 3.4 

UJ. r(CGC GAA UUC GCG) 3.4 

U4 a(CGC GAA UUC GCG) 3.4 

Polyacrylamide Gel Electrophoresis (PAGE): A first tool of analysis involved PAGE on 

denaturing gels. Figure 2.6 shows a representative gel illustrating the relative mobilities 

of ANA and corresponding DNA and RNA single strands of same chain length. 

Generally the ANA oligomers were present as a single species, and the migration on the 

gels was comparable to that of unmodified sequences. 
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Figure 2.6: Polyacrylamide gel electrophoresis of oligonucleotides. Conditions, 20% 
polyacrylamide, 7 M Urea, pH 8.0 Bands were visualized by UV shadowing. (A) 
Lanes: (1) DNA, (2) RNA, (3) ANA, (4) marker dyes: xylene cyanol (XC) and 

* bromophenol blue (BPB). Sequence: CGCGAAUUCGCG ; (B) Lanes: ( 1) xylene cyanol 
(XC) and bromophenol blue (BPB)• (2) DNA, (3) RNA & (4) ANA. 
Sequence: CCU CUC CUC CCU. In DNA U is replaced by T. 
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MALDI-TOF mass spectrometry (MS): A third method of analysis involved molecular 

weight determination of the oligomers by MALDI-TOF MS. This is a recently 

introduced, mild ionization technique that allows desorption and ionization of very large 

molecules, and has been successfully used for mass determination of polypeptide and 

1 . 'd 180 nuc e1c ac1 s. 

For MALDI-TOF-MS analysis, a small amount of the sample (analyte, ea. 

0.5mM) is mixed uniformly with a crystalline matrix, typically a small organic species 

with a high extinction coefficient, such as 2,4,6-trihydroxyacetophenone or 6-aza-2-

thiothymine in 20 mM ammonium citrate:acetonitrile. In an environment in which a 

large excess of the matrix is present, the sample molecules are surrounded by the matrix 

molecules in crystalline or amorphous states. Direct laser irradiation can supply the 

resonant excitation energy that is needed for ionization. The use of a matrix circumvents 

the problematic photodissociation of bonds, sometimes associated with the irradiations. 

The matrix, which has resonance absorption at the laser wavelength used (337 nm), 

absorbs the laser energy and causes rapid heating, resulting in expulsion and mild 

ionization of the sample molecules without fragmentation. In other words, the role of the 

matrix is to absorb and transfer laser energy to the analyte in a controllable efficient way. 

The sample must be dilute to prevent complexation of the analyte. A laser is 

focused on a sample crystal, which is then ionized by short pulses of laser energy. After 

ionization, the sample is accelerated to a fixed kinetic energy by a potential difference. 

The ions then pass through a field-free region and a detector which records the time of 

flight. The time of flight of the ions is proportional to their velocity, which in turn is 

related to the mass of the ions, thus the name Matrix-Assisted Laser llesorption/lonization 

Iime Qf.Elight MS. 

The molecular weight of ANA sequences were thus confirmed by MALDI-TOF 

MS. These are reported in Table 2.4 and were in agreement with the calculated values. 

A representative MALDI-TOF mass spectrum of oligomer J..J.1 is shown in Figure 2.7. 



48 

Table 2.4: Observed and Experimentally Determined Molecular Weights of 

Oligoarabinonucleotides. 

Oligomer Sequence Calculated Observed Interpretation 

(Expected) MW(gmof1
) 

MW(gmor1
) ± 0.1% 

l..lS a(AGC UCC CAG 5648 5653 M+ 

GGUCAGAUC) 

3...12 aAanudTIO 6332 6357 M+Na+ 

J..ll a(ccu cue cue ccu) 3602 3602 M+ 

Samples contained ea. 0.2 mmol of oligomer in a matrix of 6-aza-2-thio thymine 

dissolved in 20 mM ammonium citrate:acetonitrile. 

2.5 CONCLUSION 

AraG was prepared using a combination of synthetic strategies developed in Pfleiderer' s 

and Damha' s laboratories. The overall yield starting from guanosine to 

arabinoguanosine phosphoramidite was 19-22%. Completely modified 

oligoarabinonucleic acids were synthesized via solid phase synthesis according to known 

procedures. The molecular weights as measured by MALDI-TOF MS correspond with 

the expected values. 



ata: <none>.13 17 Nov 97 18:02 Gal: TOF 29 Oct 97 20:52 
Kratos Kompact MALDI 3 V4.0.0: + Linear High Power: 112 
0/olnt. 

100 

90 

80 

:: J 
1 

50 ..:1 

) 
40 1 
30 --l 

~ 
~ 

20 ::J 

10 

0 

100% = 205 m V Shots 1-63: Centroid 

ara (CCU cue cue ccu)+ 
3.31 

3602.6 

~-.-

3600 3605 

ara (CCU cue cue ccu) 
3.31 + u+ 

3610 

Mass/Charge 

3615.9 

3615 

Figure 2.7: MALDI-TOF spectrum ofara(CCU CUC CUC CCU) 3.31. Matrix :6-aza-2-thio thymine 
in 20 mM ammonium citrate/acetonitrile buffer. 

3620 

~ 
\0 



50 

CHAPTER Ill PHYSICOCHEMICAL STUDIES OF OLIGONUCLEOTIDES 
BASED ON D-ARABINOSE 

3.1 ROLE OF 2'-STEREOCHEMISTRY ON DUPLEX FORMATION 

3.1.1 Introduction 1 

DNA and RNA play different biological roles which are closely associated with 

the preferred conformations that they adopt. In general the biologically relevant 

conformation of DNA is the B genus right-handed double helix, while the RNA double 

helix adopts the A conformation.1 

In B-DNA, the bases stack predominantly above their neighbors in the same 

strand and are perpendicular to the helical axis (Figure 3.1.1). The helix has major and 

minor grooves of different depth. Although the major groove displays more distinct 

structural features, the minor groove is believed to be the locus of action of a larger 

number of groove binding drugs. e.g. Hoechst 33258 and Netropsin. Enzymes are 

known to bind in both grooves for example, RNA polymerases bind to the major groove 

whereas DNAse I binds in the minor groove. The broad major groove is coated by a 

unimolecular layer of water molecules which interacts with the exposed C=O, N, and NH 

functions of the bases and extensively solvates the phosphate backbone. More 

significantly, the narrow minor grooves contain well-ordered, zigzag chains of two water 

molecules per base-pair. Hence high humidity favors the B-form over the A-form and as 

such B-form DNA is prevalent under physiological conditions. 1 

A-DNA, like B-DNA, is a right-handed double helix made up of antiparallel 

strands held together by Watson-Crick base pairing. As shown in Figure 3.1.1 the A­

helix is wider and shorter than the B-helix. The adjacent phosphates in the same chain 

are a little further apart in B-DNA (P-P = 6.7 A) than in A-DNA (P-P = 5.4 A). 
Moreover the minor groove of A-DNA is so shallow that it nearly vanishes. Thus 

compared to aB-form duplex, the minor groove of an A-helix receives little stabilization 

through hydration or magnesium ions, and as a consequence, dehydration favors the A­

form. 
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(A) (B) 

Characteristics: 
Helical Sense Right Right 
Residues /turn 11 10.4 
Twist /bp 32.7° 36° 
Displacement bp 4.5 A -0.2 to - 1.8 A 
Rise/bp 2.56 A 3.3-3.4 A 
Base Tilt 20° -60 
Sugar Pucker C3'-endo C2' -endo 
Groove (Minor) broad and shallow narrow and deep 

(Major) narrow and deep wide and deep 
Helix Diameter 25.5 A 23.7 A 

Figure 3.1.1: (A) A-form and (B) B-forrn duplexes adopted by nucleic acids along with 
their average parameters. Adapted from Blackburn, G. and Gait, M. 1996.2 
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Many of the structural differences between the two types of helices arise from 

different puckerings of the sugar units (Figure 3.1.2). The furanose rings are twisted out 

of plane ("puckered") in order to minimize non-bonded eclipsing interactions (steric and 

torsional strain) between their substituents. This "puckering" is described by identifying 

the major displacement of 2' and 3' carbons from the median plane of Cl '-04'-C4'. 

Thus, if the endo displacement of C2' is greater than the exo displacement of C3,' the 

conformation is called C2'-endo and vice versa (the term "endo" refers to the endo face 

of the furanose being on the same side as C5' and the base, while the "exo" face is on the 

opposite face to the base). These sugar puckers are located in the south (S) and north (N) 

domains of the pseudorotation cycle of the furanose ring181 and as a result spectroscopists 

frequently use "S" and "N" designations which, incidentally, reflect the relative shapes of 

the C 1 '-C2' -C3 '-C4' bond paths in the C2 '- and C3 '- endo forms respectively (Figure 

3.1.2). In solution, the C2' and C3' conformations are in rapid equilibrium and are 

separated by an energy barrier of less than 20 kJ mor1
• A-DNA has predominantly C3 '­

endo sugar units, whereas B-DNA contains sugars in the C2' -endo form. Changes in the 

conformation of the furanose are driven by the relative strengths of stabilizing 

stereoelectronic effects, namely, gauche and in particular anomeric effects. 182 Thus, in 

2'-deoxyribonucleosides, the 5'-0H and 3'-0H groups prefer a gauche orientation with 

respect to the 04' (as is the case in the C2 '-en do form or S state), whereas in 

ribonucleosides the conformational equilibrium is affected by three more gauche effects, 

namely those between the 2'-0H and 3'-0H, 2'-0H and 04', and finally 2'-0H and the 

nucleobase nitrogen atoms. The 3'-0H gauche effect with 04' in DNA favors the C2'­

endo pucker182 particularly in aqueous solution. 

The anomeric effect183 also exists in nucleosides between the Cl' substituent 

(base) and the ring oxygen (04'). It describes the preferred antiperiplanar orientation 

which exists between the a lone pair of the 04' and the Cl '-N bond and that furnishes an 

optimal overlap between the non-bonding (04') and the antibonding a* (Cl'-N) 

orbitals.182 As a result of this effect and the 02' ~ 04' gauche effects the sugars in 

RNA adopt primarily the C3 '-endo N pucker, regardless of whether the RNA is found in 

single-stranded, double or triple-helical forms. 
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An interesting and related issue pertains to the structural consequence of inverting 

2'-0H to the arabino configuration, and to the incorporation of such arabinonucleotides 

into a DNA molecule. Based on the analysis above, arabinonucleotides are expected to 

mimic deoxyribonucleotides since a combination of 02'~ 04', and 03'~ 04' gauche 

effects would stabilize the C2' -endo geometry (Figure 3.1.2). 

C3'-endo ("N" type sugar) C2'-endo ("S" type sugar) 

H3' H2' 
RO 

RNA 
Base 

RO 

OH 
I 

OR 
H1' 

H2' 

DNA RO H 
H1' 

H2" 

H3' OH 

? ~~4' 0 Base 
ANA RO H1'...,. H4 H~ 

I H1' 

H2" OR 

Figure 3.1.2: Sugar puckering equilibria of RNA, DNA and ANA. 
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The actual pucker of the arabinofuranose is still being debated, and the conformation 

of ANA strands alone or in a complex has not yet been determined. Structural models of an 

arabinonucleotide in B-form DNA show that the 2'-P OH group of the arabinose sugar is 

directed toward the major groove, while in the case of duplex RNA the 2 '-a. OH groups are 

projected into the minor groove. Although there seems to be free space for new 

modifications in this p position, it is in this same position that the P-2' OH groups of the 

arabinofuranosyl units could potentially interfere with the binding and catalytic functions 

of those enzymes that recognize the DNA:RNA by contacting the major groove. For 

example T7 RNA Polymerase is sensitive to the arabinose sugar within the DNA 

strands. 117
'
148 On the other hand ribose 2' -a. OH groups affect enzymes that bind to the 

minor groove ofhybrid DNA:RNA duplexes such as RNase H. 111 

Another molecular modelling study indicated that strong helix specific perturbations 

would arise if an araC-dG base pair were to exist in an A-form helix environment (all sugars 

C3 '-endo ). 149 These perturbations appeared to be much greater than those introduced by 

an araC residue in B-form DNA. Since it has been observed that araC is not enzymatically 

incorporated into RNA to any appreciable degree, 184 the authors of the above modelling 

study149 hypothesized at that time, that steric effects may partially or wholly account for this 

exclusion, i.e., araCTP would not be introduced into RNA because it could not be made to fit 

into the A-form DNA:RNA hybrid which is believed to exist at the site of catalysis within 

the RNA polymerase ternary complex. Furthermore Altona and eo-workers discovered by 

NMR analysis that araC inserted into DNA i.e. duplex d(CGaraCTAGCG)2 adopts 

exclusively, a hairpin structure.185 Lastly araC was also found to facilitate B form~ Z form 

conversion when it was incorporated into an alternating dC-dG sequence 

[d(CCGaraCGCG)b186 The Z form is usually observed for dC-dG rich unmodified DNA 

duplexes. 

Little is known, however, about the properties of oligoarabinonucleotides (ANA) 

and the duplexes formed by them (e.g. ANA:DNA, ANA:RNA and ANA:ANA). A 

relevant question relating to oligoarabinonucleotides is "How is the structure of the 

resulting duplex, if formed, affected by substitution of arabinofuranosyl residues within 

it?" Previous experimental approaches to this question have focused on the use of 
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homopo/ymers of arabinonucleotides such as ara(Ap)7A, by previous members of 

Damha's group109 who found that inversion of stereochemistry at the C2' position of 

ribonucleotides in general had no effect on hybridization properties. In fact, the 

significantly higher T m observed for complexes araA8:polydT and araA8:polyrU relative 

to complexes rA8:polydT and rA8:polyrU indicated that the 2'-0H of ANA exerts, a 

stabilizing effect, while studies involving ara(U)n led to the opposite conclusion. Other 

independent studies have shown that the araC-dG base pair has comparable stability to 

the dC-dG base pair in duplex DNA/55 and that 2'-fluoro-arabino modifications within 

DNA are generally stabilizing although the reason for this effect is not well 

understood. 187
'
188 

Arabinonucleotides are expected to possess an inherent stability comparable to 

that of deoxyribonucleic acids. For example, with respect to enzyme modifications and 

cleavage of the phosphodiester linkages, the unfavorable trans relationship between the 

2'-0H and the 3'-5' phosphodiester linkage would prevent participation of the 2'-0H in 

intranucleotide cleavage.146
'
156

'
169 In fact, Giannaris and Damha109 have reported that 

oligoarabinonucleotides are completely stable to treatment with O.IN KOH for 24 h, 

conditions that fully hydrolyze oligoribonucleotides; partially stable to snake venom 

phosphodiesterase (SVPDE); and just as stable as RNA to other endonucleases such as 

Nuclease P 1, Ribonuclease S 1 and the 5 '-exonuclease calf-spleen phosphodiesterase. 

These results have now stimulated further experimental work on ANA oligomers. 

Specifically the thermal stability of complexes ( duplexes and triplexes) formed between 

ANA oligomers of mixed base composition and DNA and RNA will be studied for the 

first time (Chapter 3). 

3.1.2 Specific Objectives 

In an attempt to address the question of the structural consequence of the C2'-0H 

inversion of ANA, a series of oligonucleotides, l8nt in length, and complementary to the 

R region near the 5' -LTR of the HIV-1 genomic RNA, were synthesized (Figure 3.1.3). 
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3'-CTA GAC TCG GAC CCT CGA -5' 

------3' 

RNA 5' U5 U3 3' 

Figure 3.1.3: The R region sequence of the HIV -1 genomic RNA. The sequence of the 
antisense molecule is 5'-AGC TCC CAG GCT CAG ATC-3'. tRNA (shown) is the 
natural primer of RT mediated DNA synthesis. Watson-Crick hydrogen bonds are 
represented by vertical lines. 

The structures of the complexes formed with RNA and DNA targets were also 

then investigated by CD and UV spectroscopy. This investigation itself contains three 

sub-sections based on the composition of the antisense oligomers. These are (a) DNA 

oligomers containing arabinonucleotide inserts, (b) DNA-RNA chimeras, and (c) pure 

ANA oligomers. 

Table 3.1.1 A shows prepared DNA sequences containing a single ara insert, with 

the exception ofJ:l., which contains two inserts. Note the sequential movement of the insert 

away from the 3' end. Entry B illustrates chimeric DNA-RNA sequences containing 

ribonucleotide runs of differing length and placement within an 18 nt DNA control. The 

association of ribonucleotide strands with deoxynucleotide strands to form a hybrid 

RNA:DNA double helix is one of the principle reactions of the biological information 

transfer system and these are found at initiation DNA replication forks (Okazaki 

fragments). 189 As such, a closely related project involved DNA-RNA chimeras associating 

to target DNA and RNA with the same 18 nt sequence shown in Figure 3.1.3 (above). Entry 

C shows a uniformly modified (pure) oligoarabinonucleotide. The physicochemical 

properties of this sequence along with those of the corresponding DNA and RNA controls 

are described below. Also, the biological studies of some of the above sequences will be 

summarized in Chapter 4.1- 4.3. 
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Table 3.1.1: DNA Sequences Containing Various Ara Inserts and Stretches of 

Ribonucleotides 

Designation Sequence 

A. Antisense DNA containing arabinose inserts 

aC1 

aU2 

aA3 

aG4 

aAs 

aCt6 

aC(1&8) 

5'-AGC TCC CAG GCT CAG ATQ.C -3' 

5'-AGC TCC CAG GCT CAG Aal.l.C -3' 

5'-AGC TCC CAG GCT CAG gdTC -3' 

5'-AGC TCC CAG GCT CAa.G ATC -3' 

5'-AGC TCC CAG GCT CgdG ATC -3' 

5'-AGQ.CTCC CAG GCT CAG ATC -3' 

5'-AGC TCC CAG GQ.CT CAG ATQ.C -3' 

B. Antisense oligonucleotides: DNA, RNA and DNA-RNA 
chimeras 
D17Rl 

D13&.5: 

D9B.2 

R9D9 

R.l1D1 

5'-AGC TCC CAG GCT CAG ATIC -3' 

5'-AGC TCC CAG GCT Cr(AG AUC) -3' 

5'-AGC TCC CAG r(GCU CAG AUC) -3' 

5'-r(AGC UCC CAG) GCT CAG ATC -3' 

5'-r(AGC UCC CAG GCU CAG AU)dC -3' 

C. Completely modified oligoarabinonucleotide ~ and 
control DNA and RNA se uences 
D18 5'-d(AGC TCC CAG GCT CAG ATC) -3' 

RlB 5' -r(AGC UCC CAG GCU CAG AUC)-3' 

AJ8 5'-a(AGC UGC CAG GCU CAG AUC) -3' 
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3.1.3 Results 

Thermal Denaturation Studies 

Duplex formation between the 18 nt oligomers (referred as "antisense" strands) 

and the respective targets was monitored by both UV and CD spectroscopy. All duplexes 

gave single cooperative, melting transitions from which accurate T m values were 

extracted. This cooperative nature indicates two-state melting behavior for duplexes. The 

overall shapes of the curves were similar but as expected the Tm values varied (Table 

3.1.2). 

Table 3.1.2: Thermal Stability of Duplexes Formed by DNA Strands Containing 

Arabinonucleotide Inserts and Target RNA and DNA Single Strands 

Antisense Antisense sequence with ara inserts Target Tm ec) 

oligomer RNA DNA 

D18 5'-AGC TCC CAG GCT CAG ATC -3' 72.3 68.0 

a Cl 5'-AGC TCC CAG GCT CAG ATaC -3' 71.6 68.0 

aU2 5'-AGC TCC CAG GCT CAG AaUC -3' 71.7 65.5 

aA3 5'-AGC TCC CAG GCT CAG aATC -3' 71.7 65.5 

aG4 5'-AGC TCC CAG GCT CAaG ATC -3' 69.9 64.0 

aA5 5'-AGC TCC CAG GCT CaAG ATC -3' 71.7 66.2 

aC at3' & 8 5'-AGC TCC CAG GaCT CAG ATaC -3' 69.1 63.7 

aC16 5'-AGaCTCC CAG GCT CAG ATC -3' 71.5 65.0 

All mixtures contained 1:1 antisense:target strands in 140 mM KCI, lmM MgC12, 5 mM 

Na2HP04, pH 7.2, and adjusted with HCl. 

The antisense strands containing one or two arabino inserts formed complexes 

with both RNA and DNA targets, and had T m values in the ranges of 68-72°C and 63-

680C respectively. The data suggest that the terminal araC-G base pair has comparable 

stability to the dC-dG and dC-rG base pairs in both DNA:DNA and DNA:RNA duplexes 

(Table 3.1.2). A decrease in T m was observed as the ara insert was moved away from the 
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3' terminus, with the largest decrease detected for araG at position 4. The range of Tm 

change was about 5°C for this study. 

Table 3.1.3 summarizes the effect of deoxyribose/ribose substitutions in the 

antisense oligonucleotide. The presence of either one deoxy or one ribose unit at the 3' 

terminus had negligible effect on binding to the targets relative to the Rl8 and D 18 

sequences as expected. In the case of the other chimeras namely Dl3R5, D9R9 and 

R9D9 the T ms were lower, and appeared to average out. When the target was single 

stranded DNA, the Tms also varied in a range of about 4°C as seen in the study above. 

Associations ofR17Dl and R18 to RNA substantially increased the Tm to about 10-l2°C 

over the DNA richer sequences. 

Table 3.1.3 Thermal Stability of Duplexes Formed by DNA-RNA Chimeras and 

ssRNA and ssDNA Sense Strands 

Antisense DNA-RNA chimera sequence Target Tm ec) 

oligomer RNA DNA 

D18 5'-AGC TCC CAG GCT CAG ATC -3' 72.3 68.0 

D17R1 5'-AGC TCC CAG GCT CAG ATrC -3' 71.1 68.0 

D13R5 5'-AGC TCC CAG GCT Cr(AG AUC) -3' 68.6 65.8 

D9R9 5'-AGC TCC CAG r(GCU CAG AUC) -3' 67.6 64.7 

R9D9 5'-r(AGC UCC CAG) GCT CAG ATC -3' 66.6 65.2 

R17Dl 5'-r(AGC UCC CAG GCU CAG AU)C -3' 82.0 68.0 

R18 5'-r(AGC UCC CAG GCU CAG AUC) -3' 84.6 66.2 

All mixtures contained 1:1 antisense:target strands in 140 mM KCl, lmM MgC12, 5 mM 

Na2HP04, pH 7.2, and adjusted with HCl. 

In summary binding of DNA-RNA chimera to target DNA had smaller variations in Tm 

than binding to target RNA. Figure 3.1.4 illustrates these variation ofT m as a function of 

RNA residues in the antisense strand. The minima for the two curves occur when the 

deoxyresidues equals the number of ribonucleotide residues. The minima appears near 
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68°C (RNA target) and 66°C (DNA target). However for this particular sequence, 

targeting RNA is more sensitive to the R ~ D substitutions relative to targeting ssDNA. 

In fact targeting DNA yields duplexes of similar stability irrespective of the degree of 

substitution of the anti sense strand. 
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Figure 3.1.4: Variation ofT m as a function of RNA content in the antisense strand 

Circular Dichroism of Duplexes 

Effect of arabinose substitution on DNA:RNA hybrids 

As pointed out in Chapter 1 (pp. 21-24), A- and B- form duplexes have very 

different CD spectral signatures. The A-form spectrum is characterized by a strong 

negative band at 217 nm, while the B-form spectrum of DNA:DNA duplexes has 

relatively equal positive and negative bands of moderate intensity. Consistent with these 

earlier findings one observes an obvious trend in the amplitudes and wavelengths of the 

CD maxima as the araX residue is shifted from the 3' terminus towards the interior, 

suggesting the existence of a gradient in conformation of the duplexes (Figure 3.1.5A 

and B). The overall conformation is "A like" and, interestingly, this A-helical nature 



61 

appears to diminish when the ara insert is at the fourth position from the 3' end. Loss of 

A character is evident by the gradual amplitude decrease of the key negative peak at 210 

nm as the araX shifts into the interior of the strand. 
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Figure 3.1.5 A and B: CD spectra of duplexes formed between DNA containing arabino 
inserts and complementary RNA. Base Sequence is shown in Table 3.1.1 A 
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Effect of ribose substitution on the DNA strand of DNA:RNA hybrids 

RNA (purine-rich):DNA hybrids have more A-type character than RNA 

(pyrimidine-rich):DNA hybrids. 19° Close inspection ofthe spectra shown in Figure 3.1.6 

reveals that the pure RNA duplex, Rl8:RNA, and the corresponding hybrid duplexes, 

Rl7Dl:RNA and R9D9:RNA fall into the A conformation family, whereas those derived 

from Dl7Rl, D13R5, and D9R9 are significantly less A-like. For instance, in the spectra 

of the latter series the "A" signature peak at 212 nm is reduced gradually as the DNA 

content of the antisense strand increases while the spectrum of the Rl8:RNA duplex ts 

the most A like (Figure 3.1.6A & B). 
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Figure 3.1.6 A: CD spectra ofDNA:RNA, (DNA-RNA):RNA and RNA:RNA duplexes. 
Base Sequence as shown in Table 3.1.1 B 
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Figure 3.1.6 B: CD spectra ofDNA:RNA, (DNA-RNA):RNA and RNA:RNA duplexes. 
Base Sequence as shown in Table 3.1.1 B 

UV Melting Studies of Duplexes Formed by Uniformly Sugar Modified 

Oligonucleotides (ANA, RNA and DNA} 

The affinity of 3'-5' linked oligoarabinonucleotides (ANA) for target DNA and 

RNA strands was likewise determined by thermal denaturation studies (Table 3.1.4 and 

Figure 3.1.7). Oligoarabinonucleotide (A18) (J.J.S) formed a stable duplex with RNA 

but not with ssDNA. For instance, the UV -melting curve of ANA + DNA (1: 1) at 260 

nm showed a weak cooperative transition centered at - 26°C, indicating weak or no base 

pairing in this case. Resmini et al. 191 have also studied the association of ANA strands 

containing araT instead of araU and have shown decreased stabilities of -l.0°C to 

1.6°Cibase when hybridizing to a target DNA. The smaller decrease observed in their 

study is probably a consequence of composition, primary sequence and/or substitution of 

the araT for araU in the oligomer. ANA (J.J.S) bound to target RNA with a decrease of-

1.5 °Cibase relative to DNA U. Thus the order of stability for this series is R18:RNA 

(85°C) > D18:RNA (73°C) > A18:RNA (44°C) (Figure 3.1.7 B). 
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Figure 3.1.7: Hybridization of DNA, RNA and ANA to (A) complementary DNA and 
(B) complementary RNA. Solutions contain 140 mM KCl, 5 mM Na2HP04, 1 mM 
MgC12, pH 7.3. Base sequences of the strands are given in Table 3.1.4. 
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Table 3.1.4: Thermal Denaturation Studies of Uniformly Substituted Modified 

Oligomers 

Antisense oligomer Target Tm ec) 
RNA DNA 

DNA d(AGC TCC CAG GCT CAG ATC) 72.3 68.0 

RNA r(AGC UCC CAG GCU CAG AUC) 84.6 66.2 

ANA a(AGC UCC CAG GCU CAG AUC) 44.0 26.0a 

Thio-ANA as(AGC UCC CAG GCU CAG AUC) 38 n.m. b 

The mixtures contained antisense and target strands in (1:1 ratio) 140 mM KCl, 1mM 

MgC12, 5 mM Na2HP04, pH 7.2, adjusted with HCL a Very broad transition. b n.m.: not 

measured. 

Phosphorothioate substitution in the backbone of ANA (J.J.1) decreased the 

affinity against RNA even further, relative to the non-thioated duplexes. The T m 

decrease for thioate-DNA (lJ.8.):RNA was -0.5°/base while that of the thioate -

ANA:RNA was(-) 0.3°/base. This is consistent with the decreased stability associated 

with the PO to PS (thioate) substitution ofssDNA.35 

From all of the above studies (inserts, chimeras and completely modified 

oligomers) one can conclude that modification of an oligodeoxynucleotide (DNA) strand 

with arabinonucleotides led to considerable reduced binding affinity (.1\Tm 

~2.3°C/modification) with complementary target DNA, and moderate reduced binding 

affinity (8 T m - 1.2°C) with target RNA. Also, a pure ANA oligomer of mixed base 

composition was shown to form a less stable duplex with RNA under physiological 

conditions, compared to DNA:RNA and RNA:RNA. The ANA sequence also exhibited 

unusual selectivity for complementary RNA over ssDNA. This study indicates that the 

inversion of configuration at the C2' position of ribonucleotides has a significant effect 

on the hybridization. 
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Circular Dichroism of ANA:RNA duplexes 

The CD spectrum of single stranded ANA in a physiological medium displayed 

positive and negative peaks of equal and moderate intensity, although slightly blue 

shifted relative to the analogous ssDNA sequence (Figure 3.1.8 A). 
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Figure 3.1.8 A: CD spectra of single strands. Spectra were recorded in 140 mM KCl, 5 
mM Na2HP04, 1 mM MgC12, at 5°C (pH 7.3). 

The CD spectra of the duplexes are illustrated in Figure 3.1.8 B. The appearance of a 

large positive CD band at -267 nm and a large negative CD band near 210 nm in the 

spectrum of the pure RNA duplex is characteristic of the A-conformation as previously 

discussed. In sharp contrast, the CD spectra of the corresponding DNA duplex has 

positive and negative CD bands of smaller magnitudes at wavelengths above 220 nm and 

a crossover point at -260-265 nm, characteristic of the B conformation. The large 

negative peak at 210 nm that characterizes A-form RNA duplexes, is nearly absent in the 

spectra of the pure DNA duplex. 

Each hybrid shows both differences from and similarities to the spectrum of the 

pure RNA duplex (R:R). For example the ANA:RNA (A:R) spectrum is similar to the 

DNA:RNA (D:R) spectrum, and displayed an intermediate form between pure R:R and 

pure D:D helices. 
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Figure 3.1.8 B: CD spectra of duplexes. Spectra were recorded in 140 mM KCl, 5 mM 
Na2HP04, 1 mM MgC12, at soc (pH 7.3). 

This is expected since the relatively high purine content of the target RNA sequence 

(55%) suggests an energetic propensity for the heteroduplex to base stack in the A fonn 

conformation as seen with DNA:RNA hybrids.190 Closer inspection of the CD spectra in 

Figure 3.1.8 B show that the strong negative band below 210 run, also present in the 

spectrum of R:R, was much reduced in the A:R and D:R spectra. Also the positive band 

at 260 run was more reduced for D:R and A:R relative to R:R. The spectral similarities 

between the A:R and D:R hybrids may reflect the similar strand orientation of the base 

chromophores in the heteronomous conformation.192 The CD spectrum of "ANA:DNA" 

is not as clear cut. From the UV melting profiles, the rather low T m of the ANA +DNA 

mixture illustrates that ANA binding to DNA is rather weak and what one observes in the 

CD spectra could be predominantly a "sum" of the ssANA and ssDNA spectra. 

The above results suggest that the global conformations of ANA:RNA and 

DNA:RNA hybrid duplexes are similar which are themselves intermediate between those 

of the pure DNA (B form) and RNA (A form) duplexes. 
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3.1.4 Discussion 

Very little has been reported in the literature regarding the properties of 

arabinonucleic acids. Among the few reports available the main emphasis is on the effects 

of incorporating a single arabinonucleotide residue into DNA duplexes. 193
'
194 For example it 

has been shown that when araC was inserted into a self complementary DNA duplex the T m 

was lowered by 2°C/araC insert relative to the unmodified duplex.147 Likewise the single 

arabino inserts studied here did not greatly affect thermal stability relative to the Dl8 

control (all DNA), with the exception of araG at an internal position (position 4) and the 

case of two araC inserts within the 18nt DNA strand (position 1 and 8). The apparent 

destabilization cause by arabino units is significantly smaller than that created by 

mismatches at similar positions (not shown), suggesting that the arabino units in these 

duplexes retain classical base pairing interactions. Thus one can conclude that duplex 

stability decreases slightly by substitution of one ara---1-deoxy residue within DNA 

strands. 

For the chimeric (R-D:R) hybrids, the Tms observed were only slightly lower than 

those of the pure (D:D and R:R) duplexes. The stability of the duplexes averages out 

when the number of deoxy- and ribo- nucleotides are more or less equal in the R-D 

( antisense) strand irrespective of whether the stretch of ribonucleotides were at the 

beginning (R9D9) or at the end (D9R9) of the antisense strand. In fact the absolute value 

of the T ms of these sequences are rather close as seen in Figure 3.1.4. 

In the third study which deals with pure arabinonucleic acid strands the 

physicochemical characteristics observed were not as clear-cut. Usually mixed-sequence 

heteroduplexes are reported to have reduced thermodynamic stability compared with 

pure homoduplex DNA (B-form) or RNA (A-form). 195 The Tms ofthe controls used in 

this study were D:D (68°C), R:D (64°C), D:R (72°C) and R:R (85°C). Differences in Tm 

values of these complexes may arise from a combination of factors, which include 

differences in the conformational freedom (entropy) of the single strands, altered water 

structure around the backbone of the duplexes and altered stacking interactions. 

Moreover determination of the thermodynamic properties of the heteroduplexes relative 

to their homoduplexes is complicated by the greater sequence-dependent variation in 
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thermal stability encountered for different RNA:DNA pairs. The mixed ANA sequence 

appeared to have a binding selectivity to RNA over ssDNA, as seen in Table 3.1.4. To 

investigate the global helical conformation of complexes formed by ANA with target 

ssDNA or RNA, CD spectra of the various duplexes were recorded. As pointed out 

earlier in this chapter the structure of A-form duplexes is characterized by a wide and 

shallow minor groove, while in the structure ofB-form duplexes it is a narrow and deep 

minor groove. 1 The conformation of DNA:RNA hybrids are not as clear cut and they 

appear to adopt a more complex, sequence-dependent structure that is generally 

intermediate between the A-RNA form and B-DNA form structures.85
•
190

•
196 Structurally 

this heteroduplex topology is closer to the A-form of pure RNA duplexes and thus is 

commonly described to as an "A-like" helical structure. In fact ANA:RNA and 

DNA:RNA hybrids appear to share this "A-like" helical form. 

Striking differences in thermal stability of ANA:RNA complexes of different base 

sequences were observed. For example a mixed 12 nt arabino pyrimidylate 

ara(CCUCUCCUCCCU) complexed with RNA has a larger Tm (48°C, see Chapter 3, 

Section 3) than the 18 nt oligomer ara(AGC UCC CAG GCU CAG AUC) (44°C) studied 

above, despite the shorter length. This can be reasoned out on the basis of a higher G:C 

content (67%) present in the shorter duplex which also possesses a higher purine content 

in the RNA target strand (100%), relative to the 18 nt duplex (C:G = 61%; purine RNA 

target content= 55%). These results further imply that RNA with long purine repeats 

should be good targets for mixed DNA or ANA antisense oligomers from the standpoint 

of duplex stability. 190 

Another factor affecting duplex stability may be the actual base sequence i.e. 

homopolymeric versus mixed base sequences. Previously Giannaris and Damha have 

shown that complexes formed between homopolymers of oligoarabinonucleotides and 

complementary ssDNA and RNA, are rather stable exhibiting comparable melting 

temperatures and, in some cases, greater than the corresponding unmodified oligomers.109 In 

new work currently in progress in the Damha group a homopolymer of arabinoadenylate 

residues showed varying results under different cationic conditions. 197 Furthermore there 

appears to be no selectivity of the araA18 strand to the riboU 18 (RNA) over the ssDNA 

(dT18) target,109 and hence for this system the selectivity rule appears to break down. 
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Thus it is clear that there are dramatic differences among the stabilities of hybrid 

duplexes formed by ANA and DNA, or ANA and RNA that are magnified in some 

sequences. 

The selective hybridization properties of ANA strands of mixed base composition 

towards RNA is intriguing. DNA is known to be more "flexible" than RNA, which 

manifests itself in the fact that duplex DNA is polymorphic whereas double helices of the 

latter usually form only A-type helices.1 Thus from this perspective, one would expect 

that any modified oligomer that binds to RNA should also complex to DNA. However 

this was not the case for ANA (3.tl.S.) as observed by UV and CD spectroscopy (Figure 

3.1. 7 and 3.1.8) and gel shift mobility assays (data not shown). This finding together 

with the extent to which ANA binding occurs for different sequences and target type 

(DNA vs. RNA), suggests that molecular recognition is primarily based on general 

conformational features (secondary) and to some extent by specific sequences effects 

(primary). For example, the selective recognition of RNA by ANA may be primarily 

determined by shape complementarity modulated by sequence-specific effects. While a 

DNA target has methyl group at CS of thymine, the corresponding RNA target instead 

has a hydrogen atom (uracil). This together with the fact that the 5-methyl dT groups and 

ara-2' -OH may sterically interact in the major groove may explain, at least in part, the 

relatively weak binding of ANA (~) to DNA. Clearly, high field NMR analysis and 

crystallographic work on both ANA:DNA and ANA:RNA duplexes are needed in order 

to gain an understanding of this 'RNA selectivity'. 

Because of the many diseases caused by RNA viruses, including AIDS, compounds 

capable of selective binding to RNA should be considered in developing effective 

chemotherapeutic agents. Bacterial disease sources are also susceptible to this approach of 

drug treatment. Thus, the opportunity for developing therapeutic agents targeted to distorted 

RNA structures are manifold. For this approach to succeed, and to avoid unwanted side 

effects it is apparent that such agents should possess selectivity for the RNA target in 

comparison to ssDNA. Based on recent literature the lower relative affinity of modified 

oligomers for DNA appears to be a rather frequent phenomenon. Among these 

oligonucleotide analogues are the 2'-5' linked systems (2'-5' DNA and 2'-5' RNA) and 2'-

0-Methyl (3'-5') RNA. 198
'
199 Apart from these, ANA appears to be a potential candidate 
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as an effective antisense agent based on this discrimination and its other interesting 
. . d. Ch 4 2oo 201 properties examme m apter . ' 

3.1.5 Conclusions: 

The binding of DNA oligomers containing one to two arabinonucleotide inserts was 

not greatly affected relative to the binding of an unmodified DNA control. Chimeras 

containing equal amounts of RNA and DNA residues in the antisense strand have similar 

stabilities but the conformation of the overall complexes formed are rather different. When 

the number of RNA residues in the antisense increases the thermal stability of the R-D:R 

duplexes also increases and the overall conformation resemble the A-type from RNA 

helices. ANA strands have been shown to bind selectively to RNA, which could derive from 

shape complementarity. The resulting conformation of the ANA:RNA hybrid is A-like as 

suggested by CD spectroscopy. Poor DNA binding exhibited by the ANA oligomer may 

contribute to their therapeutic efficacy by minimizing potential toxicity due to ssDNA 

binding. 

New questions have now arisen from these studies that need to be addressed, for 

example "what is the conformations of arabinonucleotides in ANA-RNA chimera 

complexed to ssRNA?" Some of these issues are already being addressed in the Damha 

research group. Furthermore functionalization of the 2' -position of ANA with new groups 

(2' -OMe, NH2, etc.) and moieties such as intercalators and groove binders may yield 

molecules with many interesting biological properties. 
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3.2 SYNTHESIS AND BIOPHYSICAL PROPERTIES OF BRANCH NUCLEIC 

ACIDS CONTAINING ARABINOSE AT THE BRANCH-POINT 

3.2.1 Introduction 

The formation of triple helices has become an area of great interest to chemists 

and biologists for their possible role in natural and artificial regulation of gene expression 

at the level of transcription, 202
'
203 and for use in analytical, diagnostic or synthetic 

methods.90
•
204 It also provides a versatile structural motif for the design of molecules 

capable of sequence-specific recognition of double-helical DNA, a novel function that is 

106 more specific than restriction enzymes.64
'
75

'
205 However there is still a need to extend 

the triplex recognition code which is restricted to homopyrimidine sequences and thus a 

general solution to this problem is eagerly awaited?06 The use of combinatorial 

approaches may well be useful, and one such study using solely natural bases207 has 

found that novel G•A:T triplets appear to be consistently stable in purine (anti-parallel) 

triple helices. 

Although much work has begun to focus on the physical and chemical 

requirements for trip lex formation, the precise conditions required have not yet been fully 

elucidated. Dissecting the relative contributions of all factors controlling triple helix 

formation will be pivotal when considering the use of modified oligonucleotides for in 

vivo applications where temperature, pH and ionic conditions are strictly controlled. The 

absolute requirements for triplex formation (especially reverse-Hoogsteen motifs) have 

not yet been established and thus there seems to be a growing focus on the physical and 

chemical conditions required to promote their formation.75
•
77

•
85

•
86

•
208

•
209

•
210 

Studies involving natural and unnatural nucleic oligomers23
'
24 with chemically 

modified backbones (connectivities and sugar moieties), circular,211 branched 114
'
116 and 

hairpin-like oligomers containing non-nucleosidic loops have appeared in the 

literature.212
'
213

'
214 Some of the branched molecules include "comb"-like nucleic acids, 

three stranded or "Y"-shaped branched DNA,215 wherein the branchpoint is 

riboadenosine, ~-D-3'-deoxypsicothymidine,216 or bases involving a linker217 or even 

wherein branching is via base-to-base linkers.218 There is also a specific interest in the 
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design and study of nucleic acids containing two pyrimidine domains and that have the 

ability to form triple helical complexes when they encounter single stranded nucleic acids 

("clamp effect"l12 (Figure 3.2.1). One domain serves as a duplex forming region 

hybridizing with purine rich target sequences through Watson-Crick hydrogen bonds 

while the other forms Hoogsteen hydrogen bonds with the common purine 

strand.219
•
220

•
221

•
222 Thus triplex forming nucleic acids can be classified as circular, 

hairpins, fold back and V-type molecules as schematically represented in Figure 3.2.1. 

A 

Circular 
oligomers 

3' 

Hairpin oligomer 

5' 

Foldback oligomer Branched V 
molecule 

Figure 3.2.1: Types of intra and intermolecular triplexes; filled ribbon: Watson-Crick 
purine strand; shaded ribbon: Watson-Crick pyrimidine strand. 

Recent investigations pertaining to branched and dendritic oligonucleotides have 

been carried out in Darnha's group. Such branched RNA (bRNA) containing vicinal 2'-

5' and 3'-5' phosphodiester linkages on a single sugar moiety, were first detected in 

nuclear polyadenylated RNA from HeLa cells by Wallace and Edmonds.Z23 Branched 

"V" oligonucleotides (with two binding domains connected) are choice candidates 

because they possess less freedom of internal bond rotations than their linear precursors, 

and as a result are expected to complex to a target with a lower entropic cost.220
•
22 1

•
224 

Indeed Darnha's group has shown that joining the Watson-Crick and Hoogsteen 

components of a potential triple helix to an adenosine branch-point was found to promote 

the formation of parallel T•A:T triple helices225 and the less common antiparallel T* A:T 

(Figure 3.2.2).116 The following notation, henceforth will be used in this thesis. (":" 

Watson-Crick bonding; "•" Hoogsteen; and "*" reverse-Hoogsteen). In two of these 
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studies the "V"-shaped compound AT10no (lJ.O.i! and ~). consisted of a 

riboadenosine branch-point nucleoside with 2' and 3' "dT10 tails". In the V-compound 

lJ.O.i!, the 2' tail runs parallel to, or has the same polarity as the 3' tail (A5'TIOJ's·no3·), 

while in~. the polarities of the two tails are opposite to each other. 

21-51 pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 3' 
51 / 

-HO-aA 

3'-i- pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 3' 

21-51 pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 3' 
s~-HO-rA/ 

31 ""-s· - pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 3' 

21·3' pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 5' 

51 / 

-HO-rA 

3'-i- pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 3' 

ApT-pT-pT-pT-pT-pT-pT-pT-pT-pT3' 

5'-Sir pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 3' 

31-~ pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 3' 

3'-y pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 5' 

s~~ pT-pT-pT-pT-pT-pT-pT-pT-pT-pT 31 

Figure 3.2.2: Schematic representation of the branched molecules and looped controls 
used in this study. aA and rA represent arabinoadenosine and riboadenosine, #refers to 
reference 116 and* to reference 225. 
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The thermal stabilities of trip lex helical complexes formed with the V molecules were 

much higher than that of the linear trimolecular T 10•A10:T 10 complex as expected. 116 The 

ability of these two "V" molecules in forming stable triple-stranded helical complexes 

with dA10 via T*AT and T•A:T triplets respectively, prompted the investigation of 

molecule .3J..2. wherein the branchpoint nucleoside is arabinoadenosine (aA) instead of 

riboadenosine (rA). 

Structural Implications 

The Hoogsteen T•A:T trip lex is the most studied and understood of these trip lex 

systems.99 It is characterized by the regular Watson-Crick duplex and a third pyrimidine 

strand that is hydrogen bonded (Hoogsteen) to its major groove, parallel to the duplex 

purine strand (Chapter 1, Section 2).226 Divalent cations such as Ml+ and Mn2
+, and 

higher concentrations of the univalent cations, such as Na + (1-2M) promote such triplex 

formation.227 CD spectroscopy reveals very distinct signatures for the T10•dA10:T10 

triplex system and the underlying duplex dA10:dT10• Key features exhibiting 

intermolecular triplex formation are: (a) A characteristic depression of the positive 

amplitudes at ea. 225, 259 and 284 nm; (b) an amplitude increase of the negative Cotton 

effect ea. 248 nm; and (c) the presence of a unique negative CD band at 208 (pp 21-

24).228 

Figure 3.2.3 illustrates the branched molecule .3J..2. with its arabinoadenosine 

branch-point. Recent studies on small branched RNA fragments e.g. the trinucleotide 

diphosphates rA[2'-S'UJ [J'-S'UJ and aA[2'-S'rUJ [J'-S'rUJ• indicate that the sugar-phosphate 

framework of the adenosine residue is rigid, a result of strong base stacking between the 

adenine at the branch-point and adjacent 2' -uridine. 229 The 2 '-5' and 3 '-5' 

phosphodiester linkages of rAl2'-s'UJ [J'-S'UJ• are nearly parallel to one another (i.e. display 

significant preference for the a· and E._ conformation about the C3'-03' and C2'-02' 

bonds as shown in Figure 3.2.3). The furanose ring of the arabinoadenosine residue 

shows a high preference for the C2' -endo pucker conformation a common feature of 

purine sugars linked to a pyrimidine via a 2'-5' linkage. 
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The branched molecule lJ.2 when complexed with dA10, would involve 

anti parallel T* A:T triplets, and much less is known about this system. Like ~ it 

contains dT 10 tails at each of the 2' and 3' positions of the branch-point nucleoside. The 

polarities of the dT10 tails are identical being 5' to 3' from the core extending outwards, a 

consequence of the synthesis methodology employed. Compound 3.19 differs from 

compound ~ only at the branch-point nucleoside, specifically its 2' dT 10-tail has the 

"P'' configuration as opposed to a. in ~. 

h 

3'HO 

o ~_,s_o_/ 
ab 9' 

3' HO 

Figure 3.2.3: Primary structure of branched oligomer lJ.2 showing the conformation for 
the branch-point arabinoadenosine unit. 
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The topology of J...l2 is yet to be determined but, like that of 3..t1Qa, can be considered as 

a linear molecule with a 'kink' (Figure 3.2.1 ). Thus this section deals with the 

association properties and biophysical characterization of molecule J...l2. Soon after this 

work was completed a similar report had appeared involving the arabinonucleoside 2'­

methyluracil as branch-point.230 

3.2.2 Results And Discussion 

Association of 3..J..2 with deoxyadenylic acid 

The UV melting profiles were recorded in a buffer (10 mM TRIS-HCI, 50 mM 

MgC12, pH 7.3) which favors triple helix formation.64
'
75

'
208 The melting curve at 260 nm, 

for the complex formed between compound 3..J..2 and dA10 showed a monophasic, 

cooperative transition at 32.9°C and a hyperchromicity of 15% (Figure 3.2.4). The 

stability of this complex is comparable to that of the duplex formed between dT 10 and 

dA10 (Tm = 32.2°C) as well as the putative triplex formed between l.tl!! and dA10 

(32. 7°C). 99
'
231 
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Figure 3.2.4 A: Melting curves of complex J...12:dA10 in 50 mM MgC12, 10 mM TRIS­
HCI pH 7.3, with 1 and 2 equivalents dA10 at 260 nm. 
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Supporting a triple helical structure for J...l2 + dA10 are the observations of a detectable 

melting transition of the complexes at 284 nm, a wavelength at which pyr•pur:pyr 

triplexes composed entirely of T/A:T base triads (both Hoogsteen and reverse· 

Hoogsteen) display significant changes in absorbance, but at which duplex A:T pairs do 

not (Figure 3.2.4 B). Addition of a second dA10 equivalent to the 3.J..2. + dA10 (1:1) 

mixture increased the Tm by ea. 4°C, similar to what was observed for ~:dA10 (1:2). 

This implies that there exists some obstruction in a full length base pairing of the 3.J..2. 

with dA10 which could only be complete in the presence of the second dA10 strand. 
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Figure 3.2.4 B: Melting curves of complex 3.J..2.:dA10 in 50 mM MgC12, 10 mM TRIS· 
HCI pH 7.3 with 1 equivalent of dA10 at 260 and 284 nm. 

Effect of Cations on Triplex Formation 

(i) Magnesium: The promotion of triplex formation in Mg2
+ buffers is often interpreted 

as a manifestation of the ability of Mg2
+ to efficiently neutralize the 

phosphate+-tphosphate backbone repulsions in DNA triple helices. 75 Mg2
+ ions have a 

smaller activity coefficient (0.07) than Na + (0.37) and thus can bind to the duplex DNA 
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more tightly relative to Na+.232 As a result, the experiments were conducted with Mg2+ 

buffer unless otherwise specified. 

(ii) Manganese: Fox and coworkers have reported that within the context of G*G:C 

triplets the order of antiparallel triplex stability was T* A:T (Mn2+) > T* A:T (Mg2+). They 

also showed that T* A:T triplets are not strong enough to form in the absence of either a 

Hoogsteen helper section (i.e. T•A:T) or reverse-Hoogsteen section (G*G:C). From 

Table 3.2.1 A the T ms of the complexes formed with dA 10 all increased on substituting 

Mg2
+ for Mn2

+ (compare buffer B versus C) . These results suggest that the reverse­

Hoogsteen T* A:T trip lex appear to form in manganese without the helper effects 

mentioned above. To confirm the formation of such triplexes in Mn2+, thermal studies 

were conducted at 284 nm, and transitions were indeed detected for only J.J.2B., 3.J..!!& 

and 3.22b with the dA10 complement but not for lsl1 and ~. Based the above 

observations it is possible that the rigid branch-point of the V molecules is sufficient to 

allow triplex formation in Mn2+. Triple helix formation is also supported by the 

experiments described below. 

Table 3.2.1 A: Melting Temperatures (T m) and Hyperchromicity (%H) for 

Complexes in Magnesium and Manganese Based Buffers a-c 

Complex Buffer a Buffer 0 Bufferc 
Oligomer: dA1o Tmec) %H Tmec) %H Tm (°C) %H 
aA 1 w (J.....1.2.) 32.9 15 28.4 19 31.7 22 TIOTIO 

32.2 17 26.4 16 33.2 28 rA Tlo(3.J..I!&) 
dA T 10 (lsll) 32.2 19 27.6 9 30.0 19 
3'T10C4T103'(~) 36.6 20 28.0 14 34.8 20 
5'TwC4 T103 '(3.22b) 46.5 23 40.0 21 40.8 18 

Conditions: a 50mM MgCl2, 10 mM TRIS-HCl, pH 7.3; b 5 mM MgC12, 10 mM NaCl, 
lOmM TRIS-HCl, pH 7.5. c 5 mM MnC12, 10 mM NaC1, 10mM TRIS-HCl, pH 7.5. 
Concentration of each strand was 1 J-tM. Error limits for individual measurements are 
estimated at ± 0.5°C. 

(iii) Potassium: The formation of complexes under physiological type conditions were 

then investigated. The J.....1.2. and 3.J..!!& molecules did not appear to form triplexes with 
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d.A10 in the presence of potassium (K+) as exemplified by the absence of the 284 profiles 

and a drop of ea. 1 0°C in T m values relative to those in the magnesium buffer (Table 

3.2.1.B). This is consistent with previous reports which suggest that K+ ions are strongly 

inhibitory to reverse-Hoogsteen triplex formation when present in a solution containing 

b th K+ d M 2+ . b '11' 1 . 77 78 233 N . . h o an g tons at or a ove m1 1mo ar concentrations. ' ' ot surpnsmg t e 

second dA10 equivalent gave a negligible increase in Tm and H% for both V molecules. 

Table 3.2.1 B: Melting Temperatures (Tm) and Hyperchromicity (0/oH) for 

Complexes in a Buffer which Approximates the Intracellular Cationic Environment 

Complex Buffer 
Oligomer: d.A10 T f°C) %H 

aA nu TIO (J..J..2.) 21.0 11 
no 21.9 11 rA no (3.slf!a) 

dA T to (J...ll) 22.8 14 
3 'T wC4 T w3 '(l,lh) 19.3 11 
5'TwC4Tw3'(Ulh) 28.4 18 

Conditions: 140 mM KCl, 5 mM Na2HP04, 1mM MgC12, pH 7 .2. Concentration of each 
strand was 1 J.tM. Error limits for individual measurements are estimated at± 0.5°C. 

Stoichiometry of Interactions234 

To confirm that lJ.2 can in fact form a triplex structure, titrations of lJ.2 with 

d.A10 were carried out in both, the Mg2
+ and K+ buffers (Figure 3.2.5). The controllslllil 

which is known to form a 1:1 complex with d.A10 was also titrated alongside for 

comparison.116 As shown in Figure 3.2.5A & B a break in the absorbance plot occurred 

at the point where d.A10 and the lJ.2 and 340. concentrations were equal (Ml+ buffer). 

No further break was found as the concentration of the adenylate oligomer was increased. 

This result strongly suggests that the two compounds lJ.2 and lJ!! form a 1: 1 complex 

with dA 10, wherein both dT 10 "tails" of J..J..2. associate simultaneously with the dA 10 target 

to form a triple helix. 



E 
c: 

0 
CD 
N 

(§) 
w 
(.) 
z 
<( 
EO 
0:: 
0 
U) 
EO 
<( 

0.26 • . ,:~,· ] :: t~< V\_ -~- "'~·~· A < V'-
0.25 No 

0.27 -

~ ~ '"! 0.26 

0.23 

0.25 ... 
0.22 .j_ ~ ~ I 0.24 1 """ - . _.....; . 

0.21 0.23 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

0.33 - ------- - - -------, 
D < 2xV\.~ • 3.20a,K+ 

0.31 + c 
<2x~ ",,,. 

0.30 + 

• 
0.325 

0.32 
' 0.30 

0.315 
0.29 

. . -
I ~- / .. 

0.29 

• 
0.31 

0.28 0.305 +----+----1---+----+----lc----+-----l 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

MOLE FRACTION (dA10) 

Figure 3.2.5: Determination of the stoichiometric interaction for 3.19 and 3.20a with dA10 by the method of 
continuous variation. A and B are in 50 mM MgC12 10 mM TRIS HCl, pH 7 .2, whereas C and D are in conditions 
that represent intracellular media, namely 140 mM KCl, 5 mM NazHP04, 1 mM MgC12, pH 7.2; refer to the 
experimental secion for details.234 

00 



82 

As opposed to a third strand binding to a preformed duplex, the "V" molecules 

behave like a clamp sequestering dA10 in a single all-or none process. This is supported 

by the monophasic curves, wherein triplex formation requires the presence of a dA10 

complementary strand, to first form the Watson-Crick duplex with one of the arms, and 

Hoogsteen hydrogen bonds with the other ann (Figure 3.2.4). 

Figure 3.2.5 C, reveals that in the presence of K+, a single inflection point is 

observed when the molar ratio of J.J.2.i.dA10 is 1:2 consistent with the formation of a 

duplex in this case. This is in contrast to what is observed for ~ which under the K+ 

conditions binds only one equivalent of dA10 (break at 50%, Figure 3.2.5 D). Two 

scenarios can be therefore envisioned: (i) ill.3. cannot take up the second dA10 because 

it is too crowded around the branch-point, a consequence of the stereochemistry of the 

ribose 2'carbon. Thus the second ann of the ill.3. remains unhybridized (single 

stranded), an observation that agrees with the 284 profiles and Job plots; (ii) in U2. one 

of the dT10 tails (2') can bend upwards to accommodate an additional dA10 molecule. 

Circular Dichroic Spectroscopy 

Complex formation is readily monitored by changes in both the amplitude 

(magnitude) and position of the CD bands. Compound U2. with dA10 at 5°C showed a 

CD spectrum qualitatively similar to that of ill.3_:dA10 in Mg2
+, but only the results of 

the arabino system will be discussed here. The CD spectrum of the dA:dT duplex system 

exhibits two maxima at 218 nm (large) and 283 nm (moderate), two minima at 208 nm 

and 249 nm, a crossover at 258 nm which occurs near the ~ax observed in the UV 

spectrum. The negative 208 nm band has been attributed to the dAn component of the 

A:T complex.235 These features are also present in the triplex. However, as the 

triplex:duplex ratio increases (for example, as dA10 + duplex <:::> triplex equilibrium is 

shifted to the right) notable changes are obvious. These are the relative increase in 

amplitudes of negative 208 and 249 nm bands and the corresponding more obvious 

decreases of the positive 283nm and 219 nm bands. The binding ofU2. and dA10 is also 

accompanied by the appearance of a distinct shoulder at 260 nm, a characteristic for 

dT/dA:dT triplexes.99
'
102 
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It has been documented that the major influence on CD spectra of poly [ d(T):d(A)] by 

addition of the third poly d(T) strand is the apparent loss of the positive 217 nm CD 

band, 235 a feature which is believed to be indicative of trip lex fonnation for this particular 

sequence.99 For the given study the 217 peak corresponds to one observed at 219 nm 

(Figure 3.2.6 and 3.2. 7). 
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Figure 3.2.7: Comparative CD spectra if the complexes fonned by molecules lJ.2. and 
J...llil with complementary dA10 (1 equivalent) in magnesium (50 mM MgC12, 10 mM 
TRIS-HCl, pH 7.2) and physiological media (140 mM KCI, 5 mM Na2HP04, 1 mM 
MgC12> pH 7 .2). 

Figure 3.2.6 shows the effect of increasing temperature on the CD spectrum of 

complex lJ.2.:dA10• As the temperature was increased from 5°C to 60°C, marked 

changes in both amplitude and wavelength occurred, i.e., there was an apparent loss of 

the negative bands at 208 nm and 248 nm, and a concurrent amplitude increase of the 

positive bands at 283 nm and 219 nm. The spectral changes were more pronounced in 

the 30°- 35°C temperature range, which correspond to the Tm of the 3.J.2.: dA10 complex 

measured by UV spectroscopy. The other distinct feature is the marked disappearance of 
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the shoulder at 259 nm and blue shift of the band at 283 nm. The 1: 1 mixture of 

lJ.2:dA10 in Mg+2 (60° C > Tm) displays a spectrum that is similar to a superimposition 

of the spectra of the free, single stranded lJ.2 and dA10 (data not shown). The inset 

displays the change in molar ellipticity as a function of temperature at 248 nm. The 

greatest change occurred around 35°C, corroborating the fact that the complex melt 

around this temperature. 236 

From the comparisons between the complexation oflJ.2 and Ula to dA10 in two 

buffers the following conclusions can be made: The CD spectrum of lJ.2:dA10 and 

Ula:dA10 inK+ buffer is similar (Figure 3.2.7) to that of the duplex formed by dT10 + 

dA10 (not shown) indicating that a double~stranded helical structure is formed 

predominantly in this buffer. This further confirms the results obtained from thermal 

denaturation profiles, and UV mixing curves. i.e. K+ does not promote triplex formation 

for lJ.2:dA10• Furthermore the spectrum of lJ.2:dA10 (1:2, K+) was almost identical to 

that of lJ.2:dA10 (1:1) except for a slightly broader shoulder at 260 nm in the former 

case, and a further drop in amplitude of the positive band at 283 nm (data not shown). 

Finally the branched architecture of lJ.2 is required for trip lex formation (under Mg2+) 

since the corresponding linear J...l2.a does not appear to form a triplex under the same 

conditions (compare CD spectra oflJ.2:dA10 to~ :dA10 in Ml+, Figure 3.2.7). 
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Thermodynamic Data of Complex Formation 

Thermodynamic data of triplex formation were obtained from melting curves by 

the concentration Tm variation method.237 As expected for an intermolecular process, the 

association of JJ..2 and dA10 displayed a concentration dependent melting denaturing 

profile. Figure 3.2.8 shows a plot of reciprocal melting temperature 1/(T m) versus the 

natural logarithm of the total strand concentration (2.16j.tM to 0.2lmM range). The van't 

Hoff plot can be fit to a straight line with a negative slope, supporting the view that the 

monophasic transition manifested by melting curves of JJ..2 is a bimolecular, all-or none, 

process. Table 3.2.2 summarizes the thermodynamic parameters derived from the above 

analysis. The thermodynamic parameters for denaturation of complexes JJD.b.:dA10 are 

also included for comparison purposes. The latter system was studied by R. Braich of the 

Damha group. 225 

Table 3.2.2: Calculated Thermodynamic Parameters for the Hoogsteen and 

Reverse-Hoogsteen T/A:T Base Triplets 

Thermod namic Data JJ..2 JJDh 
TmCOC) 33 45 
AH0 kcaVmol -8.9 -8.3 
AS0 cal0 /mol. -26.1 -23.5 
AG0 

25 kcal/mol -1.1 -1.3 
Binding of third strand reverse- Hoogsteen 

Hoo steen 

Conditions: 50mM MgC12, 10 mM TRIS-HCl, pH 7.3. Melting temperatures were 
determined using a total strand concentration that varied between (2.16 J.tM to 0.2lmM) 

Although a direct comparison of the thermodynamic data of the two branched 

complexes is compromised by the different branch-point structure (ribo vs. ara) some 

conclusions can be drawn from Table 3.2.2. The enthalpy change of association for 

lJ.2.:dA10 is very similar to that of JJD.b.:dA10• This value of 8.3 kcaVmol of base triplets 

for JJD.b.:dA10
225 is in excellent agreement with those for the dT10•dA10:dT10 

intermolecular triplex, under the same conditions.102 The similarity between all three 

complexes (JJ..2:dA10, JJD.b.:dA10 and dT10•dA10:dT10) could be taken as an indicator of 
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the presence of 10 hydrogen bonded base triplets in the branched helical complexes. The 

enthalpy and entropy changes for triplex formation involving 3.J.2. were more negative 

than those of J..l.!lli. This implies that whereas the 3.J.2.:dA10 complex has the most 

favorable pairing enthalpy change (suggesting better stacking, hydration, bonding etc.), it 

also has a more unfavorable pairing entropy change d8° (suggesting a better stacked 

geometry of the complex relative to the single stands). This unfavorable standard 

entropy change is compensated by the favored enthalpy change and the resulting free 

energy change (dG0 
25) is relatively close to that of J..l.!lli. The calculated standard free 

energy of UID!:dA10 formation corresponds to the observed melting behaviors in which 

~:dA10 shows the highest melting temperature. The greater stability observed for the 

UID!:dA10 triplex (Hoogsteen, W-C) relative 3..J.2a:dA10 (reverse-Hoogsteen, W-C) is 

consistent with the notion that reverse-Hoogsteen interactions are of known lower 

b.1. I . H . . 116225 sta 11ty re at1ve to oogsteen mteract10ns. · 
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Figure 3.2.8: Concentration dependence of melting temperature (T m) for the complex 
3,12:dA10 in 50 mM MgC12, 10 mM TRIS-HCI pH 7.2. Melting temperatures were 
determined using a total strand concentration that varied between (2.16 J..1M to 0.21 mM). 
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Effect of Target Chain Length on Binding and Base Pairing 

The study described in the preceding sections involved investigating differences 

in T m as a function of increasing amounts of the complement dA0 • This section deals 

with T m measurements as a function of increasing length of the dAn target when both the 

branched molecule J.J.2 and the dAn target were in a 1:1 ratio (strand: strand and A base:T 

base respectively). 

Table 3.2.3: Thermal Melt Data for the aAT10n 0 (J.J.2): dAn Complexes (n = 3-10) 

Target strand (dA0 ) Equivalents of dA0 Tmec> H% 

dA3 1.0 

dA3 3.3 16.1 4.2 

dA4 1.0 broad 7.9 

dA4 2.5 23.1 8.9 

dAs 1.0 22.6 15.4 

dAs 2.0 24.5 17.3 

dA7 1.0 24.1 14.6 

dA7 1.4 27.3 14.6 

dAlO 1.0 32.0 13.9 

dAlO 2.0 35.2 16.3 

Conditions: 50mM MgC12, 10 mM TRIS-HCl, pH 7.3. Error limits for individual 
measurements are estimated at± 0.5°C. Concentration of each strand was 1 J.!M. 

Examination of the data obtained (Table 3.2.3) leads to the following 

conclusions: 1 strand equivalent of dA3 and dA4 bound weakly or not at all to J.J.2 as 

illustrated by ambiguous broad transitions obtained. Larger sequences namely dA5, dA7 

and dA10 displayed enhanced binding upon addition of more equivalents. For example a 

slight increase in Tm was observed when the second equivalent of dA7 and dA10 was 

added. Two things can account for this, (i) cooperativity which is the enhancement in the 

specific binding of a ligand to a site on DNA, due to the presence of similar ligands, 

bound at neighboring sites238 and (ii) an increase in the number of Watson-Crick 
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hydrogen bonds formed, as well as base stacking of the terminal thymine bases in the 

third strand of the triple helix. 239 

A question that arises in this study is whether all T residues in the branched 

compound lt.l2 are involved in base-pairing interactions. This question was addressed 

by measuring complex stability with dAn oligomers of different chain lengths (i.e. n = 3, 

5, 7, 10, 15, 18, 20 and 24) with lt.l2 and the control~. Figure 3.2.9 illustrates the 

relationship between the melting temperatures of these complexes (lJ.2:dAn and 

JJl.a.:dAn) as a function of adenylate chain length "n" where both target and dAn 

oligomer are in a strand: strand ratio of 1: 1. 
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Figure: 3.2.9: The effects of varying the adenylate chain length (n) on the melting 
temperature of complex of lt.l2 and 3Jl.a. with 1 equivalent of dAn (n = 3 to 24). The 
calculated values of slopes a, band care 2.63, 1.42 and 1.14 °C/nt respectively. 
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For complexes involving the branched oligomers ill and J...lli with dAn, the 

Tms are linearly dependent on target chain length (n) over a limited range. There are two 

obvious ranges (5~ ~10) and (n>IO). In the first range the behavior of the two are very 

similar. Both lines then change slopes at n close to 10 which approximately corresponds 

to the number of thymines present in each arm of the branched. Beyond this value the 

T ms of the complexes still remain linearly dependent on n, but the slope for ill is more 

steep. This most likely reflects differences in the stability of the complexes and supports 

the idea that, in the case of ill:dAn the adenylate strand is held to one dT 10 by Watson­

Crick bonding and to the other strand by reverse-Hoogsteen bonding. The increasingly 

higher T m values beyond n = 10 are most likely the effect of stability as a result of 

reduced fraying at the ends of the complexes.240 Significant hyperchromicity at 260 nm 

and to a lesser extent at 284 nm was likewise observed for both ill and ~' 

characteristic of dT•dA:dT triplexes.241 However the 284 transitions for J...lli were very 

weak relative to ,JJ2. 

Pairing Selectivity: Effect of Mismatch on the Target dAn Sequence 

In order to study the effects of base mismatches on trip lex formation, UV melting 

curves were recorded for ill:target and l,ll:target complexes containing a mismatch in 

the centre of the target purine strand or at the residue that base pairs with the branch­

point adenosine (Table 3.2.4 and Figure 3.2.10). 

(i) Mismatch within the target purine strand 

The nucleotide at position 5 in the oligoadenylate (dA10) was changed to a dT and 

dG and the corresponding thermal stabilities measured. Both mismatches led to a 

decrease in T m of 9-11 °C, reinforcing the stringency of proper base pairing requirements 

in the antiparallel T•AT triplex, as reported previously (Table 3.2.4).116 A mismatch 

could presumably disrupt base stacking either by preventing a base from aligning 

favorably with respect to the base across the junction, or it could disrupt favorable 

electrostatic interactions by changing the electronic distribution of the mismatched base 

itself.242 The T*G:T mismatch appears to be less stable than the T*T:T mismatch, in the 

,JJ2:dA10 complex. Moreover triplexes are usually equally or more sensitive to base 

triplet mismatches than are Watson-Crick duplexes to corresponding base pair 
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mismatches, because of lower stabilities than those of duplexes.209
•
210 In the case 

presented here the Tm decrease for the mismatch "duplexes" (d.AT10:T10) was found to be 

more significant (ea. l7°C) than those observed for the triplexes. This probably reflects 

the intramolecular nature of the reverse-Hoogsteen strand which serves not only to 

increase the local concentration of the third strand and but also to compensate for the 

destabilization created by the mismatches present in the d.An strand. 

Table 3.2.4: ATm and %H Values from Melting Curves (260 nm) of Mismatched 

Relative to Matched Complexes 

Target U-2 ltll 
Oligomer AT m COC) AH% AT m COC) AH% 

5'-AAAAAAAAAA 3' 0 0 0 0 

5'-AAAATAAAAA 3' -8.1 -2.0 -17.0 -0.5 

5'-AAAA.GAAAAA 3' -11.0 -0.9 -16.9 -2.0 

Conditions: 50 mM MgC12, 10 TRIS-HCl, pH 7.2. Error limits for individual 
measurements are estimated at± 0.5°C. Concentration of each strand was 1 J.!M. 

(ii) Mismatch at the branch-point 

To determine whether the arabinoadenosine branch-point is involved in any base 

pairing interactions, U-2 was allowed to hybridize with target DNA sequences 5'­

d(A10C3)3' and 5'-d(A10TC2)3' in the presence ofMg2+ or Na+ (see Figure 3.2.10). The 

complex J..J..2.:d(A10C3) contains a rA/dC mismatch and thus would be expected to have a 

lower Tm relative to the fully complementary complex J..J..2.:d(A10TC2). Indeed, the lower 

melting temperature observed for J.J.2:d(A10C3) is consistent with the notion that the 

branch-point adenosine can base pair. The contributions of the branch-point aA:dT pair 

to the thermal stability of the complex is similar to the one observed by Hudson et al. for 

l.t.ZD.D.:d(A wC3). 116 

Mismatch effects were more pronounced in Na + buffer than in Mg2+ which may 

be explained on the basis of magnesium's ability to better shield the ionic repulsion of 

the sugar phosphate backbone. It appears that the role of cation on stability of the trip lex 
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is more important than the C-A(branch-point) mismatched triplex probably because of a 

fraying or end effect of such a mismatch. A central mismatch (see previous section) has a 

greater effect on Tm than one at the end as in d(A10C3) consistent with previous 

findings. 243 
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Figure 3.2.10: Effect of the target chain length and sequence on the T m of branched 
complexes. Experimental conditions: Mg2

+ (50 mM TRIS-HCI, pH 7.2) and Na+ (lM 
NaCl, 100 mM Na2HP04, pH 7.2). 

Effect of Sugar Composition of Adenylate Strand on Trip lex Forming Ability 

In order to study the effect of strand composition on triplex stability the 

deoxyadenylate (dA10) target was replaced by riboadenylate (rA10) and hybridized to J.J.2 

under different buffer conditions. As shown in Table 3.2.5, the complex formed between 

J.J.2 and rA10 was considerably weaker than that formed between J.J.2 and dA10 (.1.Tm ea. 

-10°C). Addition of a second molar equivalent of rA10 resulted in a negligible Tm 

change. The absence of an observable transition at 284 nm, as well as a lack of key 

triplex signatures in the CD spectrum of J.J.2:rA10 (data not shown) all point to the 

formation of a duplex in this case. This is consistent with the "Purine Exclusion 

Principle" which states that a ribopurine (rPu) third strand cannot form either a rPu 

•duplex or a rPu*duplex triple helical complex.Z44 Moreover it is generally believed that 

sodium enhances duplex formation by increasing the rate of trip lex dissociation, possibly 
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because additional energy has to be expended to distort a stable duplex in the process, 

further reflecting duplex formation.85 

Table 3.2.5: Melting Temperatures (T111) and Hyperchromicity (%H) for Complexes 

Formed Between 3.d2. and Decaadenylic acid, rA10• 

Oligomer Buff era Target rA10 

1 equivalent 2 equivalents 

Tm, (°C) (.:1T"') (oC)b %H T/11 (°C) (.:1Tm)(°C) %H 

3.19 s 27.3 -2.4 12 29.1 -3.7 14 

M 23.3 -8.8 14 25 -11 15 

aBuffer S: 1M NaCl, 100mM Na2HP04, pH 7.1. Buffer M: 50 mM MgC12, 10 mM TRIS­
HCl, pH 7.2. b (.:1Tm) = (Tm of 3.19:rA10)- (Tm 3.19:dA10) . Concentration of each strand 
was 1 gM. Error limits for individual measurements are estimated at ± 0.5°C. 

This study is presently being extended to the use of arabinonucleic acids (and 
analogues, e.g. , 2' -fluoro-ANA) in the complementary (third) strands. 

~ triplex 

. -;;:.: .... ) 
< ~ .... )~ duplex 

~~ 
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2'FANA(aF 
? 
or 

Figure 3.2.11: Complex formation between 3.19 and adenylic acids dA10, rA 10, aA10 and 
aFA10. 
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The use of triple helix-forming oligonucleotides is often limited by the low 

stability of triple helical complexes relative to double helices, especially under 

physiological conditions. Triplexes have a bigger negative potential and hence their 

requirement for positive cations such as Mg2
+, Mn2

+ and spermine is imperative.245 The 

recognition of the potential roles and biomedical applications of triplex structures has 

now focused considerable attention on increasing triplex stability, as well as on their 

interactions with nucleic acid-binding ligands. A triplex specific ligand is a small 

molecule designed to promote the duplex-to-triplex transition, displacing the equilibrium 

in favor of the trip lex. 

The ligand 'Hoechst 33258' developed by Luck and coworkers in 1984,246 is a 

synthetic compound that contains two consecutive benzimidazole rings with a phenolic 

and a N-methylpiperazine group at either end of the U-shaped elongated molecule 

(Figure 3.2.12). Hoechst, like other small molecules (netropsin, berenil, pentamide and 

distamycin) bind in the minor groove of duplex DNA, with a marked preference for A:T­

rich regions.247 In the case of Hoechst 33258, the minimum size required for binding is 

four consecutive A:T base pairs. Ligands often contain a series of linked aromatic rings 

structures which make them inherently flat and crescent in shape. The flexible nature of 

Hoechst's ring system and its cationic nature permits the molecule to adopt a 

conformation that follows the contours of the minor groove and thus optimizes binding to 

duplex DNA.248 A basic asymmetry also arises from the fact that Hoechst 33258 

provides the donor hydrogen bonding groups, whereas the oligonucleotide molecule 

participates with its acceptor groups located at the bottom and walls of the DNA minor 

groove. 

Benzo[e]pyridoles (BePis) were the first reported molecules to bind triplexes 

more tightly than to duplexes, and indeed provide strong stabilization to such 

triplexes.249
'
250 BePI's are also crescent shaped, tetracyclic, aromatic compounds that 

optimize stacking interactions with base triplets. The stronger stacking interactions 
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present in BePI in BePI/ triplex relative to BePI/duplex is the key factor enhancing the 

stability triple helices relative to double helices. BePI interacts more strongly with 

T•A:T than C+ •G:C triplets/51 probably because electrostatic repulsions between BePI's 

positively charged side chain and protonated cytosines located in helix groove. 

H 
'~~ Hoechst33258 

,, ••.. , 1 (bisbenzimide) N~ 

~NYYN~ r-(~ 
~NKJ_' NH 

OH 

H 

Be PI Ethidium Bromide 

Figure 3.2.12: The structures of the DNA-binding ligands: Hoechst 33258, BePI and 
Ethidium Bromide 

Ethidium Bromide (EtBr) is a cationic planar chromophore. It not only 

intercalates better but it also binds with a stronger affinity to the triple helix poly( dT) 

•poly(dA):poly(dT) than to the A-T duplex. The elegant and thorough work of Scaria 

and eo-workers demonstrate that the nature of interaction of the EtBr to duplex gives rise 

to CD bands that are of opposite sign to those resulting from the more favorable 

EtBr/triplex interactions. 252 

This concept of ligand induced triplex stabilization, has been extended to several 

other related polycyclic aromatic systems such as the alkaloid Coralyne,253 unfused 

aromatic cations/54
'
255 and 2,6-disubstituted amidoanthraquinones.256 Conjugation of 

these ligands to the third strands at either end or internally, results in dramatic 
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improvements in triplex stability,257 with stable parallel (Pu•Pu:Py)triplexes being 

formed at conditions close to physiological conditions. Polyamines such as 1,2-

diaminopropane and other endogenous amines (spermine), have been extensively 

characterized as triplex stabilizers/58 and have the additional advantage that they can be 

selectively transported into many tumor cells. 

This study utilized BePI, EtBr and Hoechst 33258 to explore the triplex and 

duplexes formed by the 3.J.2:dA10 system in the hope of further understanding the nature 

of such complexes. The interaction of these molecules with the antiparallel T* A:T motif 

had not been investigated except for the preliminary study of ltllli!:dA10 by A. Uddin in 

Damha's group?59 

Results and Discussion 

A five-fold excess of each ligand namely, Hoechst 33258, Ethidium and BePI was 

added to the preformed complexes (triplexes and duplexes), and the mixture incubated 

for 1 day at 4 °C. UV denaturing studies were run on the mixtures before and after the 

addition of the ligands. The differences in the two sets of T m• indicates the extent of 

stability contributed by the ligand to the complex. The following molecules were also 

studied, which served as controls: dA T 10 (linear control), J.,lla and J..Jl.h (looped 

controls) (Figure 3.2.2). The latter two molecules have both Watson-Crick and 

Hoogsteen domains joined together via a loop of 4 deoxycytosine residues. These serve 

as linear and looped controls that lack the rigid adenosine branch core. ltllli! was 

previously studied in the Darnha's group and is also included for comparison purposes. 

The results are presented in Figures 3.2.13 and 14 and can be summarized as follows: 

Hoechst addition stabilizes the lsll:dA10 duplex, and to a lesser extent, the complexes 

formed by 3.J.2 and U!bl. It has a negligible effect on the triplex formed by lllb.:dA10• 

All of these solutions exist as a dynamic equilibrium of both the duplex and trip lex, the 

ratio of which is different in each situation. 
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Figure 3.2.13: Effect of ligand induced stability on complex formation. ( .-0) Tm before 
addition ofligand, (•) Tm after addition ofligand and (D) ~Tm i.e. difference in Tm = (Tm 
of complex + ligand) - ( T m of complexes in the absence of ligand). Ligands as given 
above. Conditions in magnesium buffer (50 mM MgCl2, 10 mM TRIS-HCl, pH 7.2) 
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3.19 
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Figure 3.2.14: Effect of buffer on BePI induced complex formation. ( .4) T 111 before 
addition of BePI, (•) T 111 after addition of BePI and (D) ~ T111 i.e. difference in T111 = (T111 

of complex + BePI) - (T111 of complexes in the absence of BePI). Conditions (A) 
magnesium buffer (50 mM MgCl2, 10 mM TRIS-HCl, pH 7.2) and (B) physiological 
buffer (140 mM KCl, 5 mM Na2HP04, 1 mM MgC12, pH 7.2). 



99 

It is believed that Hoechst stabilization of the duplex is not because it prevents triple 

helix formation but more so because triplex stability is reduced in preference of duplex 

formation. 260 

There is a slight increase in T m when EtBr is added to the complexes of J...12., 

~and 3..llh with dA10, but virtually no change is observed for J.sll:dA10 and 3.22a 

dA10• This differential stabilization almost categorizes the molecules by their triplex 

forming abilities: J...l2. and Ullil appear to form triplexes while J...lli like J.sll appears 

to form predominantly a duplex. 

The most interesting observations were made in the case of BePI stabilization. 

The data shown in Figure 3.2.13 suggests that BePI stabilization (Mg2+) was most 

significant for J..llh:dA10 followed by 3.22a:dA10 and then 3.19:dA10• Substituting 

Ml+ with K+ in the buffer, which was shown earlier to destabilize the triplex, increased 

the extent of stabilization of the J...l2., ~. J...lli and 3..llh to a value double the 

original (in the absence of the ligand). This suggests that these molecules which do not 

form triple helical complexes under the K+ conditions (with the exception of J..ill), 

could be induced to do so in the presence ofBePI under physiological conditions. 

3.2.4 Conclusions 

Hybridization, stoichiometric measurements and CD spectroscopy indicated that 

oligopyrimidines connected via vicinal phosphodieser linkages to an arabinoadenosine 

branch-point were capable of forming triple-helical complexes in the presence of 

complementary deoxyadenylate strands. These complexes and those reported earlier by 

Hudson and coworkersll6 (riboadenosine branch-point), represent the lesser known "anti­

parallel", or T* A:T reverse-Hoogsteen!W -C triplex. 

The length of the complementary deoxyadenylate is required to be equal to or 

greater than 5 nucleotide for a stable triplex to be observed. As expected, triplex stability 

increased with increasing chain length of the target adenylate. 

A single mismatch in the complementary dA 10 strand decreased binding 

substantially, while mismatches in complements hybridizing to the branch-point 

nucleotides were less destabilizing. 
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Binding of ribopurine complements (rA10) did not result in the formation of a 

triplex, but rather a double helix. 

The presence of araA at the branch-point of lJ..2. endows it with a peculiar 

characteristic not seen for branched molecules containing riboA. Due to the ~ orientation 

of the 2'-5' linked dT10 branch, lJ..2. was found to accommodate a second molecule of 

dA 10 under physiological (K+) conditions. This was the only notable difference between 

lJ..2. and its ribo counterpart Ullil. 

BePI appears to induce formation ofT* A:T in a medium that is representative of 

cationic physiological conditions (140 mM KCl, 1 mM MgC12, 5 mM Na2HP04, pH 7.2) 

In an applied approach, the capture of single-stranded target molecules via triple 

helix formation with branched nucleic acid analogues could represent a new model for 

the 'antisense' and 'antigene' strategy. The fixed structural orientation in the branched 

nucleic acids may gives the opportunity to study the properties of uncommon triple 

helixes, such as the one presented here. Also, further developments with this chemistry 

and the idea of an arabinose branch-point are anticipated to contribute much to our 

understanding of both the native role of branched RNA and the use of synthetic nucleic 

acids for the artificial manipulation of gene expression. 
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3.3 TRIPLE HELICES CONTAINING ARABINONUCLEOTIDES IN THE 

THIRD (HOOGSTEEN STRAND): EFFECT OF INVERTED 

STEREOCHEMISTRY AT THE 2'-POSITION OF THE SUGAR MOIETY 

3.3.1 Introduction 

Triple helix formation depends on Hoogsteen hydrogen bonds between thymine 

with an A:T base pair (T•A:T) and protonated cytosines with a G:C base pair (C+•G:C). 

However these interactions are optimally stable at non-physiological pH 5.6-6.0, which 

greatly limits oligonucleotides as candidates for antigene therapeutics. Several strategies 

employing modified cytosine bases have been applied to overcome the protonation 

barrier posed by C+•G:C triplet formation.261 5-Methyl cytosine is a good example but 

has only a limited ability in this regard. Examples of successful substitutions for cytosine 

which result in two hydrogen bonds to the guanine second strand at physiological pH 

include the 6-keto derivative of2'-deoxy-5-methylcytosine262 and N7-deoxyguanosine.263 

The stabilizing properties of the latter were found to be sequence dependent, probably on 

account of its larger size compared with a pyrimidine base. The synthetically accessible 

cytosine mimetic 2-aminopyridine is considered more basic than cytosine, and thus when 

incorporated into a third strand, forms effective triplexes at physiological pH. Its 

unnatural a-anomer can be accommodated at certain positions within the third strand 

without loss of stability, and is stable in serum-containing media.264 Cytosine mimetics 

have not yet been used in biological studies, with the exception of 5-methyl cytosine 

itself, probably because of their synthetic inaccessibility. It is hoped that the more 

recently developed 2-aminopyridine will be used universally. 

Another issue of concern deals with the contributions of the sugar-phosphate 

backbone to such triplex stability. A number of studies have focused on the stability of 

triple helices containing both RNA and DNA strand combinations.84r•85
•
86 87

•
190 Initially it 

was suggested that duplex DNA undergoes a change from a B-DNA to an A-DNA 

conformation upon triple helix formation,68 but more recent evidence points to the 

formation of an altered B-DNA conformation.62
e·

265 
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To be able to fully analyze the stability of trip lex formation resulting from mixed 

combinations of DNA or RNA strands, one must first understand the basis of the stability 

of the DNA:RNA (D:R) "hybrid" duplexes. i.e. the exact accommodation of two the 

types of backbones in a hybrid molecule. The existence of DNA: RNA hybrid duplexes 

in important biological processes is well known and such structures cannot be 

underestimated. Known as Okazaki266 fragments RNA:DNA duplexes occur frequently 

in DNA replication forks and also during reverse transcription.267 A model DNA:RNA 

duplex in the A-form DNA:RNA hybrid has been built into the cleft of the RNase Hand 

RNA polymerase active sites of reverse transcriptase?68 Despite the fact that very little 

is known about the structure and the stability of "hybrid" duplexes, a developing mode of 

disease treatment based on RNA targeting ("the antisense therapy") has been a major 

focus in the past years (Section 1.2 and 4.1). 

There are a number of different views regarding the actual conformation of 

DNA:RNA (D:R) hybrid duplexes. The most popular belief is that D:R duplexes belong 

the A conformational family, 1 while some researchers believe that they are intermediate 

(heteronomous) between pure A and B-type duplexes.269 Indeed, this intermediate, 

heteronomous structural feature of the homopolymer hybrid poly[r(A):d(T)] was 

confirmed by solid state 31P-NMR and Raman spectroscopy studies.270 The detailed 

study of Roberts and Crothers on hairpin duplexes wherein the complementary stem 

strands of the hairpin are pure RNA, pure DNA, or chimeras of all purine and pyrimidine 

stretches has been well documented and referenced (Figure 3.3.1 ). The order of stability 

of the four hairpin duplexes [DD, D(pu)R(py), R(pu)D(py), and RR], was found to be RR 

> RD > DD > DR. From these results and the evaluation of several other published 

hybrid data,85
•
86

•
87

'
190 it can be predicted that a hybrid duplex with a purine-rich RNA 

strand will have a CD spectrum, and probably conformation, similar to that of A-form 

duplexes. It is also predicted that such hybrids will be more stable than a corresponding 

hybrid duplex with fewer purine bases in the RNA strand. A number of intramolecular 

interactions of the ribose-2 '-hydroxyl group are believed to contribute to this 

stabilization. Thus, one can safely conclude that DNA:RNA hybrids are polymorphous 

and their conformation may depend on various parameters, such as solvent conditions 

and base composition. 



103 

Roberts and Crothers85 first described the sensitivity of triple helix stability to the 

backbone composition (DNA versus RNA). An RNA third strand was found to have 

strong effects on the stability of Py•Pu:Py or 'pyrimidine motif' triplexes. Importantly, 

an RNA pyrimidine third strand was found to bind to all four possible duplex 

combinations (i.e., DD, DR, RD, RR), whereas a DNA pyrimidine third strand bound 

only when the polypurine strand of the duplex is DNA (i.e., DD and DR). More recently 

Damha and Noronha have shown that 2'-5' RNA (R*) third strands were also found to 

mimic the effects of DNA third strands.271 The structural basis for these effects is 

unknown. Two major hypotheses can be used to explain these observations: (a) DNA 

and 2'-5' RNA favor the C2'-endo conformation and differ from RNA which favors the 

C3 '-endo conformation. 1 These conformations are maintained when these third strands 

fit into a duplex major groove.Z72
•
273 For instance, Taillandier and eo-workers have 

shown the existence of C2'-endo sugars in all three strands of the dT.dAdT (D·DD) 

triplex,272 whereas C3'-endo sugars are observed in the third strand ofR.DD triplexes.273 

Replacing the duplex DNA purine strand to a RNA purine strand (e.g., DD ~ RD) 

changes the sugar pucker from a C2 '-en do to a C3 '-endo form; this conformation would 

be compatible with the binding of an RNA third strand (C3 '-endo ), but not with the 

binding of DNA and 2'-5' RNA strands (C2'-endo).87 This would account for the 

observed selectivity of D and 2' -5'RNA strands for DD and DR duplexes, over RD and 

RR duplexes; (b) The sugars of an RNA third strand favor the formation of short 

contacts between the a.-2' -OH groups and phosphate groups of the duplex purine strand 

hence the stabilization of R·DD triplexes compared to D. DD. 87 This proposed 

intermolecular contact may account for the observation that RNA (but not DNA and 2 '-

5' RNA) recognizes RR and RD duplexes. Such a mechanism cannot occur with DNA, 

and may not be possible for 2'-5' RNA (a.-3'0H) strands since their sugar hydroxyl 

groups are oriented differently. 

In order to gain a better understanding of the effect of sugar composition on 

triplex stability, arabinonucleic acids (ANA, or A) were employed to recognize pure 

duplex DNA, pure duplex RNA, and RNA:DNA hybrids. This section specifically deals 

with the questions "Can an oligoarabinonucleotide fit into a duplex major groove, and if 
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so, how is trip lex stability influenced by the stereochemistry at the 2' position of the third 

strand? In terms of duplex recognition, does ANA 'mimic' a DNA third strand, or the 

regioisomeric RNA third strand?" 

3.3.2 Experimental Design 

To study the interaction of arabinonucleic acids with duplexes, the experimental 

design of Roberts and Crothers, which has been successful in analyzing the effects of 

DNA and RNA composition of 'pyrimidine motif triple helices was adopted. The target 

duplexes are Pu:Py hairpins and contain the four possible combinations of DNA and 

RNA strands (designated DD, DR, RD and RR, where the first letter describes the 5 '­

homopurine stem strand, and the second letter the 3 '-homopyrimidine sequence) (Figure 

3.3.1). The oligoarabinopyrimidine strand (A) was synthesized to explore triple helix 

formation with the hairpin duplexes. For the purpose of comparisons, the known 

oligoribopyrimidine (R) and oligodeoxyribopyrimidine (D) sequences were also 

examined. To study the duplex formation of the third strands, the complementary DNA 

and RNA designated respectively by prime letters D' and R' were synthesized and 

hybridized appropriately. The ability of oligomers (D, Rand A) to associate with either 

the hairpins (antigene strategy), or with the complementary D' and R' strands (antisense 

strategy) was determined from UV melting experiments, native gel electrophoresis and 

CD spectroscopy, in a solution containing 100 mM sodium acetate and 1 mM 

ethylenediamine tetraacetate (EDTA), pH 5.5 (acetate buffer). 

Although CD spectra and gel electrophoresis mobilities do not give detailed 

structural information, they can provide information about the global conformations of 

the hybrid duplexes, especially on a comparative basis. 
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5 I -GGAGAGGAGGGA TT 
DD 3 I - CCTCTCCTCCCT TT 

DR 
5 1 - GGAGAGGAGGGA TT 
3 I - ccucuccucccu TT 

RD 
5 1 - GGAGAGGAGGGA TT 
3 I -CCTCTCCTCCCT TT 

RR 
5 I -GGAGAGGAGGGA u u 
3 1 -CCUCUCCUCCCU uu 

D 5 1 -CCTCTCCTCCCT-3 1 

R 5 1 -CCUCUCCUCCCU-3 1 

A 5 1 -CCUCUCCUCCCU-3 1 

D' 5 1 -AGGGAGGAGAGG-3 1 

RI 5 I - AGGGAGGAGAGG- 3 I 

Figure 3.3.1: Hairpin duplexes (DD, DR, RD and RR), single strands (D, Rand A) and 

complements (D' and R'); DNA sequences shown in bold and ANA italicized. 
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3.3.3 Results 

(i) Characteristics of single strands D, R and A 

UV melting curves were run to gain preliminary knowledge on the properties of 

the single stranded oligomers. In comparison to the D (DNA) Py strand which forms a 

fairly stable pH- dependent self-structure274 (Tm 23°C, CD spectrum, Figure 3.3.2) the 

self-association of A (ANA) was weak, while non-existent for the R (RNA) strand. 
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Figure 3.3.2: CD Spectra of single strands in 100 mM sodium acetate, lmM EDTA, 

pH=5.5. Base sequences ofD, Rand A strands are given in Figure 3.3.1. 

When tested alone on a denaturing gel, D, A and R appeared as a single, well­

defined band with the expected electrophoretic mobility (Figure 3.3.3 A). The situation 

is different under non-denaturing conditions, where D and A (but not R) form self­

structures detectable by the presence of numerous bands of low electrophoretic mobility 

(Figure 3.3.3 B). 
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Figure 3.3.3: Gel shift mobility assay of single strands under (A) denaturing conditions, 
7M urea, 14% polyacrylamide, pH 8; and (B) non-denaturing conditions, 7 M urea, 20% 
polyacrylamide, pH 5.0. Lanes are D (DNA), R (RNA), A (ANA) and the dyes xylene 
cyanol (XC) and bromophenol blue (BPB). 
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The self-associating structures of D and other deoxycytidine-rich sequences have been 

described in detai1,275
•
276

•
277 and are believed to be very compact containing hemi 

protonated base pairs (C+ •C). Consistent with this notion, the CD spectra of A and D 

(Figure 3.3.2) exhibited a positive red- shifted band at ea. 282 nm, and a negative band 

d 260 h. h · 1 · d. · f h c+ c b . 278 279 280 centere at ea. nm, w 1c 1s strong y m 1cat1ve o sue • ase pa1rs. ' ' 

The D strand (Tm 23 °C, H 12%) appears to be more structured than the A strand (Tm 

22°C, H 4%), as assessed by the amplitudes of the Cotton effects, gel mobility and 

thermal denaturation at both 260 and 300 nm. 

(ii) Behavior of duplexes 

The interaction ofD, Rand A with their corresponding complements (D' and R') 

gave varied results. The duplexes formed by the purine-rich R' strands always melted at 

higher temperatures than the corresponding duplexes formed by D' (purine). Only R:R', 

D:R', A:R', D:D' and R:D' (but not A:D') were detectable by UV profiles, and each 

displayed a single melting transition with similar curve shapes but with rather different 

T m values. This is consistent with a two-state melting behavior. The order of thermal 

duplex stability under these conditions were R:R' > D:R' > A:R' = D:D' > R:D' (Table 

3.3.1). The stability of the hybrid duplex, A(py):R'(pu) was similar to that of the pure 

D(py):D'(pu) duplex, and nearly non existent for the A(py) + D'(pu), under the same 

conditions. Thus, ANA appears to bind to target ssRNA but not to target ssDNA. 

Table 3.3.1: Thermal Denaturation ofDuplexes 

Pyrimidine Purine Target 
Strand 

D' R' 
Tmec) H% Tm (oC) H% 

D 48.6 20 65.7 15 
R 45.1 11 71.3 10 
A 22.1a 6a 48.7 9 

All mixtures contained 2J..t.M of each strand in 100 mM NaOAc, 1mM EDTA, pH 5.5 and 
adjusted with acetic acid; a weak transition. 
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dye R R R A A A D' R' ~dye-t 
R' +D' +D'+R' 

} Self association 

} 

of D' and R' strands 

Duplexes 

} Single strands 

Figure 3.3.4: Gel shift mobility assay of mixtures of the thirds strands (D, R and A) and 

their complements (D' and R') as described above under non-denaturing conditions, 7M 

urea, 20% polyacrylamide, pH 7.5. 
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In an attempt to prevent the self-association of D or A strands when monitoring 

duplex formation with their complements, the pH was increased to 7.4 (lOOmM NaOAc, 

lmM EDTA). Under these conditions the only apparent duplex formed with the D' 

target was R:D' (Figure 3.3.4) and D:D' (not shown). In the case of the R' target, all the 

three duplexes with D, R and A strands were observed to form (Figure 3.3.4, D:R' not 

shown). The migration of the A:R' duplex was similar to the R:R' duplex. However 

even under these conditions another curious observation was made: both the DNA (D') 

and RNA (R') purine strands self associate as evident from a slower migrating species in 

each lane, with the D' self structure being more prominent. This has previously been 

reported for d(AG)30 strands below 20°C.281 This feature further complicates the 

interpretation, i.e., it is possible that A:D' and D:D' duplexes were not observed because 

the D' complex is thermodynamically more stable than those expected to form by the 

association ofD' with A or D strands. 

Figure 3.3.5 shows the CD spectra of the relevant duplexes. The D:D' duplex 

displayed a B-type CD spectrum with similar intensity positive (272 nm) and negative 

(237 nm) bands, while the R:R' duplex had a larger positive band at 270 nm and a 

smaller negative band at 222 nm, which is characteristic of an A-type duplex structure. 

The hybrid duplexes (D:R' and R:D') have CD features intermediate between pure A­

and B- conformations. The positive peak of A:D' was red shifted to 281 nm. Based on 

the T m and native gels and the fact that the positive peak appears at 281 nm, this spectrum 

could simply be derived in part from the self association of D' and/or the A single 

strands, without any complex formation. Other features of the A:R' spectrum included a 

prominent shoulder ea. 254 nm, a cross over at 250 nm, and a negative bands at 237 

similar to the D(py):R'(pu) hybrid and R:R' duplexes. The positive peak of A:R' was 

shifted to 275 nm and the shoulder was almost non existent relative to those observed for 

D:R' and R:R'. It can be concluded from the CD studies, as well as Section 3.1 that 

ANA:RNA, like DNA:RNA hybrids, belong to a distinct structural class, that appears to 

be intermediate between the pure A and B type helices. 
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Figure 3.3.5 : Circular dichroism (CD) of duplexes at 5°C. Concentration is 2 J.!M of 
each strand, and the buffer is 100 mM sodium acetate, 1 mM EDTA, pH= 5.5. 
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(iii) Triplexes 

The results of the melting experiments are shown in Table 3.3.2 and Figure 

3.3.6. Of the four possible triplexes containing A as the third strand, only A·DD and 

A·DR were observed to form. This was indicated by the presence of two transitions in 

the absorbance versus temperature profile when solutions containing equal 

concentrations of each A and duplex DD or DR were heated at a rate of0.5°/min (Figure 

3.3.6). The low-temperature transition corresponds to the dissociation of the arabino 

strand (A) from the target DD and DR duplexes. The high-temperature transition is 

assigned to the melting of the hairpin duplexes, since it was also observed when a 

solution of duplex alone was heated under identical conditions. This assignment is based 

upon the observation that the low-temperature transition disappears at neutral pH, 

whereas the high-temperature transition was essentially independent of pH over the range 

studied, as well as the presence of detectable absorbance changes at 300 nm (pH 5-7; data 

not shown). Melting of the arabino (A) strand would be expected to be sensitive to pH 

because its association involves C+·G:C triads in which the hydrogen bonded 

arabinocytidine residues are protonated. On addition of BePI to these mixtures at pH 

5.5, only the second transition was observed. It is known that triplex formation that 

requires protonation of the cytosines in the third strand, disfavors intercalation of the 

positively charged Be PI at sites involving the c+ .G:C. 250 As can be seen from the melting 

curves shown in Figure 3.3.6, the A strand has a higher affinity for the DR duplex than 

the DD duplex (Tm 43° vs. 34 °C) and was ea. 2-6 °C less than those for the 

corresponding triplexes formed by D. 
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Figure 3.3.6: UV melting curves of complexes (2 ~-tM) in 100 mM sodium acetate, 
1 mM EDTA, pH=5.5. (A) DD target and (B) DR targets. 
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Biphasic melting behavior was also observed for the control triplexes D·DD and D·DR, 

in agreement with the results ofRoberts and Crothers.85 For mixtures A+RD and A+RR 

only the transition corresponding to duplex melting was observed, which exactly 

parallels what was observed for D+RD and D+RR mixtures (Table 3.3.2).85
•
86

•
87

•
282 This 

is in clear contrast to the oligoribonucleotide (R) which formed stable triplexes with all 

DD, DR, RD and RR duplexes. In summary, these results show that A and D associate 

only with DD and DR, whereas R associate with all four duplexes. 

Table 3.3.2: T m Hybridization Data of Single Strands With Hairpins 

Duplex Third Strand Tm(C) 

1St 2 na 

D 40 75 
DD R 62 77 

A 34 75 
D 45 75 

DR R 69a 
A 43 73 
D w 84 

RD R 43 86 
A - 84 
D 84 

RR R 

~ 
85 

A 84 

All mixtures contained 21J.M in each strand in 100 mM NaOAc, I mM EDTA pH 5.5 and 
adjusted with acetic acid. aSingle transition for triplex ~ R + DR (hairpin)~ DR (coil) 
processes 

Gel Mobility Shift Detection of Trip lex Formation 

Triplex formation in the Py•Pu:Py motif is more difficult to analyze by 

spectroscopic experiments because C+- containing third strands often self-associate and 

the hyperchromic effects associated with the triplex-to-duplex transition are smaller. To 

confirm the above observations, triple helix formation was monitored by non-denaturing 

gel electrophoresis (Figure 3.3.7 A & B). 
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DD DR RD RR 

dyes (-) D R A D R A D R A (-) 

Trip lex 

Hairpin { 

A B 

Figure 3.3.7 A & B: Gel shift mobility assay under non-denaturing conditions, 20% 
polyacrylamide, at 4°C and pH 5.0. Lane (1) marker dyes xylene cyanol (XC) and 
bromophenol blue (BPB). Hairpins either alone(-) or in the presence of(+) DNA, RNA 
and ANA as indicated. The DR hairpin is not clearly seen on lane 12 (A), however, it 
moves faster than the complexes it forms, very close the BPB dye. Lanes 6-8 represent 
the single stranded third strands. 
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Strand A interacted with DD and DR, as evidenced by the appearance of a new band of 

reduced mobility (Figure 3.3.7 A). In polyacrylamide gels, the mobility of the triple 

helix was retarded relative to the corresponding duplex, as shown in previous 

studies.76
'
283 Not all of A was shifted to triplexes under these conditions (A:duplex, 1:1 

stoichiometry) as seen in Figure 3.3.7 B. This is in contrast to the incubation of D with 

DD and DR which, under the same conditions, produced D·DD and D·DR in quantitative 

yields. The mobility of RD and RR was unaffected by incubation with either A or D, 

confirming the UV thermal melting results that triplexes A (or D) •RD and A (or D)• RR 

do not form under these conditions. Finally, incubation of R with any duplex gave rise to 

the expected triplexes with decreased mobilities (Figures 3.3. 7 A & B). 

The triplexes constitute a more homogenous electrophoretic mobility group than 

the duplexes. Data from a 20% native gel indicated three likely groups: (I) A·DD 

(34°C); (11) D·DD, D·DR., A·DR, R·RR and R·RD (40-45°C); (3) R·DD, and R·DR 

(62°C and 69°C). These results suggest that the global conformations of hybrid triplexes 

formed by ANA and DNA third strands are similar, but different from those formed by 

RNA. The mobilities follow a pattern similar to that observed in the T m and CD studies. 

Though the Tms are close, the targets for group II include all four types of hairpins, i.e., 

DD, DR RD and RR. 

Circular Dichroism (CD) 

As noted by Roberts and Crothers, 85 the hairpin duplexes exhibited considerable 

differences in CD spectra (Figure 3.3.8A). The CD spectra of DR hybrid is closer to that 

of the pure DD duplex, while the CD spectrum of RD resembles that of the pure RR 

duplex. The situation is different in the case of the triplexes, which exhibited appreciable 

spectral similarities (Figure 3.3.8B-E). For example, the spectra of A·DR is strikingly 

similar to that of R·DR, being only slightly different to the D·DR spectra (Figure 

3.3.8C). These similarities are most likely the result of the conformation of the 

underlying duplex, e.g., DR., which dominates the CD-spectra, rather than the three­

dimensional arrangement (e.g., sugar puckering) of the constituent strands (see 

Discussion Section). The differences in CD spectra are mainly located in the region 

around 280 nm, where the Y·DR (and Y·DD) spectra show 'red-shifted' Cotton effects, 
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Y being the pyrimidylate third strand. The CD spectra of a 1: 1 mixture of A and RD, or 

A and RR, show reduced band intensities and did not differ significantly from the 

calculated average of the spectra of A + RD, or A + RR, consistent with the lack of 

association of these strands. 

A 

B 

60~-------------------------------------------·--·-, 

50 

-10 

-DD 

OR 

··••· RD 

-20 +---+---+----+---+---+---+---+-~ 
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Figure 3.3.8 (A): CD spectra of hairpin duplexes. (B) CD spectra of mixtures of hairpins 
and single strands. Target is the DD hairpin. Concentration is 2 JlM in each strand and 
the buffer is 100 mM sodium acetate, I mM EDTA pH 5.5 for both A and B. 
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Figure 3.3.8: CD spectra of mixtures of hairpins and single strands. Target is the DR 
hairpin, (Panel C) and RD target hairpin (Panel D). Conditions as reported above in 
Panel A. 
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Figure 3.3.8 E: CD spectra of mixtures of hairpins and single strands. Target is RR 
target hairpin. Conditions as reported above in Panel A. 

3.3.4 Discussion 

A goal of this study was to investigate the associative properties of an 

oligoarabinopyrimidylate, and its ability to form a complex with complementary ssDNA, 

ssRNA and duplexes. The relative stabilities were determined by T m experiments, while 

CD and gel electrophoresis were used to investigate conformation and structure. 

A pure RNA duplex (R:R') had the highest stability. The hybrid duplex (A:R') 

obtained by replacing the R (py) strand with an A (py) strand is oflower stability than the 

RNA duplex, but comparable in stability to the pure DNA duplex (D:D'). The A+D' 

complex was not detected under the conditions of this study, and suggests that ANA 

binds selectively to ssRNA over ssDNA complements. In the case of the hairpin 

duplexes there seems to be two groups whose classifications are based on the T m• CD and 

gels profiles. i.e. DD and DR (Tm 77°C and 73°C), and RR and RD (Tm 82°C and 85°C). 

RNA substitutions in the pyrimidine strand of D(py):D'(pu) duplexes do not appear to 

have dramatic effects on hybridization patterns and CD signatures. These results are in 

agreement with previous studies that suggest that oligomers with a higher RNA purine 

content ultimately dictate the conformation and thermal stability of the duplexes. 
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The influence of the sugars in the duplex strands on triplex stability is more 

difficult to interpret. The results presented above demonstrate that pyrimidine 

oligoarabinonucleotides do not form triplexes with duplex RNA (RR) or hybrid RNA 

(purine): DNA (pyrimidine)(RD). However, arabinopyrimidines can act as the third 

stand in recognition of duplex DNA (DD) and hybrid DNA (purine): RNA (pyrimidine) 

(DR). This selectivity parallels exactly what has been previously observed for DNA third 

strands.85
•
86

•
87

'
282 In contrast, RNA (the 2'-epimer of ANA) shows a different behavior, 

forming stable triplexes with all four DD, DR, RD and RR duplexes. Comparison of the 

T m data of the various triplexes revealed that those with ANA third strand were thermally 

less stable than those with RNA strands, but similar to those with DNA third strand. 

Interestingly, the ANA had a slightly higher affinity for a DR than DD. Indeed the Tms 

of the ANA and DNA binding to double helical DNA•RNA are comparable (43-45°C). 

Hairpin DD, being composed only of DNA should have a pure B type conformation, with 

a minor and major groove that is typical of B helices, while DR is expected to have a 

hybrid form intermediate between pure B and A form duplexes. The favorable binding 

of A to D:R could be useful for targeting such duplexes in vivo. 

Various reasons may be invoked to explain ( 1) the contrasting hybridization 

behavior of ANA and RNA third strands, and (2) the similar binding characteristics of 

ANA and DNA strands. A possible interpretation for (1) is that in the case of RNA, the 

stereochemistry of the sugar favors formation of short contacts between the 2' -OH 

groups of the third strand with the purine strand phosphates,272 as well as with the 5' 

oxygen as predicted by computational models,87
'
284 and x-ray crystallograph/85 

respectively. The ribose (a) 2'0H not only induces a preferred N-type pucker but may 

also be involved in direct or water-mediated intrastrand and interstrand interactions.1 In 

the case of the 2'-epimeric ANA strands such a mechanism may not be possible probably 

because its ~ C2' -OH points in a different direction. This could then be involved in 

interaction with the neighboring sugar on the 5 '-side of the purine which is now sterically 

unfavorable in such triplex structures. 

Another possible explanation, which reconciles both (1) and (2) above, is that 

arabinonucleotides mimic deoxyribonucleotide rather than ribonucleotide 

conformations. The sugars in RNA adopt primarily the C3 '-endo pucker, regardless of 
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whether the RNA is found in single-stranded, double or triple-helical forms. Such 

conformation is governed by anomeric effects of the C 1' and C4' substituents with the 

ring oxygen, and/or stereochemical requirements of complex formation. 1
'
182 This 

situation differs for DNA, where an 03' gauche effect to 04' favors the C2' -endo 

pucker, particularly in aqueous solution (Figure 3.1.2, pp. 53). For example, Dagneaux 

et al. showed that the sugars of DNA triplexes (T•A:T) assume the C2'-endo 

conformation, while triplexes containing a ribo third strand have mainly C3 '-endo-type, 

e.g., R (C3'-endo)•D(C2'-endo):D(C2'-endo), and R(C3'-endo)•R(C3'-endo):R(C3'­

endo )?73 Arabinonucleotides are expected to mimic deoxyribonucleotides since a 

combination of 02'~ 04', and 03'~04' gauche effects would stabilize the C2'-endo 

geometry (Figure 3.1.2). 

On the basis of the available data, it cannot be decided which of the above two 

effects is more important, but it is suspected that more than one of these is operating in 

an important way. It is tempting to speculate that in order to recognize all four possible 

dispositions of DNA and/or RNA strands in Watson-Crick duplex, oligonucleotide 

analogues must be RNA-like, i.e., have both the C3' endo-like sugars and a 2' a-OH 

group, whereas those adopting the C2' -endo pucker without the appropriately oriented 

2' -OH group will recognize only DD and DR duplexes. Two recent findings support this 

view wherein 2'-5'-linked RNA (C2'-endo, and with a 3' a-OH)271 and a 2' fluoro­

RNA286 (C3'-endo, but lacking a 2'-0H) binds only to DD and DR, but not RD and RR. 

The common sugar pucker in 2'-5' RNA, DNA and ANA may explain, at least in part, 

the similar thermal stabilities of(R*,D,A).DD and (R*,D,A)·DR triplexes. 

3.3.5 Conclusion 

Arabinonucleic acids are able to recognize double helical complexes, 

demonstrating that the stereochemistry of the 2'-0H groups of a triplex forming RNA 

strand can be inverted, but not without affecting the hybridization properties of such 

strands, and the stability of the complexes formed. Such an understanding can be applied 

to the design of sequence selective oligonucleotides which interact with double-stranded 

nucleic acids. 
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With respect to the hybridization behavior of ANA, versus the regioisomeric 

RNA, the following principles apply: If the target nucleic acid is single-stranded DNA, 

or a double helix with a RNA in the purine strand, only RNA will bind. If the target is 

single-stranded RNA, or a double helix containing a DNA in the purine strand, RNA, 

ANA, DNA or 2' -5' RNA will bind. In all cases, the duplexes or triplexes formed by 

ANA are thermally less stable than those formed by RNA. The results presented here 

show that, similar to effects encountered with the double helix, triplex stability is 

governed not only by base sequence and the chemical nature of their strands (e.g., third 

strand ribose versus arabinose) and sequence but more precisely by their backbone 

conformation. In analogy to the 2'-5' RNA and 2'-deoxyribose third strands, the 

possible C2' -endo pucker of arabinoses together with the lack of an a-2 '-OH group are 

believed to be responsible for the selective binding of ANA to DD and DR duplexes, 

over RR and RD duplexes. Recent work in Damha's group has attempted to uncover the 

relative importance of the proposed 2'-0H/phosphate contact mechanism287 and the 

sugar conformation of the third strands, utilizing 2 '-deoxy third strands with 'locked' 

C2' -endo and C3 '-endo puckers associating to DD and RR duplexes. This report 

supports the notion that the major force governing duplex selectivity is the contact 

formed by the 2'-0H of the third strand the phosphate groups of the duplex purine strand. 

This report along with the results presented here emphasize the role of the ribose 2'-0H 

group as a general recognition and binding determinant of RNA. 
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3.4 POSSffiLE FORMATION OF AN ARABINONUCLEIC ACID DOUBLE 

HELIX 

3.4.1 Introduction 

Our knowledge of DNA structure and function has undergone rapid enrichment in 

recent years with discoveries of new DNA structures. In addition to the most common 

form of DNA, namely the duplex, several other three-dimensional forms such as hairpins, 

cruciforms, triple-stranded structures and four stranded structures (Holiday junctions, G­

quadruplex, i-motifs/77
'
288 have been discovered and investigated in detaiL Hairpin, 

dumbbell and cruciform DNAs occur as a consequence of inverted repeats in a single 

strand of the DNA and are known to play crucial roles in genetic recombination and 

regulation. Sequences capable of hairpin formation are often seen near regulatory and 

promoter sites in DNA, and are stabilized by interaction of the loops with specific 

enzymes.289 The process of genetic expression requires unwinding and opening of the 

duplex to single stranded DNA, and then depending on the base sequence and 

environmental conditions, these ssDNA could form secondary structures that are 

specifically recognized by proteins during the course of biological functions. A 

molecular level understanding of all these phenomena requires a detailed knowledge of 

the three-dimensional structure of the individual DNA forms. The structural transitions 

between the various forms of DNA could have important consequences in vivo. 

The hybridization properties of ANA strands were examined in Chapter 3. These 

dealt with duplex and triplex formation, and it was concluded that the incorporation of 

arabinonucleotides within a DNA strand has small structural perturbations but the biological 

outcomes are manifold (Chapter 4, Sections 1-2). ANA was selective to RNA over ssDNA 

in two different studies and conditions (Chapter 3, Section 1 and 3). When the branch-point 

of a V -shaped oligomer is changed from ribose to arabinose structural effects are rather 

minimal (Chapter 3, Section 2). When ANA is combined with a duplex it forms triplexes, 

but only if the purine strand of the Watson-Crick duplex is DNA (Chapter 3, Section 3). 

With all of these findings a natural follow-up question is "Is it possible for two ANA strands 

to associate and form a duplex?" 
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To answer this question the ANA analogue of a well known DNA sequence 

(CGCGAATTCGCG) was investigated. This oligonucleotide is popularly known as the 

"Dickerson-Drew Dodecamer" and self-associates to form slightly more than one 

complete turn of B form duplex DNA. Under normal conditions of neutral pH and ionic 

strength, the molecule can also form a hairpin as shown below. 

A 
5 1 -CGCG A 

3' -GCGCT T 

1l 
5 1 -CGCGAATTCGCG-3 1 

3'-GCGCTTAAGCGC-5 1 

Low temperatures and high DNA concentrations 

Figure 3.4.1: Possible association forms of the Dickerson-Drew dodecamer 

The hairpin form has a 4 nt loop in the central portion, and a 4 base pair GC rich 

stem. The shift from hairpin monomers to helical duplexes is favored by lower 

temperatures and by higher DNA and salt concentrations, the same conditions which also 

favor crystal growth. An additional significance of the molecule is the EcoRI restriction 

site, 0-A-A-T-T-C, in the sequence. Moreover, because it contains C-G-C-G chains at 

the ends, it also offers a test for the tendency of mixed-sequence DNA to adopt another 

high-concentration, high-salt alternative to the B-duplex: the so called 'left-handed or Z 

DNA double helix'. At lower pH the molecule may be anticipated to further associate 

and form triplex or higher molecular structures. Whether a hairpin or a duplex is 

achieved, the resulting complex that is formed should still homogeneously be composed 

of ANA strands. The weak tetrameric forms of ANA observed earlier (Chapter 3, 

Section 2) involved C+ •C 'base pairing' and not Watson-Crick base pairing which is the 

objective of the present study. 

Another fundamental question which is still uncertain is the conformation of 

ssANA. Studies in earlier sections of this chapter point to greater similarities of ANA to 
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DNA, rather than to RNA. Thus ANA, like the DNA strands may have some flexibility 

as a single strand and its observable conformation in a duplex may be dictated by the 

identity of the target sequence. Therefore, an ANA strand with the same sequence as the 

DNA Dickerson Dodecamer was synthesized and subjected to hybridization and 

conformational analysis by CD and UV. The DNA and RNA analogues were also 

prepared and likewise studied for comparative purposes. 

Table 3.4.1: Dickerson-Drew Oligorners Selected For Study 

OLIGOMER DESIGNATION SEQUENCE# 

d(CGCGAATTCGCG) DNA 3..Jl 
r(CGCGAAUUCGCG) RNA laJJ. 
a(CGCGAAUUCGCG) ANA ~ 

3.4.2 Results 

Circular Dichroic and UV Spectroscopy 

CD and UV spectra of the single stranded Dickerson-Drew oligomers are shown in 

Figures 3.4.2 and 3.4.3 respectively. In contrast to the UV absorbance profiles, the 

measured CD spectra displayed significant differences between the three strands. CD spectra 

for DNA exhibited characteristic positive (282 nm) and negative peaks (250 nm) of equal 

intensities, while the RNA spectra had a positive band at ea. 263 nm and a very significant 

negative peak at 208 nm characteristic of A-form RNA duplexes. The ssANA had a very 

unusual CD signature with a positive band of intermediate amplitude centred around 268 

nm. This spectrum can be seen to have features ofboth DNA and RNA. 

The other interesting observation was the markedly different crossovers for the D, R 

and A, (Dickerson-Drew strands). DNA had two crossovers at 270nm and 239 nm, the RNA 

had several such cross overs while the ANA had only one at 250 nm coinciding with one of 

the RNA. 
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Figure 3.4.2: CD spectra of single-stranded oligomers d(CGCGAATTCGCG) (-) ; 
r(CGCGAAUUCGCG) (- -); a(CGCGAAUUCGCG) ( ..... )in water, 20°, pH 6.9. 

Above 230 nm the UV absorption spectrum of the ANA strand was very similar to 

the spectra of the DNA and RNA sequences. However the maximum absorption of ANA 

(268 nm) is red shifted relative to both DNA (258 nm) and RNA (260 nm). 
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Figure 3.4.3: Absorbance spectra of single-stranded oligomers d(CGCGAATTCGCG) 
(-); r(CGCGAAUUCGCG) (- -); a(CGCGAAUUCGCG) ( ..... )in water, 20°, pH 6.9. 
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Melting Studies 

The strands were then subjected to hybridization studies in different buffer systems. 

The oligonucleotides, each at a strand concentration of 4.4 f..lM, were incubated on their own 

at 90°C for 20 min., allowed to cool to room temperature and then stored at 4°C (overnight). 

The melting curves (A260 nm) were then determined with a heating rate of 0.5°C /min over 

5-90°C. From the results obtained it is evident that a solution of ANA does not give a 

detectable T m hyperchromic transition in any of the buffers used (Table 3.4.2). This is in 

contrast to R and D which showed sharp transitions in all buffer systems. Thus for this base 

sequence the stability order is A< D < R, and one is then tempted to conclude that ANA is 

unable to form double helical structures. 

Table 3.4.2: Thermal UV Studies Of The Dodecamers In Various Buffers 

Oligomeric lMNaCla 140mMKC111 pH S.Sc 

Strands 

(4.4 f,.lM) T111 ec) %H Till eq %H Till ec> %H 

D 60.9 9.0 54.4 9 54.1 12 

R 64.0 8 62.6 6 54.1 14 

A - - -

a IM NaCl, 100 mM Na2HP04, pH 7.2; b140 mM KCl, 5 mM Na2HP04, 1 mM MgC12, pH 
7.2; c 1 mM EDTA, 100 mM. NaOAc pH 5.50. 

3.4.3 Discussion 

The Dickerson Drew dodecamer was one of the first sequences to have been 

solved at high resolution and as such has been a choice candidate for several studies 

involving modified oligonucleotide analogues. Previous studies that have dealt with the 

same DNA sequence usually containing a single arabino insert. 147
'
155

'
188 In general the 

dodecamers containing arabino inserts show a decrease in Tm by ea. 2°C/insert relative to 

the DNA control. Other studies also containing 1-2 ara inserts in the dodecamer but 

fluorinated at the C2' carbon gave mixed results. The T m increased for araFT inserts 
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while it decreased for ara-FC inserts. Moreover Kois and coworkers188 have shown that 

modifications of the dodecamer with ara-FT or ara-FC dramatically increased the 

catalytic efficiency of EcoRI endonuclease relative to the unmodified sequence by 

several orders of magnitude. It has been suggested that the 2'- (3-fluoro modification 

influences the local structure of the molecule and/or the electrostatic environment 

including water concentration in the activated complexes. 

The spectral studies reported here were conducted in acidic and neutral pH. No 

apparent melting was observed for sequences involving the all ANA Dickerson-Drew 

dodecamer. The CD spectra of ANA (Dickerson) differed considerably from CD spectra 

of DNA and RNA analogues. The spectrum appeared to be intermediate between that 

exhibited by the corresponding RNA or DNA strands. The reasons for the absence of a 

detectable ANA:ANA complex is unknown at the present time. 

However it is a well established fact that the conformational and solution 

properties of nucleic acids are strongly dependent on base-composition, sequence and 

chemical structure.29° For example, duplexes containing rA.rU base pairs in the middle 

of the helix CGCGAAAUUUCGCG are of lower stability relative to those containing 

dA:dT base pairs at the same positions. Similarly, while a short d(An T n) tract stabilizes 

the DNA helix, an analogous r(AnUn) tract substantially destabilizes the RNA helix. 195 

Clearly, the influence of thymine methyl groups is substantial. The same effect may 

operate for ara(An T n) and in retrospect, this study should have also included 

ara(CGCGAAA TTTCGCG). 

As this study was being completed, we became aware of the Ph.D., thesis work of 

Resmini191 which reports that aU10 associates with the aA10 to form a complex having a 

Tm of 36 °C (lM Na+, pH 7.0). This has also been confirmed by C. Wilds of our 

laboratory for the complex aU18:aA18 (Tm, 50°C). However, the ability of two ANA 

strands to associate appears to be limited to homopolymeric sequences since the mixed 

base complementary strands ara(AICUCCCAIICUCAIA UC) and 

ara(/A UCUIAICCUIIIAICU) do not associate. 291 

The fact that ANA (mixed base sequence) is unable to form ANA:ANA duplexes 

may be of interest to researchers trying to uncover the criteria that Mother Nature 

followed in selecting the RNA structure over the course of evolution. Since ANA (mixed 
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base) does not have the base-pairing capability exhibited by DNA and RNA, it can be 

suggested that ANA would be uncapable of self-replication under potentially natural 

conditions. In fact Eschenmoser has argued that "alternative" nucleic acid analogues can 

be dropped from the list of potentially relevant evolutionary competitors of RNA if, in 

fact, that analogue is not a base-pairing system.292 The pioneering study by Eschenmoser 

has also dealt experimentally with the question of "why pentose and not hexose nucleic 

acids?",292 and more recently in a report that appeared as this thesis was being submitted 

- "why ribose and not another pentose?"293 The outcome of these studies led to the 

conclusion that six-membered pyranose-nucleic acids not only exhibited much stronger 

Watson-Crick base pairing than DNA, but that it could not have acted as viable nucleic 

acids in early evolution because of steric bulk of the hexopyranoses ("too many atoms"). 

They also find that while pentopyranose systems (i.e. six-membered pentose rings) 

display stronger base pairing properties than RNA, pentofuranoses (specifically the 

araU:araA system) have lower base-pairing potential than RNA. Based on the above, 

Eschenmoser concluded "whatever the chemical determinants by which nature selected 

RNA as a genetic system, maximization of base-pairing strengths within the domain of 

pentose-derived (furanose, but particularly pyranose) was not the critical selection 

criterion". 
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CHAPTER IV BIOLOGICAL APPLICATIONS OF ARABINONUCLEIC ACIDS 
AND THEIR ANALOGUES294 

4.1 INHIBITION OF HIV-1 RT SYNTHESIS 

4.1.1 Introduction295 

The notion that oligonucleotide (ONT) analogues might be designed to bind to m­

RNA and disrupt the production of various gene products296 revealed a great paradox in its 

apparent theoretical simplicity, but extraordinary technical and practical complexity. In fact, 

the concept raised the possibility of creating an entirely new area of pharmacology. A 

potential new drug: oligonucleotides; a new target: m-RNA; a new target binding motif: 

Watson-Crick hybridization and a new class of post-target binding events, e.g. RNase H­

mediated degradation of the target RNA Considered in this context, it was obvious that an 

enormous investment would be required and that only as examples of drugs based on this 

technology were tested, would one have the opportunity to understand the technology, its 

potential, its problems and its limitations. 

The success of the surviving companies using this approach is a sign that the 

biotechnology industry is maturing. It seems to hold special promise, as in a period of only 

ten years or so, about a dozen antisense-based drug candidates have reached phase I clinical 

trials. ISIS's Vitravene™ (fomivirsen) represents the first compound based on antisense 

technology to be approved by the US Food and Drug Administration (August 26, 1998). It 

is used in the treatment of cytomegalovirus (CMV)-induced retinitis that occurs in AIDS 

patients and is uniformly progressive to blindness. In 1993 Hybridon's anti-HIV compound 

GEM 91 became the first antiviral antisense drug to be given directly to patients. ISIS 

Pharmaceuticals based in Carlsbad, California has several compounds in clinical trials. To 

name a few: ISIS 2302 (inhibitor ofCAM-1) is used for treatment of Crohn's disease, ISIS 

351/CGP 6412A, ISIS 5132/CGP 69846 and ISIS 2503 are being tested against cancer. 

Antisense technology builds on some of the fundamental tenets of modem molecular 

biology. It is both simple and wide-reaching: it uses synthetic copies of the basic 

components of life - the nucleotides that make up DNA - to block disease processes at their 

origin. This is achieved by synthesizing a compound that would bind to the target RNA 
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strand by the Watson-Crick base pairing as detailed earlier in Chapter 1, Section 2. Some of 

the therapeutic challenges in greatest need of breakthroughs are viral infections, one of 

which is the Human Immunodeficiency Y.irus (HIV). With the development of synthetic 

oligonucleotides (ONTs), the basic strategy of antisense therapy has finally become feasible, 

and Zamecnik, in collaboration with Robert C. Gallo, reported for the first time that 

antisense DNA directed against HIV -1 in cell culture significantly reduced viral 

replication.297 Although many therapies exist for HIV-1, there is still a tremendous need for 

new drugs, particularly because the virus develops resistance to current drugs. For example, 

the 3'-azido thymidine (AZT) and other 2',3'-dideoxynucleosides (3TC, ddl, and d4T), 

inhibit reverse transcription of viral RNA but, have no effect on the chromosome integrated 

proviruses. Because studies show that a high viral burden exists in clinically late AIDS 

patients, this chemical approach may have little benefit beyond transient prevention of virus 

spread. In addition, the clinical use of nucleoside analogues is associated with severe toxic 

side effects. As a result, the cumulative benefits of AZT therapy may be questionable. 

Other approaches such as recombinant vaccines and gene-therapy remain uncharacterized 

for their efficacies in patients. Thus, faced with the emergence of the above mentioned 

hurdles, novel strategies to treat AIDS are needed. Not surprisingly and entirely appropriate, 

many programs have focused on discovering and developing antisense-based antiviral drugs. 

Although a long way from declaring victory, progress has been gratifying. 

Clearly, these are exciting times in antisense, and one is poised to ask crucial 

questions both prior to and in the clinic. It would be unreasonable to expect every drug based 

on antisense to work. However it is hopeful and one is buoyed by the activities that have 

been observed for antisense ONTs developed in the Damha research group particularly those 

containing arabinose sugars. 298 As shown below these molecules deserve thorough 

evaluation and the technology merits continued investigation. 

In this chapter antisense drugs that interfere with the synthesis of several gene 

products, thought to play a role in the life cycle of the HIV -1 RT are considered. Section 4.1 

deals with the blockage of polymerization and strand switching reactions all catalyzed by 

HIV -1 reverse transcriptase (RT). Section 4.2 illustrates the pausing of DNA elongation, 

which in turn produces defective proviral products, and Section 4.3 looks at digestion and 

destruction of the RNA template by inducing RNase H cleavage activity. 
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Background of HIV-1 Reverse Transcriptase 

The discovery that the HIV is the cause of the Acquired immunodeficiency 

.syndrome (AIDS) has fostered a plethora of research into the underlying mechanisms of 

the viral infectious cycle and pathogenesis. Between the point of infection and the onset 

of AIDS lies an unexplained disease process. Does HIV directly destroy the immune 

system, or does it provoke the immune system into self-destruction? Or do both 

processes occur? Can HIV alone cause AIDS, or does it need help from other factors?299 

Studies on these mechanisms have provided researchers with an ever-increasing 

number of molecular targets for the development of antivirals. An ideal antiviral drug 

should show strong potency in inhibition of viral replication reduced host toxicity. 

Nucleoside derivatives have been, and continue to be, the predominant molecular 

prodrugs candidates for the clinical therapy of AIDS. Antivirals against HIV-1 can be 

categorized by their mode of action. They include inhibitors of reverse transcriptase 

(RT), competitors for viral entry into cells, vaccines, protease inhibitors, and an emerging 

group referred to as the "genetic antivirals."300 Antisense ONTs belong to this latter class 

and they differ from other gene therapy vaccines which attempt to stimulate cytotoxic T­

lymphocytic response against the HIV-1 envelope protein. Generally anti-HIV ONTs 

have targeted a single stage of viral replication. But the popularity of genetic antivirals 

lies in their ability to attack HIV simultaneously at multiple loci/sites in the HIV -1 

genome, thereby minimizing the emergence of resistant viruses. i.e. antisense ONTs may 

inhibit multiple stages of viral replication when targeted to an appropriate sequence on 

HIV-1 genomic RNA.301 

RT is a multifunctional enzyme that possesses RNA-dependent DNA polymerase 

(RDDP), DNA-dependent DNA polymerase (DDDP), strand transfer, strand 

displacement and RNase H activities (see Figure 4.1). 
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Figure 4.1: The mechanism of reverse transcription in viral gene expression. Reverse 
transcriptase (RT) performs all of the above functions. When it acts as a RNA dependent­
DNA polymerase RT catalyzes formation of a complementary DNA to the viral genomic 
RNA. Its RNase H function results in degradation of RNA of the RNA:DNA hybrid. RT 
also functions as a DNA-dependent DNA polymerase, where it forms double stranded viral 
DNA ready for integrating into a host genome. Once viral DNA duplex has been 
incorporated into a host eukaryote DNA duplex the replication follows the same procedure 
outlined for eukaryotes. Adapted from L. Stryer.5 
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It is known to act within a tight cytoplasmic complex that includes viral genomic 

RNA, tRNA, viral nucleocapsid proteins and deoxynucleoside triphosphates. The RDDP 

activity is responsible for the synthesis of the minus strand (-) of DNA and also creates 

the primer for plus strand ( +) synthesis, which is catalyzed by the DDDP activity of the 

RT. Additionally, RT catalyzes at least two strand transfer events and strand 

displacement synthesis to complete the process of reverse transcription?02 Thus the 

central role of RT in the viral replication cycle needs no further emphasis and hence the 

wisdom of continuing to target the RT itself can be justified. 

RNase H versus physical blockage by antisense oligomers 

As mentioned in Chapter 1, to be successful, antisense therapeutics have to fulfill 

several criteria, including sufficient nuclease resistance, biodistribution and ease of 

synthesis. 10 These issues have spurred a quest for antisense oligonucleotide analogues 

with favorable specificity, affinity and stability (Section 1.2).23 Since many types of 

nucleotide modifications which provide nuclease resistance also reduce the stability of 

the ONT:RNA duplex, increasing affinity of the ONT towards the target RNA is of 

paramount importance. 16
'
303

'
304

'
305 An open question is whether the induction ofRNase H 

activity by an antisense oligonucleotide is necessary for efficient inhibition of gene 

expression or whether binding of the oligonucleotide to its target sequence with high 

affinity is sufficient to achieve this goal. Several recent studies support the first 

assumption that the more potent antisense effects are obtained when RNase H is 
. d 306 activate . 

Wainberg and co-workers307 of the McGill AIDS center have developed an in 

vitro reverse transcription assay to study the properties of priming, RNA-dependent DNA 

polymerization and template switching by HIV-1 RT, i.e. the same reactions that occur in 

infected cells. 

In principle, the antisense approach can be effected in this particular study via 

several modes of action: (I) antisense oligomer hybridization to viral RNA prevents 

transcription, (11) competition with tRNA priming for PBS region, (Ill) direct interaction 

with the RT, (IV) extension of the antisense oligonucleotides via priming (defective 

proviral DNA) and (V) termination of cDNA polymerization via steric blockage of DNA 
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synthesis. Thus ONTs (18 nt in length) and complementary to the R region near the 5' 

end of viral HIV -1 genomic RNA were synthesized in order to evaluate their anti sense 

potential in the inhibition of HIV -1 replication. The R region sequences are conserved in 

the HIV -1 genome and are present at both ends of the genome. These characteristics 

make the R sequences very attractive targets in genetic antivirals therapeutics via mode I, 

Ill, IV and V. 

4.1.2 Results 

Inhibition of(-) strong stop DNA synthesis by antisense oligonucleotides 

This section briefly describes experiments demonstrating the inhibitory effects of 

the synthetic ONTs bearing modifications at the 3' terminus on the continued synthesis 

of(-) strand proviral DNA.301 These sequences are 5'AGC TCC CAG GCT CAG ATC 

3' (Control DNA U) and 5' TAC GCA CGT CAC GTA CCG 3' (Random Control 

ill). The modified ONT contained a single araC residue at the 3' terminus i.e. 5'AGC 

TCC CAG GCT CAG ATaC 3' (.3.t.6}. The hybridization properties of U and 3..& are 

similar and were described earlier in Section 3 .1. 

The DNA polymerization products expected to arise from in vitro reverse 

transcription in reactions employing the pHIV-PBS donor RNA template, in the absence 

and in the presence of antisense ONTs, are illustrated schematically in Figure 4.2. In the 

absence of antisense ONT inhibitors, the expected full-length (-) strong stop DNA 

obtained from PBS oligonucleotide-primed reverse transcription on the pHIV -PBS RNA 

template is 192 nt. Inhibition by the specific antisense ONTs used here should result in a 

final DNA product 162 nt in length. 
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Figure: 4.2: Schematic illustration of the anticipated DNA polymerization products in 
the in vitro DNA polymerization reactions testing the effect of the oligonucleotide on (-) 
strong-stop DNA synthesis, using pHIV -PBS RNA containing an additional 12 nt of 
vector-derived sequences. 

Polymerization from the PBS ONT annealed to the pHIV-PBS RNA template in 

the absence of antisense ONTs, resulted in the expected (-) strong stop DNA (192 nt) 

product (95% of the total polymerization product). When the antisense ONTs were 

added RT-catalyzed synthesis of full-length (-) strong stop DNA was inhibited, as 

evidenced by the appearance of significant amounts of the predicted shorter 162 nt 

polymerization product (90 % of the total polymerization products) (Figure 4.3 and 

Figure 4.4). This 162 nt, polymerase product is not observed in the absence of antisense 

ONT inhibitors. Concomitantly, significant decreases in the amount of full-length (-) 

strong stop DNA were noted, with full-length products comprising only 5-l 0% of the 

total DNA in the presence of each of the specific-sequence antisense ONTs. Interestingly, 

near optimal antisense ONT inhibition was noted at a ratio of 1:1 (ONT:donor RNA 

template) as illustrated in Figure 4.3. 
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Figure 4.3: DNA polymerization product profiles in the presence of the various 
oligonucleotides. Reactions were carried out either with (+) a preannealed PBS 
primer:RNA template (2: 1 molar ratio) or in the presence of the RNA template alone (-). 
Molar ratios of 1:1 , 1:2, 1:4 or 1:10 (RNA template:ONT) were used, as indicated in the 
figure. 
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The polymerization product distribution in the presence of the random sequence 

antisense ONT RAN sequence 3.16 was similar to that noted in the absence of antisense 

oligonucleotides. Thus, the inhibition of (-) strong stop DNA synthesis by the anti sense 

ONTs 3.1 and 3.6 are most likely due to specific interactions with the RNA template. 
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Figure 4.4: Graphical representation of the effect of antisense oligonucleotide RT­
catalyzed full-length products illustrated in Figure 4.3 and quantitated by densiometry. 
Open bars: full- length (-) strong stop DNA polymerization products ( 192 nt); solid bars 
oligonucleotide-blocked DNA polymerization product ( 162 nt). 

Another 30 nt DNA product was noted in the reaction containing 3.1, both in the 

absence and in the presence of the PBS primer (Figure 4.3). This product results from 

the R T -catalyzed 12 nt extension from the 3 '-end of the anti sense ONT, and is seen in the 

reactions containing chimera l&, although the amount of this 30 nt product was 

significantly less than that seen in 3.1 DNA reactions. Interestingly, a smaller 22 nt 

product, corresponding to a 4 nt extension of the 18 nt ONT, was also noted in the 

reactions with the ara chimera seq 3.6. This suggests that RT can incorporate 4 nt 

effectively and that the enzyme pauses or idles at this position on the TIP. This 
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phenomenon will be discussed in detail in Section 4.2. Neither the 22 nt nor the 30 nt 

products were noted in the reaction carried out with the RAN, indicating that this 

sequence could not serve as a polymerization primer for RT. 

4.1.3 Discussion 

The development of HIV -1 resistance in response to chemotherapy remains a 

major obstacle in the search for an effective treatment for AIDS. Antisense ONT 

therapeutics might be refractory to the development of resistance since single base 

changes in targeted sequences of viral genomic RNA are unlikely to significantly 

diminish the strength of ONT hybridization to target RNA. However, unmodified 

ssDNA and ssRNA are rapidly degraded by serum exonucleases, particularly 3 '­

exonucleases. In the present section, an oligonucleotide with a structural modification in 

the sugar component of the 3'- terminal nucleotide, namely P-D arabinocytosine, was 

examined. Arabinonucleotides have been shown to be more resistant to such 

exonucleases. 109 The nuclease-free in vitro system described allows rapid testing of 

potential efficacy of modified oligomers prior to initiation of more costly in vivo 

analyses.301 

Several sequences within the HIV -1 viral RNA have been explored for their 

suitability for serving as targets for antisense inhibitors.308 Previously, ONTs were 

primarily designed to block a single process in HIV -1 replication. The present work 

utilizes highly conserved targets in the genomic RNA. (Figure 4.1) These repeat (R) 

sequences are located at both the 5' and 3' ends of the viral RNA and they are essential to 

enable both the first and the second strand-transfer reactions required for proviral DNA 

synthesis. Moreover the RNA target is devoid of secondary structure and the potential 

mutability of the viral RNA sequence selected is very low. 

Interaction of the R-region specific ONTs with the HIV-1 genomic RNA could 

inhibit HIV-1 reverse transcription at several levels as detailed in Section 4.1.1. 

Antisense inhibition produces a truncated (-) strong stop DNA product, which could be 

less effective in the first strand transfer process owing to the decreased complementarity 

with the acceptor RNA template as well as act as a physical block of this transfer. Indeed 
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this has been demonstrated recently in collaboration with Dr. M.A. Pamiak of the McGill 

AIDS center. 301 

HIV -1 RT binds single-stranded RNA and DNA with high affinity in a non­

sequence specific manner.309 With appropriate cell delivery, the intracellular 

concentration of ONT therapeutics is likely to be substantially higher than that of HIV 

genomic RNA. As a result these ONTs may act as competitive inhibitors of RT-viral 

genomic RNA interaction, thereby slowing the rate of viral reverse transcription. In fact 

in vitro reverse transcription was decreased in the presence of excess antisense oligomer 

(Figure 4.3). Interestingly, near maximal inhibition (in vitro) was noted at an antisense 

ONT:target RNA template ratio of 1:1 even at the physiological temperature of 37°C. 

This interaction between target RNA and ONT is an important feature in such inhibition, 

because even at this temperature a balance between association and dissociation of the 

antisense ONT and the viral RNA occurs. As a result of this equilibrium, 100% blocking 

of reverse transcription in the in vitro assays is not possible, as seen by trace amounts of 

192 nt product in Figure 4.3. Maximization of inhibition by the antisense ONTs at 37°C 

should occur by increasing the ratio between the antisense ONTs and the target RNA. 

However, when the ratio of ONTs:template was increased an overall decrease in the RT 

polymerization products was observed, even when the random ONTs (RAN) was used 

(data not shown). This is probably because of antisense ONT competition with the 

normal template/primer (TIP) for interaction with the RT template/primer cleft. 

In addition, deoxynucleotide antisense ONTs of appropriate size may induce 

RNase H cleavage of the complementary RNA strand. This RNase H degradation of the 

RNA template would also result in a truncated form of the (-) ss DNA produced by 

elongation of the PBS primer and would be similar in size to that produced by anti sense 

blockage of RT polymerization. The contribution of the antisense oligonucleotide 

directed RNase H degradation of the RNA template to the total amount of the 162 nt 

truncated (-) ss DNA was not assessable under these conditions, but nevertheless is 

suspected to be a minor contribution. Other investigators have shown that the R-region 

ofHIV-1 genomic RNA is relatively refractory to RNase H degradation.310 
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4.2 FUNCTIONAL CONSEQUENCES OF ARABINOSYL NUCLEOTIDE 

INSERTS IN DNA ON PRIMING BY HIV-1 RT 

4.2.1 Introduction 

Beardsley and Mikita147 have undertaken a number of studies to investigate the 

effects of araC incorporation on biological phenomena. For example araCMP at the 

primer terminus dramatically reduces the rate of the next nucleotide addition by 

polymerases (Escherichia coli polymerase I, T4 polymerase, HeLa, cell polymerase a.2 

and AMV reverse transcriptase). Polymerases with associated 3 '-5' exonuclease activity 

preferentially excise araCMP from the primer terminus prior to chain elongation, and 

furthermore araCMP-terminated fragments are ligated more slowly than control 

fragments by T4 DNA ligases. In vitro araCTP inhibits various DNA polymerases, 

notably DNA polymerase a.,311 by competing with dCTP, and then acting as a chain 

terminator. In their most recent work194 the authors have shown that araC incorporated at 

different positions in a series of DNA duplex substrates containing a T7 RNA polymerase 

promoter has different and dramatic outcomes. Transcription was very sensitive to 

incorporation of araC at positions before nucleotide 10 in the coding (sense) strand. This 

indicates that a narrow window of vulnerability exists, where transcription output is severely 

reduced (-100-fold) by a subtle DNA lesion caused by such araC incorporations. Recently, 

Thompson and Kuchta 117 found that primers were elongated by up to 35 nt via efficient 

polymerization of corresponding araNTPs (alternate substrates) in place of missing 

dNTPs during elongation of primase-synthesized primers. Such araNTPs ended up in 

intemucleotide linkages and did not result in chain termination. During elongation of 

exogeneously added template/primers however, araNTPs were not readily polymerized, 

and if they were, they resulted in strong chain termination. Together these results 

suggest that when araC is introduced into DNA oligomers, the small anomaly in the 

structure of the sugar (presence of the 2'0H) although not affecting base coding 

properties has a profound effect on the utilization of these templates or pnmers as 

substrates for DNA polymerases.312 
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Based on previous and ongoing studies, one is led to believe that the resultant 

DNA duplex containing arabinonucleotide in one of the DNA strands is structurally 

perturbed. It is hoped that such studies involving perturbations on the processes of 

replication may also provide basic insights into the structural requirements of "reverse" 

transcription by HIV-1 RT. Reverse transcriptase being a DNA polymerase, requires a 

primer to initiate DNA synthesis. In this particular work the manner in which araX 

monomer substitutions create sites of DNA dysfunction will be reported by first studying 

the sensitivity of RT priming to such exogenous primers containing arabinose (in the 

absence of the PBS primer as opposed to the inhibition assay described in Section 4.1 ). 

Second, the effect of duplex conformation (DNA-RNA chimera):RNA on priming will 

also be investigated. Finally, an attempt to correlate the three - dimensional changes of 

the substrate duplexes with the products ofHIV-1 RT priming in vitro will be addressed. 

It should be noted that while Section 4.1 deals with the direct blockage of reverse 

transcription (DNA polymerization) by antisense oligomer, this section also deals with 

the synthesis of truncated (-) strong stop transcripts which could impair protein 

expression of RT; i.e. antisense ONTs that bind to the R-region at both-ends of the viral 

genomic RNA and "prime" DNA synthesis would result in the production of severely 

truncated proviral DNA. The resulting extended antisense oligomer would lack both the 

U region and the tRNA primer "tail" essential for the incorporation of the primer binding 

site into the ( +) strand proviral DNA. 

4.2.2 Results and Discussion 

Analysis of the Priming Products from Sequencing Gels: 

Sequences U to ill (Chapter 3.1) were examined in fixed time assays as described in 

the Experimental Section (6.6.1)?01 Briefly, the template was mixed with the 18mer 

antisense ONTs in the absence of the PBS primer for the appropriate times (Figure 4.5). 

The reaction mixtures contained 50 pmol pre-formed TIP, and each of the four dNTPs, 

with the tracer dCTP [a.- 32P]. After fixed incubation times the reactions were stopped 

and then resolved on a sequencing gel (Figure 4.6). The total dNMP incorporations were 

determined by two methods namely densiometry and liquid scintillation. 
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Figure 4.5: In vitro priming assay. For details refer to the experimental section 6.5.3. 
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From the gel (Figure 4.6) one observes that an araX nt at the 3' terminus of a 

primer (sequence M) slows down the priming. 
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Figure 4.6: Autoradiogram of in vitro priming assay: extension of chimeric DNA­
ANA primers each annealed separately with RNA templates. The 32P-labelled 
chimeras were used as primers for polymerase reactions catalyzed by HIV-1 RT. 
Lanes 1 through 6 show addition products resulting from the extension of the primers 
catalyzed by RT. Lanes: (1) DNA (3.1), (2) aC1 3.6, (3) aU2 3.2, (4) aA3 3.3 (5) aG4 3.4 
and (6) aA5 3.5. 
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The total amount of completely primed product decreases to 30 % and instead a 

predominant +4 product is observed. When the araX nt is moved more into the interior 

of the primer strand, priming increases but with the corresponding changes in the other 

side products to +3, +2 and +1 nt. This pattern appears to correlate with the sequential 

movement of the ara nt away from the priming end. There appears to be no change in 

priming relative to the DNA control at and past the fifth position (compare lanes 1 with 6 

in Figure 4.6). The insertion of the arabinose sugar in the primer strand though not 

affecting thermodynamic stability dramatically (Chapter 3, Section 1 ), exhibits a striking 

feature of a partial priming block that occurs within a defined window of 5 nt from the 3' 

end. Figures 4.3 and 4.6 show that HIV -1 RT readily extends the antisense ONT DNA 

to form a 30 nt product. This primer extension was significantly reduced with the 

oligonucleotide containing the arabinose residue at the 3' end. Interestingly, an ONT 

containing riboC at the 3 '-end (D 17R1) was fully extended to the 30 nt product without 

accumulation of the +4 band (22 nt product). 

Thus there seem to be two aspects to the inhibition process: (a) the presence and 

the stereochemistry of the extra 2' hydroxyl on the 3' terminal nucleotide; (b) the 

presence of the additional 2' hydroxyl on an arabino residue "within" the antisense 

strand. One hypothesis is that there are important polymerase-DNA contacts along the 

sugar-phosphate groups of the DNA which are required for normal binding and activity 

of the enzyme but which are somehow perturbed by the presence of the arabinose sugar. 

When araX is located at the 3' terminus of the primer, the aberrant sugar moiety of the 

nucleotide is directly involved in the success or failure of chain elongation. It is possible 

that the additional hydroxyl group, while not affecting the stability of the primer 

terminus, interferes directly with the mechanism by which the polymerase catalyzes 

phosphodiester bond formation between the 3 '-hydroxyl of the terminal sugar moiety and 

the a phosphorus of the incoming nucleotide. However when araX occupies an 

intemucleotide position in the primer, the sugar moiety serves only as a structural 

component of the TIP sugar-phosphate backbone and is not directly involved in 

phosphodiester bond formation. Moreover these sugar-phosphate contacts might also be 

critical for the processive functioning of the enzyme, i.e. some tertiary structure of the 

enzyme may contact the last 4 nt pairs of the duplex and this causes stalling or pausing, 
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with subsequent dissociation of the RT from the TIP complex. At the fifth position there 

is no apparent pausing suggesting a lack of steric contacts with the enzyme. At positions 

4, 3, 2 and at the 3' terminus, +1, +2, +3 and +4 extended products are formed 

respectively, with possibly the simultaneous dissociation of the RT from the substrate 

duplexes (Figure 4. 7 and Figure 4.8). 
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Figure 4.7: (A) Association, (B) pausing, (C) dissociation and (D) extension of reverse 
transcriptase with the araC terminal nucleotide to the primer:template duplex. 

All these cases indicate that the enzyme encounters a probable steric interference 

with a window equivalent to about half a turn of the duplex. The pausing activity by the 

araNTPs which differ from the native DNA sequence by the inclusion of a single 

stereocenter (C2'), is surprising and suggests that the araNTPs (n = 2 to 4), even though 

internal, are still intimately involved in the polymerase mechanism. Consistent with this 

pausing one observes an obvious trend in the amplitudes and wavelengths of the maxima 

in the CD spectra, discussed in Chapter 3, Section 1 (Figure 3.1.5 A and B pp. 61). The 

overall conformation is more A like and this interestingly A-helical nature appears to 
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diminish when the ara insert is at the fourth position from the 3' end. i.e. Loss of A 

character is evident in the amplitude decrease of the key negative peak at 210 run as the 

araX shifts into the interior of the strand. Moreover it is clear that the identity of the ara 

sugar and not the specific nucleobase moiety is responsible for the pausing of RT, i.e. 

both araA residues at position 3 and 5 behave differently in the polymerase active site of 

the enzyme. 

The araX nt near the 5' end of the primer (position 16) does not appear too critical 

for efficient priming. This could be interpreted in two ways: (i) the availability of more 

nts beyond the dysfunctional site may increase the affinity of the RT for its substrate. 

This differential binding affinity could manifest itself as either a reduced rate of 

dissociation from the longer template when a block to synthesis is encountered or a 

higher rate of reassociation with the partially extended substrate. In other words, the ara 

is locked in, and may regenerate the formation of normal base-pairs resulting in increased 

bypass frequency. This is probably true for nts from the 5' terminus to the position 5 

( dA) on the oligomer; (ii) alternatively the 5' end of the primer may lie at the RNase H 

active site while the 3' terminus is at the polymerase active site. i.e. the araX at the 5' 

end should not severely affect priming. 

The results presented above are consistent with previous reports of Beardsley147 

who suggest that the RTs are less sensitive to the presence of araCMP in the template 

relative to other DNA polymerases. This permissivity may be related to the much higher 

spontaneous error rate this enzyme exhibits in vitro compared to that of the other 

polymerases because it lacks a 3 '-5' exonuclease activity ?13 On the other hand 

Gotfredson and eo-workers have recently illustrated that when 2'-0CH3-ara-T is positioned 

in an oligonucleotide it favours resistance to the 3'-exonuclease SVPDE (a dual DNNRNA 

nuclease). 112
•
113 The increased stability may be caused by steric interference from the 2 '­

OCH3 group in the arabino configuration so that the shape of the oligomer does not fit into 

the active site of the enzyme. Thus, since the hydrophilic 2 '-OH is tucked in a 

hydrophobic cavity (major groove), it is possible that HIV-1 RT (DNA-binding protein) 

may have amino acid side chains that interact unfavorably with this hydrophobic area. As 

a result such enzyme binding to the araX substituted DNA may not be nearly as well as 

the normal DNA primer. 
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Figure 4.8: Pausing or dissociation of the HIV-1 RT after extension of the 4 nucleotides 
in the primer strand as a result of the arabinocytosine residue at the 3' terminus of the 
primer. 
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At the molecular level these steric effects can be interpreted as follows. The 02' 

oxygen of araX which lies at the edges of the major groove of the helix appears be in 

close contact with the residue on the 3' side. Such a close contact (a little shorter than 

the sum of the Van der Waals radii) could push the 3' base slightly away from it causing 

a small destacking between the two bases. 149 This adjustment of the strand conformation 

in response to the araX structure could further involve the movement of the entire motif 

of the nucleotide components (i.e. either as a buckle or kink effect) to a distorted 

conformation of the nt in the complementary strand opposite the araX. 

Factors Affecting Priming With Respect To DNA/RNA Placement And Length In 

The Primer-Chimeras. 

This study deals with the DNA·RNA chimera:hybrids. A comparison of the 

product of seven primers (Dl8, Dl3R5, D9R9, R9D9, R17Dl, D17Rl and Rl8) indicate 

that only the D18, Dl7Rl and R9D9 act as primers for HIV·l RT. Note that the ribose 

substitutions are at contiguous positions and at either end of the primer molecule. The 

choice of these sequences allows one to study the effect of "absolute identity" of sugar as 

well as "location" within the priming strands on polymerization. A summary of the 

results of the priming from the DNA-RNA chimera study are shown in Table 4.1. 

Table 4.1: Priming Of Antisense Oligomers By HIV-1 RT 

Designation Sequence Priming 

D18 5'-AGC TCC CAG GCT CAG ATC -3' ++++ 
D17Rl 5'-AGC TCC CAG GCT CAG ATrC -3' +++ 

D13R5 5'-AGC TCC CAG GCT Cr(AG AUC) -3' 

D9R9 5'-AGC TCC CAG r(GCUCAG AUC) -3' 

R9D9 5'-r(AGC UCC CAG) GCT CAG ATC -3' +++ 

R17Dl 5'-r(AGC UCC CAG GCU CAG AU)C -3' 

R18 5'-r(AGC UCC CAG GCU CAG AUC) -3' 

Conditions are the same as reported in Figures 4.5 and 4.6; extent measured by 
densiometry and liquid scintillation. 
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In addition to absolute identity of the sugars there seems to be two distinct overall 

conformations at termini which appear to govern the priming process. When ribose 

residues are incorporated at the 3' end of the primers such as D9R9 or D13R5 the 

priming appears to be significantly retarded or abolished. 147 On the other hand chimera 

R9D9 annealed to the RNA template was efficiently used as a primer to catalyze the nt 

addition reaction by HIV-1 RT. The results from Table 4.1 strongly suggest that a 

necessary requirement for polymerization by the RT, is that at least five nts in the duplex 

at the 3' end of the primer be in the "hybrid form" and not in the pure A RNA form. 

However at least one ribo-residue at the 3' terminus can be accommodated by the 

polymerase active site of the RT. 

Although it is known that HIV-1 RT may have a relatively higher affinity for 

RNA than for DNA oligonucleotides bound to a template, the RT prefers to extend RNA 

primers only when sequences are very similar to that of the polypurine tract (PPT) and 

are unable to extend RNA primers of other sequences.314 This ensures that the site of 

initiation is very specific. In the case of the R region it is possible that the nature of the 

RNA primer is similarly recognized but not polymerized. 

The above related observations may be associated with a number of factors, 

including the structural distortion caused by ribose, its interference with polymerase 

action, the induced change in DNA properties (such as conformational rigidity, helical 

diameter) or a combination of these factors. This is apparent from the absence of 

priming observed with the R17D 1 :RNA substrate. From all of these results it appears 

that it is not only the phosphate backbone of TIP that is solely essential for recognition 

and binding by the polymerase class of enzymes, but also the diameter of the duplex 

region which has to be accommodated in the template binding groove. Thus it is possible 

that R9D9:RNA and D9R9:RNA have different diameters of duplex region at the TIP 

binding groove and this is consistent with the CD profiles of the two complexes where 

D9R9:RNA is more B like, while R9D9:RNA exhibits an A type helical conformation 

Figure 3.1.6 (A and B).315 
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4.2.3 Conclusions and Future Directions 

DNA (with ara inserts) and some of the DNA-RNA chimera targeted to the R 

region of the viral RNA genome are able to pause the reverse transcription of HIV -1 RT 

suggesting that these molecules when bound to RNA template, may be oriented in the 

polymerase mode of the enzyme. However it is clear from the patterns in both the 

priming experiments and the CD spectra that there is a correlation between the structures 

and function which arise from different sources within these two studies. Internalizing 

the ara inserts causes a direct steric interaction with the enzyme's polymerase active site 

that lies closer to the 3' terminus of the primer ( +4 and smaller products are due the 

pausing of the RT as it encounters the additional 2' -OH relative to deoxyC). This is 

accompanied by a decrease in the A-type duplex character as shown in Figure 3.1.5A 

and B, by CD spectroscopy (Chapter 3. Section 1). D17Rl which had a riboC instead of 

araC at the terminus did prime which indicates that RT polymerization is also sensitive to 

the 2'-stereochemistry at the 3'-terminus. However changing the chimeric combinations 

of RNA and DNA within the priming strand may have less apparent potential for such 

steric perturbation but directly affects global helical conformation which is itself also 

important for the priming process (Figure 3.1.6). In this context the completely 

modified ANA oligomer (ill), which is not a substrate for the polymerase of the RT, 

perhaps has an overall duplex conformation that is not the typical hybrid for the 

polymerase activity ofRT, but is something different and nonetheless useful for inducing 

other properties namely the activation ofRNase H (discussed in the next section). 

It is still unclear how the small structural modification in the DNA backbone 

could affect the catalytic function of the enzyme and/or binding affinity for the TIP. The 

impact of introducing the araX into "RNA strands" to be used as a primer or as a 

template probe will be yet another important issue. Although incorporation of an araX 

residues into the core sequence displaces the associated 2'-0H relative to the 

corresponding ribose derivative by approximately 109° (as a result of the inversion of the 

C2' stereocenter), the associated changes in sugar puckering could result in more 

extensive changes in location of the OH function (180°) when present in an all-RNA 

sequence. Thus these perturbations are expected to be more severe for the RNA double 

helix. Presumably the RNA polymerase would not able to insert an araC into the 
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elongating RNA chain (transcription) due to steric hindrances; this could explain why 

araC is not incorporated into RNA molecules. A logical continuation of this study is to 

test the inhibitive capacity of antisense DNA-araX3' chimeras in combination with 

antiviral agents currently in use (e.g. AZT, 3TC) on the replication ofretroviruses such as 

HIV. If these oligonucleotide analogues could direct enhanced incorporation of chain­

terminating dideoxynucleoside drugs to specific positions during DNA synthesis by viral 

and cellular DNA polymerases, then this strategy could provide therapeutic benefits in 

the treatment of diseases such as HIV -1 infection and rapidly proliferating cancers. 
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4.3 MODULATION OF RIBONUCLEASE H (RNase H) ACTIVITY BY HIV-1 RT 

USING ARABINONUCLEIC ACIDS 

4.3.1 Introduction 

RNase H activity has been the subject of extensive studies. RNase H forms a 

family of enzymes with both endonuclease and 3 '-5' exonuclease activities. It is unique 

in that it specifically cleaves the RNA strand of DNA:RNA duplexes in the presence of 

divalent ions (Mg2+ or Mn2+),316 to yield a 5'-phosphate and a 3'-hydroxyl at the 

hydrolysis sites.317
'
318 The RNase H activity of RT plays an important role in the life 

cycle of HIV -1 by directing DNA replication, and possibly in the destruction of mRNA 

during antisense gene regulation.23
'
319 (Figure 4.1 and 4.9 below). 
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Figure 4.9: Induction of RNase H Activity. Proposed mechanism of action of 
degradation of the RNA template of DNA:RNA hybrids by RNase H. RNase H cleaves 
only the RNA target strand but this action is dependent on the structure of antisense 
analogues, e.g. antisense DNA and thioate-DNA, but not RNA, induce cleavage. 
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The E. coli enzyme consists of a single polypeptide chain with 155 amino acid 

residues and exhibits sequence similarity to the RNase H domains of retroviral RTs, 

including HIV-1.317
'
320 The crystal structure of E. coli RNase H321

'
322 demonstrates that 

the enzyme has a handle region with a high percentage of cationic amino acids (Cys13
, 

Asn14
'
44 and Gln72

) which present a highly positive charge within a confined space.323 

This handle is probably responsible for the initial non-specific binding of the enzyme to 

the heteroduplex structure via electrostatic interactions. On the other hand HIV -1 RT324 

lacks this handle and therefore cannot bind to a duplex substrate when separated from the 

rest of the RT. The Mg2
+ binding site of E. coli RNase His located in the j3 sheet and 

. f hr . "d A 10 Gl 48 d A 70 323 Th th 1 . .d. consists o t ee ammo act s, sp , u an sp. ' e ree cata yttc act tc 

residues, the Mg2
+ ion and the hybrid substrate bind close to each other within this active 

site.317 

If the substrate is of high molecular weight (> 28 nt) then both the endonuclease 

and processive 3 '-5' exonuclease activity for E. coli RNase H act on it, while only the 

endonuclease activity is observed to act on the low molecular weight substrate.325 The 

enzyme is thought to bind in the minor groove of a DNA:RNA double helix by 

recognizing the sugar conformation of the DNA nucleotide complementary to the site of 

RNA cleavage.323
'
326 Moreover pendant groups located in the major groove have no 

significant effect on the enzyme-substrate binding in the minor groove; this agrees with 

the effects of minor-groove modifications reported recently by Crooke.327 Thus it has 

been proposed that hydrolysis is initiated throughout the heteroduplex region except in 

the inhibited areas that result from substituents in the minor groove. 328 

For HIV-1 RT, the physical distance spanning the RNase H and Polymerase 

active sites is about 18-20 nt.329 These two domains are interdependent during the entire 

process. Thus the RNase H activity itself has been classified as polymerase-dependent 

and polymerase-independent RNase H.330 Polymerase-dependent RNase H cleavage 

advances upon primer extension yielding fragments of 18 base pairs, and remaining at a 

fixed distance from the 3 '-OH terminus of the elongating DNA. This activity is not 

sufficient to eliminate all of the template RNA,331
'
332 and is not an absolute pre-requisite 

for (+) strand DNA synthesis. Thus RNA fragments that remain annealed to the (-) 

strand DNA are generally degraded before or during synthesis of the ( +) strand DNA by 
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the polymerase-independent activity of RNase H, which yields fragments as small as 

seven bases. Fuentes and coworkers302 have shown that if the RNA: DNA hybrid is too 

small to be recognized by the RNase H domain alone, it may not be cleaved at all. 

During reverse transcription a variety of nucleic acid structures are created: 

RNA:RNA, RNA:DNA and DNA:DNA hybrids are present simultaneously.302 In order 

for genomic replication via reverse transcription to be successful, R T must perform its 

multifunctional activities in an appropriate order. One of the ways in which the RT could 

achieve this is to have an order of preference for binding and reacting with these 

structures. The relative displacement of the two active sites along the TIP duplex implies 

that during the first steps of DNA synthesis, the RNase H domain of HIV-RT is 

positioned over the RNA:RNA homoduplex, and only after 18-20 steps will it encounter 

the junction between primer tRNA and the nascent DNA strand.332 A residual RNA of 

about 18 base pairs remains undigested during the DNA synthesis when RT reaches the 

5' end of the template. Presumably the conformation of the tRNA-DNA "junction" 

provides a particularly good target for RNase H activity irrespective of whether chimeric 

RNA-DNA structure is complexed with (+) strand RNA (initiation of the reverse 

transcription) or (-) strand DNA (primer removal).332 Taken together these results 

indicate that during initiation of(-) strong stop DNA synthesis by HIV-1 RT, the first 

RNase H mediated endonucleolytic cut of the genomic RNA is dictated mainly by the 

length of the nascent DNA and not by sequence except that of the polypurine tract. 

The principle aim of this study was to explore the impact of chemically modified 

oligonucleotides on RNase H cleavage ability of HIV-1 RT and E. coli. These 

oligonucleotides were designed to be completely modified. ANA was shown to form a 

stable duplex with the RNA target. In a related report, metal identity and concentration 

in addition to these synthetic modifications were shown to further effect the extent of 

hydrolysis by different RTs.333 UV and CD spectroscopy, the main tools used to study 

the synthetic duplex model, have been discussed earlier in Section 3.1. ANA (JJ..S.) and 

the corresponding DNA (.J.J.) and RNA (3.14) analogues were studied in order to probe 

the importance of the 2' -OH stereochemistry in RNase H mediated cleavage of the 

duplex structures. 
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4.3.2 Results 

In order to test whether ANA induces RNase H cleavage of a RNA target when 

bound to it, RNase H assays were performed. They were conducted by Dr. G. Borkow 

and D. Arion at the McGill AIDS center. The thermal dissociation (Tm) data for the 

duplexes formed between ANA (US) and complementary RNA, and those of the 

controls, are summarized in Table 3.3 of Chapter 3.1. Figure 4.10 shows the products 

from a sequencing gel, of the HIV -1 RT and E. coli RNase H degradation as a function of 

time. Panels (A) and (C) represent digestion with HIV-1 RT RNase H with 10 mM 

MgC12 and 0.1 mM MnC12 respectively; Panels (B) and (D) represent E. coli RNase H 

with 10 mM MgCl2 and 0.1 mM MnC12• As seen in autoradiograph, E. coli and HIV -1 

RT associated RNase H was able to cleave the RNA of a DNA:RNA hybrid efficiently as 

observed by the disappearance of the full length 32P-RNA target under these conditions. 

However the patterns of hydrolysis differed between the two enzymes as well as between 

the two substrates, namely DNA:RNA and ANA: RNA. 

In the case of ANA, degradation of the RNA was also observed, with 100-250 

J.tmol of MnC12 being the optimal amount. It is clear that RNase H cleavage activity of 

RNA in the ANA: RNA duplex is more pronounced in MnC12.than in MgC12• ANA:RNA 

also appears to be a better substrate of the E. coli enzyme than HIV -1 R T as indicated by 

the nearly complete disappearance of the target. In fact according to the scanning results 

the cleavage of RNA template when bound to ANA for E. coli. was - 90% (Mn2+) and -

60% (Mg2+). 
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Figure 4.10: Ribonuclease H degradation of various 18-bp oligonucleotide hybrid 
duplexes (37°C). An 18-nt 5'-32P-labeled 3'-5' RNA was preannealed with the 
complementary DNA (3.1), RNA (3.14), ANA (3.15) and RAN (3.16, is the random 
DNA) oligonucleotides and then added to reaction assays containing HIV-1 RT or E. coli 
RNase Hat the given concentrations of MgCl2 (10 mM) and MnCl2 (O.lmM). Panels A 
and B: HIV-1 RT RNase H; Panels C and D: E. coli. RNase H. No AON means no 
antisense oligonucleotide. See Materials and Methods for experimental conditions. 
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Note also that the RNA (J....H.) did not induce RNase H cleavage under the 

conditions used, as expected i.e. the RNA:RNA duplex is not a substrate for RNase H 

activity. In fact the RNA:RNA (Tm- 86°C) was observed on the sequencing gel running 

as a high molecular weight species, despite the denaturing conditions used to run the gel 

(and additional boiling to 100°C prior to loading). 

4.3.3 Discussion 

Structural properties of chemically modified heteroduplexes. 

The detailed work of Jacobo-Molina and coworkers334 infer that a duplex DNA 

(18 base pair region) bound to the polymerase and RNase H sites adopt both A and B 

form geometry. The A form corresponds to the first 5-7 bp (-1 to -5/-7) at the DNA 

polymerase domain, followed by a bend (40°-45°) and the remainder of the nucleic acid 

is primarily B (-10 to -18).335
'
336 After RNase H binds to the duplex, the enzyme needs a 

way to identify true substrates (i.e. DNA:RNA duplexes vs. non substrates such as 

RNA:RNA duplexes). A recognition handle region (positive charges) lies near the active 

site and apparently makes the key sugar contacts that identify a suitable substrate. 323
'
326 

Although HIV-1 RT RNase H can differentiate between (DNA:RNA) hybrid and the 

(RNA:RNA) homoduplex, both appear to traverse the substrate binding groove between 

the active sites similarly. When RT is arrested, the RNA template is cleaved at a fixed 

distance of 18 bp from the primer terminus, independently of whether the duplex between 

the two active sites is entirely dsRNA, partly RNA:DNA and partly RNA:RNA or 

entirely RNA:DNA. This suggests that the duplex is bound similarly to the enzyme 

regardless of its precise composition and the discrimination between RNA:DNA and 

dsRNA is accomplished locally near the RNase H active site, rather than globally 

throughout the general interaction of the duplex with RT. Moreover the entire binding 

interaction appears to comprise a single helical turn of the substrate duplex. 

Although there seems to be a lot of controversy as to whether the hybrids are of 

the A or B forms, Salazar et al. 337 have shown that the DNA strand in the hybrid is 

neither in the B nor the A form, but in an intermediate form in solution (DNA sugars 

04 '-endo, RNA sugars C3 '-endo ). Despite the similarities in helical parameters of both 
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duplexes, the width of the minor groove is narrower for the hybrid326 than for the RNA 

homoduplex, leading the authors to propose that E. coli RNase H is unable to cleave 

dsRNA because critical interactions cannot form with a duplex in a wide minor groove 

A-type conformation. In the DNA:RNA duplex both nucleic acid strands are contacted 

by RNase H and this triggers cleavage. Therefore, although E. coli RNase H does not 

display discernible activity against dsRNA, the relative substrate discrimination 

mechanism of RT-RNase H and E. coli RNase H may not in fact be substantially 

different, both being mediated by local structural differences between dsRNA and 

RNA:DNA as predicted for the E. coli enzyme. For the RT-associated RNase H activity, 

such local differences in structures may then be necessary, but not sufficient for substrate 

discrimination in the context of reverse transcription. RT must accept dsRNA as a 

substrate in order to initiate reverse transcription. Consequently polymerization to rapidly 

remove the RNase H domain from the dsRNA target can be seen as an additional 

requirement for retrovirus-associated RNase H substrate discrimination.332 Based on 

solution NMR studies, Reid reported that more than four successive DNA residues were 

required to generate this active conformation in the RNA:DNA duplex, which is 

consistent with the inhibition when the length of successive DNA residues is less than 

fi 325 our. 

The ability of retroviral RT to degrade heteropolymeric duplexes has been 

demonstrated in this section. In this study a uniformly sugar-modified analogue, i.e. 

ANA, has been shown to induce RNase H activity. To our knowledge, ANA represents 

the first such example, despite the fact that a very large number of studies have focused 

on the design of antisense molecules that induce RNase H activity. Popular design 

motifs include "chimeric" or "splint" oligonucleotides that are capped at either one or 

both ends, with a contiguous string of 2'0Me ribonucleotides. These methylated 

"wings" enhance the metabolic stability, binding affinity and protection from 

exonuclease degradation. The remaining internal sequence or 'gap' is then a 

phosphorothioate oligodeoxynucleotide which serves as the substrate for RNase H.328 

However it appears that the same properties that enhance the binding affinity 2 'OMe 

RNA or 2'F-RNA for RNA, result in a loss ofRNase H activity.328 
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Nature of enzyme substrate interaction 

There are two binding steps in this process: (a) Binding between the individual strands 

from which the T' m is a reliable indication and (b) binding of enzymes to the 

heteroduplex, which depend on duplex dimensions such as groove widths and helical 

diameter. Crooke and coworkers claim that the second binding interaction between the 

enzyme and substrate although predominantly electrostatic, is more specific than a mere 

attraction between a positively charged protein surface and polyanions. 327 Moreover the 

enzyme binds preferentially to phosphate groups which are spatially oriented within a 

helical structure as opposed to a random coil as evidenced by the higher binding to the 

RNA homoduplex over single stranded RNA. In addition it is not only a helix, but also 

the appropriate helical conformation that appears to be important, with greater binding 

affinity exhibited for A-type helices (duplex RNA) than for B-form helices (duplex 

DNA). 

From Figure 4.10 it is clear that the RNA:RNA complexes did not elicit any 

RNase H activity, in spite of the complex adopting a typical A- type conformation 

(Figure 3.1.8.B). Thus, although RNA homoduplexes adopt a preferred conformation 

with respect to RNase H binding, their 2'0H's are positioned within the minor groove 

where they presumably interfere with enzyme recognition and the ensuing cleavage 

(hydrolysis step). This is not the case for ANA which displays its 2'0H groups in the 

major groove of the hybrid (Figure 4.11). 
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This is a probable mechanism by which RNase H differentiates between the ANA:RNA 

and RNA:RNA duplexes. It is also possible that the ANA strand in the ANA:RNA 

hybrid remains flexible after enzyme binding, and that this "flexibility condition" is 

important for RNA cleavage. 

At this point it is not entirely clear whether the reduced cleavage of RNA in the 

ANA:RNA versus DNA:RNA hybrids is a result of weaker binding of ANA to the RNA 

(Tm 44°C) relative to DNA (Tm 72°C) or, due to imperfect binding of the enzyme to 

ANA:RNA hybrid relative to the natural DNA:RNA heteroduplex. The fact that 

significantly more cleavage of the target RNA is observed upon decreasing the 

temperature of the RNase H assay from 37°C to 25°C, suggests that ANA: RNA hybrids 

bind to the enzyme rather welL 338 Crooke and eo workers clearly show that the 

conformation of a (DNA:RNA) hybrid duplex is altered by enzyme binding. Following 

binding of the enzyme by CD spectroscopy, the maximum is blue-shifted from 263 nm to 

258 nm and a new minimum at 288 nm appears.327 This involves bending of the duplex, 

an alteration in the base stacking, and an overall global helical conformation change of 

the hybrid from the pure A-form. Although the ANA hybrid appears to be more like the 

DNA:RNA heteroduplex (A-like, Figure 3.1.8 B) the alteration after binding to the 

enzyme has not yet been explored relative to the natural substrate. 

For ANA to be used as an antisense agent, its binding to RNA needs to be 

improved. On a microscopic level this translates to tuning the pucker of the ara sugar to 

a more DNA like C2'-endo conformation, and/or perhaps reducing the size of the 

2'group. The 2'0 --+ 2'F substitution may satisfy both conditions.298 This work is in 

progress in the Damha lab, where the 2'~ moiety is being replaced by a fluorine atom in 

an effort to increase the percentage of S over N conformers. Indeed, C. Wilds of 

Damha's group has recently demonstrated that 2'F-ANA:RNA hybrids are of higher 

thermal stability than ANA:RNA and natural DNA:RNA hybrids, and are also substrates 

for E. coli. RNase H.301 
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4.3.4 Conclusions And Biological Implications 

Overall the RNA cleavage efficiency effected by RNase H and an antisense ONT 

probe decreases as follows :unmodified DNA> Thio-DNA >ANA> Thio-ANA (data 

not shown) >> RNA. Differences between the binding affinity of the ONT to RNA 

cleavage efficiency and cleavage pattern observed suggest that the binding interaction as 

well as the catalytic process are both sensitive to these types of structural modifications. 

The weak but definite binding affinity of ANA towards target RNA may under certain 

circumstances be advantageous, e.g. increase in the turnover rate of the enzyme may be 

observed as ANA dissociate from cleaved target and reassociate to a new target (Figure 

4.9). This is particularly desirable if the enzyme concentration is limiting with respect to 

the substrate concentration and for improving the rate at which the enzyme scans A-form 

duplexes for the intended heteroduplex substrate. If a biological termination event is 

suspected to be the result of an RNase H mechanism, then assuming it is rate-limiting, 

then some compromise in binding affinity of the antisense ONT is inevitable, i.e. "more" 

(high affinity) may not be necessarily better. 
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CHAPTER V: CONTRIBUTIONS TO KNOWLEDGE 

SYNTHESIS OF ARABINOGUANOSINE 

A fully protected arabinoguanosine ( araG) monomer for solid-phase synthesis 

was prepared from guanosine (rG) in moderate yields. Inversion of configuration at 

C(2') was achieved by introduction of the (trifluoromethyl)sulphonyl group and 

subsequent displacement by the acetate nucleophile. The guanine moiety was protected 

at the amide (06
) function by the 2-(4-nitro-phenyl)ethyl (npe) group, and at the amino 

group by the isobutyryl protecting group. 

SYNTHESIS AND PROPERTIES OF OLIGONUCLEOTIDES BASED ON D­

ARABINOSE 

Physicochemical Generalities 

Oligodeoxynucleotides containing one or two arabinonucleosides as well as 

completely modified oligomers (ANA) both with phosphodiester and phosphorothioate 

backbones have been synthesized. These sequences were 18 nucleotides in length, and 

were designed to bind to the 5'-long terminal region (LTR) of HIV-1 genomic RNA 

(strain 3B). The DNA-ANA chimera displayed similar binding properties towards both 

single stranded DNA and RNA, relative to the all-DNA oligomer. However ANA (i.e., 

containing only D-arabinose sugars) exhibited reduced affinities towards both ssDNA 

and RNA as compared to an unmodified DNA oligomer. Phosphorothioate (PS) ANA 

displayed lower binding affinity relative the unmodified phosphodiester (PO)-ANA 

oligomer. Furthermore, it has been demonstrated that ANA oligomers of mixed base 

composition (U, C, A, G) h~ve preferential binding to complementary RNA rather than 

ssDNA, a phenomenon generally not seen for unmodified DNA and RNA oligomers. 

Although this property may not be critical for antisense applications (where the target is 

RNA), it may offer new insights into the factors that influences nucleic acid duplex 

stability. 
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Triplex Helix Formation 

Structural implications of the antigene technology: The ability of an 

oligoarabinopyrimidylate (ANA third strand) to associate and form a triplex with duplex 

DNA and hybrid DNA:RNA was assessed for the very first time. ANA, like DNA & 

2',5'-RNA, was found to bind to duplex DNA and hybrid DNA(Pu): RNA(Py), but not to 

duplex RNA or hybrid DNA (Pu): RNA (Py). This is in contrast to the 2'-epimeric 

RNA, which binds to all four types of helices (DD & DR, and RR & RD). These results 

support the notion that the presence of ribose 2'-0H groups in the third strand contributes 

significantly to the stability of triple helical complexes (particularly R•R:R and R•RD). 

Such understanding can also be applied to the design of sequence selective 

oligonucleotides which interact with double-stranded nucleic acids, and emphasizes the 

role of the 2' -OH group as a general recognition and binding determinant of RNA. 

Nucleic acids containing an araA branch-point: Hybridization, stoichiometric 

measurements and CD spectroscopy suggested that branched oligopyrimidines with an 

arabinoadenosine branch-point are capable of forming triple-helical complexes in the 

presence of complementary deoxyadenylate strands. Such complexes represent the lesser 

known "anti-parallel", or T* A:T Reverse-Hoogsteen!W -C motif. 

In a buffer that mimics intracellular cationic conditions, araA( dT) 1 0dT 10 binds to 

dA10 to form a 1:2 W-C complex, whereas its epimeric riboA(dT)10dT10 forms a 1:1 W-C 

complex under the same conditions. This interesting observation may put into 

perspective some recent reports that have particularly emphasized the use of nucleic 

acids as building elements of 'nanostructures'. Another application of oligonucleotides 

containing D-arabinose would be to synthesize branched substrates that would be useful 

for investigation of fundamentally important biological processes, such as pre-mRNA 

splicing. These research endeavours are in progress in the Damha research laboratory. 

Priming and Inhibition ofHIV-1 RT Translocation 

In a collaborative effort with the McGill AIDS Centre, DNA-ANA chimeras (e.g., 

DNA containing araC at the 3' terminus) were found to disrupt reverse transcription by a 
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physical block mechanism. The stereochemical flexibility of the critical hydroxyls 

present in the core sequence (aU2, aA3, aG4), as well as others such as aA5, aC8, aC16 

have been examined by simply altering the absolute configuration of the corresponding 

C2 '- carbons within the priming-substrate complex. Alteration of the configuration at 

these sites was achieved by simple replacement of the desired deoxy- residues with ara 

residues. Seven DNA:RNA complexes were prepared in which dCt> dT2, dA3, dG4, dA5, 

dC8, and dC16 were replaced by the ara residues in the DNA priming strand, and the 

activity of these complexes has been compared with that of the corresponding native 

complex. Two parameters that affect the ability of HIV RT polymerases to synthesize 

past ara monomers in vitro, have been identified. These are the identity of the sugar in 

the backbone (ara vs. ribo or deoxy), and base identity (araC, araA, araG, araU). All of 

the results show clearly that the araX substitution in the primer constitutes a significant 

block to DNA synthesis for HIV-1 RT polymerase. They demonstrate that an anomaly in 

the sugar moiety of the TIP backbone, which does not disrupt the thermodynamic 

stability of base pairing, or appear to introduce a bulky side group into the DNA, can still 

induce partial synthetic arrest. These results suggest a complex mechanism for the 

priming of the antisense strand by the HIV-1 RT polymerase. While the 3'-hydroxyls are 

necessary for efficient priming by the RT complex, little is known about the optimal 

positioning of these functional groups within the active catalytic complex. 

Induction a[RNase HActivizy by Arabinonucleic Acids 

One of the most important contributions of this thesis work, was the finding that 

ANA:RNA hybrids serve as substrates for RNase H (E. coli and HIV-RT). To the best of 

our knowledge, there are no previous examples of RNase H induction resulting from 

hybridization of RNA with a uniformly sugar-modified oligonucleotide. The ability of 

RNase H to degrade RNA in ANA:RNA hybrids (2'-F or 2'-0H) may result from (a) the 

similarity of structure of these hybrids to that of the normal DNA: RNA substrate (A-like 

form), and (b) the fact that the 2'-0H groups of arabinose projects into the major groove 

of the helix, at a site where it should not interfere with RNase H's binding and catalytic 

processes. Work continued by C.J. Wilds of our laboratory, and by members of the 
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McGill AIDS Center, have shown that ANA and 2'F-ANA exhibit enhanced nuclease­

resistance to serum and cellular nucleases compared to DNA strands, although less than 

to phosphorothioate PS-DNA. However, unlike PS-DNA, arabinonucleic acids show 

little nonspecific binding to cellular proteins a property that may result in a significantly 

improved interaction with cellular RNA in vivo. These properties combined establish 

that arabinonucleic acids may serve as excellent models of antisense agents, and as 

valuable tools for studying and controlling gene expression in cells and organisms. 
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CHAPTER VI EXPERIMENTAL 

6.1 GENERAL METHODS 

6.1.1 General Reagents 

In general, solvents were dried and fractionally distilled, under reduced pressure for high 

boiling point solvents. Dichloromethane (DCM) was dried over CaCl2 and then refluxed 

over CaH2 prior to use. A simple distillation was carried out for hexanes (BDH, British 

Drug Houses, Toronto, ON) used in column chromatography. Pyridine (Caledon 

Laboratories Ltd., Georgetown, ON), collidine and N,N-dimethylformamide (DMF) (BDH) 

were dried by refluxing over calcium hydride (CaH2) and stored over 4A. molecular sieves. 

N,N-diisopropylethylamine (Aldrich Chemical Company, Milwaukee, Wl) was stirred over 

CaH2 (BDH) and distilled before use. Chloroform, methanol (BDH), hydrochloric acid, 

diethyl ether (Caledon) and triethylamine tris(hydrofluoride) or TREAT HF (Aldrich) were 

used as obtained. 

The following reagents were all used as received: 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (Aldrich). Analytical reagent grade glacial acetic acid, 

ammonium acetate, anhydrous sodium sulphate, magnesium chloride, sodium chloride, 95% 

ethanol, acetone, triethylamine, analytical grade ethylenediammine tetra acetate (EDTA), 

magnesium chloride were all obtained from BDH, disodium hydrogen phosphate (Fisher 

Scientific Fairlawn, NJ), manganese chloride, sodium acetate (Aldrich), TRIS (Bio-Rad). 

Hoechst 33258 and Ethidium Bromide (2,7-diamino-9-phenylphenanthridinium-10-ethyl 

bromide) were purchased from Aldrich Chemical Company. Benzo[ e ]pyridoles (BePI) was 

obtained as a gift from Dr. Claude Helene (Paris, France) and is now available from Aldrich. 

6.1.2 Chromatography 

Column chromatography was performed with silica gel [ 40-63 micron Silica gel 60 (EM 

science Gibbstown, NJ)]. 
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Thin-layer chromatography (TLC) was achieved using Merck Kieselgel 60 F-254 plastic­

back analytical silica gel sheets (0.2 mm thickness, EM Science, Gibbstown, NJ). 

Compounds were visualized on TLC plate by illumination with a UV light source 

(Mineralite, emission wavelength ea. 254 nm), and further stained by exposure to HCl or 

trifluoroacetic acid vapours for trityl-containing compounds. Both UV and non UV active 

compounds could also be visualized with Mohr' s solution (2.5 g of ammonium molybdate 

and 1 g of eerie sulphate in 10% sulphuric acid (w/v). This was achieved by first dipping the 

plate in the solution followed by heating to obtain purple coloured spots/regions. 

6.1.3 Instruments 

NMR Spectroscopy All spectra were obtained at ambient temperature, on a V arian XL-

500 spectrophotometer, and the chemical shifts are reported in ppm downfield from 

tetramethylsilane (TMS). For the new compounds synthesized, all 13C and 1H assignments 

were made using 2-D NMR experiments, including homonuclear correlated spectra (COSY), 

and 1H-detected heteronuclear multiple quantum coherence spectra (HMQC). Deuterated 

solvents: acetone-D6 (CDN Isotopes Quebec, Canada), dimethylsulfoxide-D6 (Cambridge 

Isotope Laboratories Andover, MA), chloroform-CDC13 (Isotec Inc. Miamisburg, OH). 

UV Spectroscopy. UV-VIS spectra were recorded using a V arian Cary 1 UV-VIS 

spectrophotometer (Varian:Mulgrave, Victoria, Australia). Thermal denaturation of 

oligonucleotides was followed in the ultraviolet spectrum by Varian CARY I 

spectrophotometer equipped with a thermostated cell holder with data being collected using 

manufacturers supplied software (version:CARY 1.3e) and a personal computer. (see 

section 6.4 for details) 

CD Spectroscopy. CD spectra were collected on a Jasco J-710 spectropolarimeter 

equipped with a thermoelectrically controlled external constant temperature NESLAB 

R TE-111 circulating bath. The data were processed on a PC computer using Windows 

based software supplied by the manufacturer (JASCO, Inc.). 
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FAB-Mass Spectrometry. Fast atom bombardment mass spectra were collected using a 

Kratos MS25RF A high resolution mass spectrometer. Nitrobenzyl alcohol (NB A) matrix 

was used. 

MALDI TOF Mass Spectrometry. Matrix-assisted laser desorption/ionization time of 

flight mass spectra (MALDI-TOF) were recorded on a Kratos Kompact-111 TOF instrument 

with a minimum laser output of 6 mW at a wavelength of 337 nm light, 3 ns pulse width, 

100 mm diameter spot. The MALDI instrument was operated in a positive (reflectron and 

linear) mode. 

6.2 OLIGONUCLEOTIDE SYNTHESIS 

6.2.1 Reagents for Derivatization ofNucleosides 

All nucleosides (ribo and deoxy) were obtained from Dalton Chemical Laboratories 

(DCL, Toronto, ON) while arabinonucleosides of adenine, uracil and cytosine were from 

Sigma (St. Louis). N,N-diisopropyl-2-cyanoethylphosphonamidic chloride was purchased 

from Dalton Chemical Laboratories; chlorotrimethylsilane (TMS-Cl), p­

anisylchlorodiphenylmethane (MMTrCl), 4-dimethylaminopyridine ( 4-DMAP), triphenyl 

phosphine, diethyl azodicarboxylate, 2-( 4-nitrophenyl)-ethanol, trifluoromethanesulphonic 

anhydride, hexamethylphosphoramide, isobutyryl chloride, lM tetrabutylammonium 

fluoride (TBAF), and benzoyl chloride were obtained from Aldrich. Lithium acetate 

(LiOAc) (ACROS Organics, Nepean, ON), 1 ,3-dichloro-1, 1 ',3,3 '-tetraisopropyldisiloxane 

from United Chemical Technologies, Inc. (Bristol P A). 

Reagent grade acetic anhydride (Ac20), trichloroacetic acid (TCA), aqueous ammonia 

(BDH), 1,2-dichloroethane (DCE) (Caledon), N-methylimidazole (N-Melm), and iodine 

(Aldrich) and DNA synthesis grade tetrazole (DCL) were used as received. 

Double distilled water (Millipore, Mississauga ON), was treated with diethyl pyrocarbonate 

(Aldrich) to form a 0.1% solution and autoclaved (1 h., 121 °C, 1.3 atm). 
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6.2.2 Derivatization of Solid Support 

Long-chain alkylamine controlled-pore glass (LCAA-CPG, 500° A pore size, 

density: ea 0.4 glmL; DCL) was derivatized according to literature procedure339
•
340 with 

the additional prolonged acid activation step. Activation of commercial LCAA-CPG, by 

shaking over 5% TCA in DCE (w/v) for 24-72 h. was found to be necessary to achieve 

the desired nucleoside loading in the subsequent derivatization steps.341 Nucleoside 

loadings were determined by spectrophotometric mono- and di- methoxytrityl cation 

assay. The support was dried in vacuo 24 h. before use, loaded into an empty column 

with replaceable filters (ABI), crimped closed with aluminum seals (Pierce) and installed 

on the instrument. 

6.2.3 Automated Oligonucleotide Synthesis 

Monomers for Automated Synthesis: 5'-0-dimethoxytrityl-3'-0-(2-cyanoethyl)N,N-

diisopropylphosphoramidite derivatives of various 2 '-deoxy and ribo nucleosides were 

purchased from DCL. ~ -benzoyl-5'-0-monornethoxytritylarabinoadenosine-2' ,3'­

bis((cyanoethyl)N,N-diisopropylphosphorarnidite)) was prepared according to the method of 

Damha et a/. 175
'
342 These phosphoramidite reagents were stored at -20°C and desiccated 

under vacuum (over P20 5) for 24 hr. prior to use. The 5' arnidites were synthesized 

according to the previously published procedures?41 

a. Chain Assembly 

Reagents for the solid phase synthesizer of oligonucleotides were purchased from 

Applied Biosystems Inc. (ABI, Foster City, CA), DCL or prepared as described below. 

Syntheses were carried out on an Applied Biosystems DNA/RNA 381A 

synthesizer. Anhydrous acetonitrile (Caledon) was pre-dried by distillation over P20 5 (BD H) 

and then refluxed over calcium hydride under dry nitrogen prior to use. Tetrahydrofuran 

(BDH) was refluxed over CaH2, filtered and then distilled over sodium 

(Aldrich)lbenzophenone (Aldrich). Oligomers were prepared on a 1 ~mol scale using 

LCAA- controlled pore glass (500 A) derivatized with 3'-nucleoside described above. 

Assembly of sequences was carried out using the following reagents and synthesis steps: 
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(1) detritylation: 3% trichloroacetic acid in dichloroethane delivered in 100 s (+ 40 s 

'burst') steps. To determine condensation yields, the eluate from this step was collected 

and the absorbance measured by UV spectroscopic quantitation of trityl for DMT + (A.= 504 

nm, c; 76000 L.mor1.cm·1
, deoxy and ribo) and MMT +(A.= 478 nm, s = 56000 L.mor1.cm· 

1
, ara); (2) phosphoramidite coupling time of 90s (DNA) and 7.5 min. (RNA and ANA) 

and 30 min. for the branch-point nucleosides; (3) Capping: acetic anhydride/2,4,6-

collidine/THF 1:1:8 (volume ratio, solution A) and 1-methyl-lH-imidazole/THF 16:84 

(volume ratio, solution B) delivered in 15 s + 600 s .. wait" steps; (4) Oxidation: 0.2M 

iodine in THF/ pyridine/water 25:20:2, delivered in 20 s + 20 s "wait" steps. 

Prior to oligonucleotide assembly, the derivatized support was capped to block 

undesired reactive sites179
'
340 with the capping reagents described above using the capping 

cycle provided by ABI. Phosphoramidite reagents were dissolved in dry, freshly distilled 

acetonitrile retrieved from the collection bulb of a continuous reflux apparatus via a syringe 

fitted with a stainless steel needle that was introduced through a septa-sealed stopcock. The 

final concentrations of the amidites were 0.1 M (deoxy monomers) and 0.15 M ribo 

monomers. The concentrations of the arabino amidites were as follows: 0.11M for araG and 

0.15M for araA, araC & araU; while that of the branch-point ~-Benzoyl-5'-0-

monomethoxytrityl-arabinoadenosine-2',3'-0-bis(2-cyanoethyl)N,N-diisopropyl phosphor­

amidite was at approximately 0.015M. All custom made amidite solutions were filtered 

through a 0.45 J..Lm pore Teflon® filter by use of a 'swinny' filter apparatus (Millipore, 

Mississauga, ON) before placement on the automated synthesizer. The range of couplings 

efficiencies as monitored by the trityl assay was found to be 65- 109%. 

Thio-ANA was synthesized on a 1 ~-tmole scale using Beaucage's reagene0
'
343 

(0.05M in acetonitrile) as the sulfurizing reagent, with a delivery time of 12 sand wait step 

of 120 s. The coupling times were kept the same as for the ANA oligomers, while the 

couplings efficiencies were much lower for the Thio-ANA (55-113%). The thio DNA 

oligomers were obtained from the University of Calgary DNA Synthesis Laboratory 

(Calgary, Alberta). 
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b. Deprotection of Oligomers 

Following chain assembly, the CPG linked oligomer was taken out of the column 

and divided into two portions (0.5 J.lmol each). Each portion was treated with aqueous 

ammonia/ethanol (3: 1 v/v, 1.2 mL) for 2-3 days at rt to cleave the oligomers from the solid 

support as well as to remove the exocyclic amino and cyanoethyl blocking groups. Under 

these conditions; dT 10 was deprotected for 8 h; oligomers containing rGiBu and ddBu units 

for 48 h, and oligomers containing mixed bases but lacking guanine for 24 h. After 

centrifugation, the supematant was collected and the support washed with EtOH. The 

supematant and EtOH washings were evaporated. In the case of RNA oligomers the 

resulting pellet was treated with neat TEA:3HF at rt for 48 h [(triethylamine 

tris(hydrogenfluoride) or TREATHF)]344 to remove the silyl protecting groups.345 The 

amount of TREATHF was 100 J.lL per 1 J.lmol of oligomer. In the case of the oligomers 

containing araG iBu,npe units, the crude oligomer was treated with TBAF (1 M in THF; 

l5J.1L per npe group). Caution: TREATHF does not effect the removal of the npe groups. 

The oligomeric solutions were lyophilized (Savant Industries Speed-Vac~ and purified by 

PAGE as described below. 

6.3 PURIFICATION OF OLIGONUCLEOTIDES 

6.3.1 Polyacrylamide Gel Electrophoresis (PAGE) 

Crude oligomers were purified by vertical slab polyacrylamide gel electrophoresis 

(PAGE) using a Bio-Rad Proteam II or Hoefer Scientific units (San Francisco, CA). 

Electrophoresis grade acrylamide, N,N'-methylene-bis(acrylamide) (BIS), ammonium 

persulphate (APS), N,N,N'N'-tetramethylenediamine (TEMED), bromophenol blue (BPB) 

and xylene cyanol (XC) were from Bio Rad. Other electrophoresis reagents were obtained 

as follows: boric acid, formamide and disodium ethylenediaminetetraacetate dihydrate 

(EDTA, BDH), Trishydroxy-methylaminomethane (Tris), sucrose (Aldrich) and urea 

(Caledon). 

The thickness of the gels were 0.75 mm and 1.5 mm for analytical and preparative 

gels respectively. Most commonly gels were composed of 14-24% (w/v) acrylamide and 
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employed TBE buffer (89 mM Tris/boric acid, 2.5 mM EDTA, pH 8.3)346
• Deionized 

formamide was prepared for use as loading buffer by stirring over a mixed bed ion·exchange 

resin (Bio Rad AG 501·X8), 8:2 formamide/10 x TBE was used as a denaturing loading 

buffer. All oligonucleotides were purified by denaturing PAGE. The amount of material 

was quantitated by UV absorbance at A = 260 nm and then lyophilized to a pellet. About 30 

ODs were typically loaded onto preparative gels in the loading buffer. The desired bands 

were excised and shaken overnight in 5 mL water. Subsequently, the oligomers were water· 

extracted from crushed gel pieces and desalted as discussed below. 

6.3.2 Gel Mobility Shift Assays (Native gels) 

As the name suggests these gel systems contain no detergent or denaturing agent 

and are designed to allow the nucleic acids under study to retain their complex activity. 

It is well know that the helical periodicities for double·stranded RNA (11.3 ± 0.1 bp/turn) 

and for RNA:DNA hybrid in solution (10.9 ± 0.1 bp/turn) can be detected with gel 

mobility shift assays and are reported to be the same as estimated from the crystal. The 

value estimated for RNA:DNA hybrid obtained via this shift assay technique is 

intermediate between dsRNA and the known periodicity of dsDNA and was found to be 

10.6 base pairs/turn. (Chapter 3, Section 3)?47 For the native gels, the solutions of 

oligonucleotides were lyophilized, incubated in 10 J.tL of 30% sucrose in 10 x NAE (100 

mM Sodium Acetate, 1mM EDTA, pH 5.5) at 80°C for 15 min., cooled to room 

temperature, and fmally incubated at 4°C for 1-7 days. The samples were loaded in 30% 

sucrose onto the gel. The running buffer contained lx NAE (pH=5.00). These were run at 

1 OOV for 6·8 h at 4 °C. 

6.3.3 Visualization of Oligonucleotides 

After removal of the PAGE glass plates, the gels were covered with Saran Wrap® 

and photographed over a fluorescent TLC plate illuminated by a hand-held UV lamp using 

Polaroid PolaPan ® ( 4x5" Instant Sheet Film, #52, medium contrast, ISO 400/21 °C; f 4.5, 16 

second) and a Kodak Wratten gelatin filter (#58). 
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Gels were also better visualized by use of All-stain (Bio-Rad)®,348 a solution 

containing 1-ethyl-2-(3-[1-ethylnaphtol(l ,2-d)-thiazolin-2-ylidene ]-2-methylpropenyl) 

naptho(l,2-d)-thiazolium bromide. The filter was removed and the same film (f 11, 0.30s) 

used, by placing the gel on a white background. 

6.3.4 Desalting of Oligonucleotides 

The desired oligonucleotides were separated from low molecular weight impurities 

and salts by size-exclusion chromatography (SEC) using Sephadex G-25 fine (Pharmacia, 

Baie d'Urfe, QC). SEC matrix was generously washed with sterile water to remove fines, 

autoclaved ( 1 h., 120° C, 1.3 atm) using an All American Electric Steam Sterilizer- Model 

No. 25X (Wisconsin Aluminium Co., Inc. Manitowoc, WI) and then allowed to hydrate 

overnight. SEC was run in appropriately-sized, sterile, disposable 10 mL syringe barrels 

(Becton Dickinson & Co., Franklin Lakes, NJ) plugged with silanized glass wool 

(Chromatographic Specialities Inc., Brockville, ON). Doubly deionized distilled, autoclaved 

water was used to hydrate SEC media as well as to pack the column and elute the 

oligonucleotides. The size of the column was determined by the amount of nucleotide 

material loaded. In general the volume of the column was ten times the volume of the 

sample. Fractions (0.5 to 1.5 mL) were collected and the amount of oligonucleotide in each 

was quantitated by UV absorbance spectrophotometry (260 nm). The oligonucleotide 

containing tubes were then pooled to give a stock which was stored at -20° C. SEC media 

was also used for linear and branched oligonucleotides that were ten bases or longer. The 

recovery of material from the column was generally very good (70 - 90 % ). 

The overall resulting yields in Au,o unit is reported in Table 6.1. The crude yield is 

given as total number of optical density units (or "OD units"). An OD unit represents the 

number of absorbance units in 1 mL of water as quantitated at 260 nm. Analysis was 

achieved by PAGE, UV spectroscopy and MALDI. Commercial DNA oligomers were used 

as received. 
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6.3.5 Summary of sequences prepared and purified (Table 6.1) 

Compound Description crude yield Pure yield yield OD 
(OD units f) (OD) (o/o) 

Chapter 3.1 
3.1 D18 DCL - -
3.2 aU2 51 40 78 
3.3 aA3 50 43 87 
3.4 aG4 40 4.3 10.8 
3.5 aA5 76 35 46 
3.6 acl 68 23 34 
3.7 aC(1&8) 109 8.4 7.7 
3.8 aCl6 219 36 17 
3.9 D17R1 DCL - -
3.10 D13R5 DCL - -
3.11 D9R9 DCL - -
3.12 R9D9 DCL - -
3.13 R17Dl 43 3.1 15 
3.14 Rl8 75 52 69 
3.15 A18 42 4.8 12 
3.16 RAN DCL - -
3.17 Thio-ANA 22 1.7 8 
3.18 Thio-DNA RTP - -
Chapter 3.2 

T!O 3.19 aA TIO 57 13 23 
3.20 TIO 93 14 15 rA TlO 

3.21 linear AT10 DCL - -
3.22a 3 'T 10C4 T w3' 106 18 17 
3.22b 5'T wC4 Tw3' DCL - -
Chapter 3.3 
3.23 DD RTP - -
3.24 DR 83 75 90 
3.25 RD 25 15 60 
3.26 RR 38 3.4 9 
3.27 D RTP - -
3.28 D' RTP - -
3.29 R 147 16 10.9 
3.30 R' 27 17 62 
3.31 A 64 35 54 
Chapter 3.4 
3.32 DNA RTP - -
3.33 RNA 167 11 7 
3.34 ANA 40 (112) 17 

Scale of solid-supported synthesis was 1 Jlmol in all cases. 1 The crude yield is total 
number of optical density units. RTP: Oligomers obtained from R.T. Pon, University of 
Calgary; DCL Oligomers obtained from Dalton Chemical Laboratories (Toronto). These 
were used as received. 



6.4 CHARACTERIZATION OF OLIGONUCLEOTIDES 

6.4.1 Bio-Physical Characterization: Hybridization Properties 

a. UV-Thermal Melt Studies 
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The hybridization characteristics of oligonucleotides were investigated by following 

the change in UV • absorbance with temperature, by generating UV denaturing profiles 

("melting curves"). These studies were conducted using a V arian Cary I UV ·VIS 

spectrophotometer equipped with a Pettier temperature controller. Spectra were collected 

while the samples were held in Hellman QS· 1.000· 104 cells. In general, the temperature 

was ramped at 0.5°C intervals at a rate of 0.5°C/min., while the absorbance was recorded at 

260nm. The spectrophotometer was set on dual optical mode to reduce optical drift. The 

absorbance vs. temperature data was converted from a binary file format to an ASCII matrix 

using the reports "table function" (software x·y pairs, format Caryl/3). This form of file 

could be imported into Microsoft Excel and further manipulated for presentations. In order 

to compare relative overall changes in absorbance, normalized M plots were constructed 

according to the method of Zon and Wilson, 227 by use of the formula: (At • A;)/ A1 where A; 

is the initial absorbance, A1 is the final absorbance. This facilitates comparison on a more 

uniform basis, for parallel runs, especially at identical concentrations and in the same 

buffer.94 Hyperchromicity values (H%) are reported as the percent increase in absorbance at 

the wavelength of interest with respect to the final absorbance and the T ms were calculated 

using the base-line method in accordance with that ofPuglisi and Tinoco.94 Tm values were 

determined in duplicate, and have generally an uncertainty of± 0.5°C. 

Molar extinction coefficients for DNA and RNA strands were estimated and 

calculated from those of the mononucleotides and dinucleotides according to nearest­

neighbouring approximations.94 Molar extinction coefficients for ANA were assumed to 

be the same as those of normal RNA strands, and reported in Table 6.2 (in 104 M.1 cm·1 

units). The extinction coefficient of the DR and RD hybrid molecules were assumed to be 

similar to the sum of their D plus R components. Extinction coefficients of ANA-DNA 

chimeric sequences were assumed to be the same as those of normal DNA sequences. 
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Table 6.2: Designation and Molar Extinction Coefficients of Various Sequences 

Compound Designation £ Compound Designation £ 

(104 M-1 

-1 cm 
(104 M-1 

-1 cm 
units) units) 

Chapter 3.1 I; 
JJ. Dl8 17 
;u aU2 17 

Chapter 3.2' 
aATlO J.J.2 18.4 

TlO TlO 
llJl rA TlO 18.4 

~ aA3 17 ~ linear AT10 9.9 
M aG4 17 J..lla 3'T10C4T103' 19.9 
lsS aA5 17 lallb. 5'T10C4T103' 19.9 
JJi aCl 17 
3..1. aC(1&8) 17 Chapter 3.3 'P 

JsB aC16 17 w DD 26.5 
ls2 D17R1 17 3.24 DR 27.1 
ill D13R5 17 us RD 26.7 
JJ.1 D9R9 17.5 laM RR 27.7 
U1 R9D9 17.5 U1 D 9.1 
3.J.J. R17Dl 17.5 UR D' 14 
lJ.4 R18 17.5 3.29 R 9.6 
us A18 17.5 UQ R' 14 
ill RAN 17 U1 A 9.6 
JJ.1 Thio-ANA 17.5 
ill Thio-DNA 17 Chapter 3.4x 

uz DNA 9.1 
~ RNA 9.6 
J.M ANA 9.6 

. (,;, 't . ConcentratiOns were .. 2.7 ~m each strand .1.0-1.6~-tM in each strand; 'P: 1.8 ~for the 
hairpins and 3.5-5.0 ~-tM for the single strands; 1: 5.0 !J.M in each strand; All buffers were 
adjusted with HCl or acetic acid. No correction was made to account for thermal expansion 
of buffer. 

Samples for thermal denaturation analysis were prepared by lyophilizing an 

equimolar mixture of complementary strands to dryness and then re-dissolving in the 

appropriate buffer: (a) 140 mM KCl, 5 mM NaH2P04 & 1 mM MgC12, pH 7.2; (b) 5 mM 

MgC12, 10 mM NaCl, 10 mM Tris-HCl, pH= 7.5; 5mM MnC12, 10 mM NaCl, 10 mM Tris­

HCl, pH= 7.5. Samples were heated to 80-90°C for 15 min., then cooled slowly to room 

temperature, and stored at 4°C overnight before measurements. Prior to the thermal run, 

samples were degassed by placing them in a Savant lyophilizer (2 min.). 
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b. Circular Dichroism Spectroscopy (CD) 

CD spectra were collected on a Jasco J-71 0 spectropolarimeter equipped with a 

constant temperature NESLAB RTE-111 circulating bath. Fused Quartz cells (Hellma 

165-QS) with 1-cm optical path lengths were used. Oligonucleotide solutions for CD 

measurements were prepared with the appropriate buffers in a manner similar to that used 

for UV melting. Before data acquisition, samples were allowed to equilibrate for 5-10 min. 

at the appropriate temperatures. Each spectrum was an average of 5 scans and was 

collected at a rate of 100 nm/min. with a band width of 1 nm and sampling wavelength of 

0.2 nm. The CD spectra were recorded from 350 to 200 nm at 5°C and normalized by 

subtraction of the background scan with buffer. The molar ellipticity was calculated 

from the equation [9] = 9/C/, where 9 is the relative ellipticity (mdeg), C is the molar 

concentration ofoligonucleotides (moles/L), and lis the path length of the cell (cm). To 

determine changes in CD profiles of trip lex as a function of temperature in the absence 

and presence of the third strand, spectra of oligonucleotides were collected from 5° to 

60°C, at 5 or 10 degree increments, with 5 min. equilibration times between 

measurements. The data were processed on a PC computer using Windows ™ based 

software supplied by the manufacturer (JASCO, Inc.). 

c. Stoichiometric Studies 

The proportion in which (complementary) oligonucleotide strands associate can be 

determined by titrating a solution of one strand with an equimolar (ea. 1 f..!M per strand) 

solution of the second strand as described by Job.Z34 Titrations were performed in quartz 

micro cuvettes (Hellma®, Concord, ON, QS-104-283, 10 mm path length). Absorbance 

measurements were collected on the spectrophotometer equipped with a Peltier block. 

Titrations with dA10 (ea. lf..!M) were performed at 10°C, and the initial reading was made 

after at least 20-30 min. to allow for equilibrium. Subsequent readings were made 15 min. 

after each addition of the complementary strand. Three wavelengths were used to monitor 

the complex formation (260, 275 and 284 nm). The hybridization buffers were: (a) 50 mM 

MgC12, 10 mM Tris-HCI, pH 7.3 adjusted with HCl. (b) 140 mM KCl, 1 mM MgC12, 5 mM 

Na2HP04, pH 7.2. 
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d. Calculation of Thermodynamic Data 

Thermodynamic parameters of complexation were extracted from the melt 

curves, via van't Hoff plots assuming a two state (all -or-none) model, i.e., that the 

monophasic helix-coil transition of the lJ.2:dA10 and lsZJ!h:dA10 triplexes corresponds to 

the equilibrium reaction: [branch oligomer: dA 10] <::::> branch oligomer + dA 10• 

Thermodynamic data presented in Figure 3. 7 were calculated from plots of reciprocal 

melting temperature, 1/T m• versus the natural logarithm of total strand concentration, ln 

CT (2-200 J.!M concentration range), according to: 

liT m (Rln CT/Llli0
) + (AS0

- R 1n 4)/ Llli0 (eq. 1) 

The slope of this plot can be used to calculate Llli0 and the intercept permits calculation 

of L\.S 0
• These two thermodynamic parameters can then be used to calculate L\.G0 by 

application of the Gibb's free energy equation, AG0 = Llli0
- TAS0

• R is gas constant and 

CT: the total strand concentration [i.e. concentration oflJ.2 and dA10] present in the UV 

cell cuvette. The enthalpy is related to the slope of the curve (-R/L\.H0
) and the entropy to 

they-intercept (AS0 -Rln4/Llli0
). The free energy of association, or L\G0

, was calculated 

at 25°C. All plots were analyzed by linear regression. 

6.4.2 Matrix-Assisted Laser Desorptionllonization Time of Flight Mass Spectra 

(MALDI-TOF) 

The gel purified oligomers J..l.S, 3.42, ill and~ were analyzed by MALDI-TOF 

mass spectrometry using as matrix: 20 mM ammonium citrate (Fluka) in acetonitrile:water 

(1:1, v/v) buffer containing 6-aza-2-thiothymine (10 mg/mL, Aldrich).349 The positive ion 

MALDI-TOF mass spectra obtained in the reflectron (3.J.2., ~) and linear mode (J..l.S, 

lsll), gave correct molecular mass for the desired oligomers, with excellent signal to noise 

ratio. 

Samples were prepared by dissolving the oligomers in water at a concentration of 

0.8- 1 mM. A 5- J.!L aliquot was pipetted into an eppendorftube, to which was added 5 J.!L 
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of the matrix. The final solution was shaken briefly, and 1-3 JlL was applied to a stainless 

steel sample slide and air-dried prior to analysis. 

6.5 BIOLOGICAL STUDIES 

Biological studies described in this section were performed by Drs. D. Arion and G. 

Borkow of the McGill AIDS Centre. Interpretation of results and design of the experiments 

were carried out by the author (A. Noronha), Dr. M.J. Damha and members of the McGill 

AIDS Centre. 

Recombinant heteropolymeric p51/p66HIV-1 RT was purified from lysates of E.coli 

JM-105, transformed with expression plasmids pRT66 and pRT51 using a rapid single-step 

purification method recently described.301 Polynucleotide kinase T4 was purchased from 

Pharmacia Biotech. The "donor" RNA template used in reverse transcription reactions was 

prepared by in vitro transcription from plasmids pHIV-PBS, using T7 polymerase. Details 

and maps of this plasmid has been described previously.350 Ultrapure dNTPs, T7 RNA 

polymerase and E.coli RNase H were obtained from Pharmacia. [y - 32P]-ATP was 

purchased from Amersham. All 18 mer oligonucleotides (modified and unmodified) (5'­

AGC TCC CAG GCT CAG ATC-3') were synthesized as described in Section 6.2.3, unless 

where indicated. All other materials were of the highest purity grade. 

The 18mer RNA template corresponding to the R-region near the 5'-LTR ofHN-1 

genome (5'-GAU CUG AGC CUG GGA GCU 3') was 32P, 5'-end labelled using T4 

polynucleotide kinase and then purified by 16% polyacrylamide gel electrophoresis (PAGE). 

6.5.1 Inhibition of(-) Strong Stop DNA Synthesis 

The effect of the various oligonucleotides on RT RNA Dependent DNA Polymerase 

(RDDP) activity of HIV -1 RT was examined in fixed-time assays by using the 496 

nucleotide pHIV -PBS donor RNA template primed with a synthetic 18 nt DNA oligomer 

complementary to the HIV-1 primer binding sequence (PBS) in the donor RNA template. 

Template/primer was prepared by mixing pHIV-PBS RNA (250 pmol) with 18 nt PBS 

primer (500 pmol) in a final volume of 100 flL of 50 mM Tris-HCl (pH 7.8, 37°C). 



185 

Mixtures were heated at 85°C for 15 min., cooled to 50°C for 30 min. to allow specific 

annealing of the PBS primer to the template, and then cooled further to 37°C for 30 min. and 

4 oc for 30 min. to allow for restoration of template RNA secondary structure. Reaction 

mixtures for the (-) strong stop DNA synthesis (50 f.!L total volume) contained 50 pmol 

preformed TIP, 250-2500 pmol oligonucleotide, lOOJ!M of each of the four dNTPs and 

tracer [a-32]-dCTP in 50 mM Tris-HCI (pH 7.8, 37°C) containing 10 mM dithiothreitol, 60 

mM KCl and 10 mM MgC12• Reactions were initiated by the addition of25-50 ng p51/p66 

RT, followed by incubation at 37°C. After an appropriate incubation period, two aliquots 

were removed. One aliquot was quenched with 500 f.!L of ice cold 10 % trichloroacetic acid 

containing 20 mM sodium pyrophosphate, kept on ice for 30 min., then filtered on Whatman 

934-AH glass fibre filters and counted in a liquid scintillation spectrometer in order to 

determine total dNMP incorporation. The other aliquot was immediately placed on ice, and 

polymerization products were extracted with phenoVchloroform, followed by precipitation 

with sodium acetate/ethanol, and centrifugation at 12000 g for 30 min. The resulting pellet 

was washed with 70% ethanol then dissolved in 25f.!L loading buffer (22.5 mM Tris-borate, 

pH 8, containing 98% deionized formamide, 10 mM EDTA, 1mg/mL Bromophenol Blue 

and 1mg/mL xylene cyanol) and heated at l00°C for 5 min. Polymerization reaction 

products were resolved on a 10% sequencing gel containing 7M urea in 22.5 mM Tris­

borate, pH 8, 0.5mM EDTA, and visualized by autoradiography (Kodak X-OMAT film). 

Polymerization products were quantified by densiometry and/or by excision of appropriate 

bands from the gel followed by analysis by liquid scintillation spectrometry. The amount of 

each product was normalized based on the number of possible insertion sites for the 

radio labelled substrate [a- 32P]-dCTP in the sequence. Similar results were obtained with 

both methods of quantitation. 

6.5.2. RN ase H Induction and Priming Assays 

A typical RNase H induction assay was carried out at rt, (25°C), 30°C or 37°C in 

lOf.!L aliquots which included 60mM Tris-HCl (pH 7.8, 37°C), 2mM dithiothreitol, 60 mM 

KCl, 7.5 pmols of antisense oligonucleotides, 2.5 pmol of 32P 5' -end labelled template RNA, 

and 2.5 mM Mg2
+ or 0.1 mM Mn2

+ in concentrations specified in the ~. The reaction was 
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started by adding 25 ng (0.2 pmol) of HN~l RT or 3.75 unit of E.co/i RNase H 

(GffiCO/BRL). The reaction was quenched after 2 h. (overnight incubation) by adding 2x 

loading buffer (TBE buffer containing 98% deionized formamide, lOmM EDTA, 1 mg/mL 

bromophenol blue and 1 mg/mL xylene cyanol) and heated at 1 00°C for 5 min. In order to 

be denatured, the samples containing 3 '~ 5' RNA anti sense were boiled for 20 min. due to the 

very high affinity of the RNA template and the ONT. The reaction products were resolved 

on a 16% sequencing gel containing 7 M urea in TBE buffer and visualized by 

autoradiography (Kodak X-OMAT film). Polymerization products were quantified by 

densiometry and /or cutting the desired band from the gel and measuring the radioactivity 

using a scintillation counter. 

The priming assay employed identical conditions with the exception that only Mg2
+ 

was used, and the Mg2
+ concentration was 10 mM instead of 2.5 mM. The concentration of 

the RT varied between 5~10 nM. 

6.6. MONOMER PREPARATION 

6. 7.1 The 2' -0-acetyl-5 '-0-monomethoxytrityl-3 '-0-N,N-diisopropyl-~-cyanoethyl 

phosphoramidites of ~ -Benzoyl~5 '-0-arabinocytosine, N6 -Benzoyl- arabinoadenosine, 

and arabinouridine were prepared according to published procedures. 109
•
169 

6. 7.2 N6 -Benzoyl-5 '-0-monomethoxytritylarabinoadenosine-2 ',3 '-bis-0-(N,N-diiso 

propyl-~-cyanoethylphosphoramidite) was synthesized according to procedures of 

Damha and Ogilvie.175 

6. 7.3 N2 -Isobutyryl-06 -[2-( 4-nitro-phenyl)ethyl]-9-[2 '-0-acetyl-3 '-0-(N,N-diisopropyl­

~-cyanoethylphosphoramidite )-5 '-0-monomethoxytrityl-~-D-arabinofuranosyl] guanine 

(~). 

a. 9-[3' ,5'-0-(1,1 ',3,3'-Tetraisopropyldisiloxane-1,3-diyl)-~-D­

ribofuranosyl]guanine (l.J.). 157 

Anhydrous guanosine (2.04g, 2.83 mmol) was eo-evaporated in absolute pyridine 

(3 times) and then further dissolved in a solution of 30 mL pyridine and 6 mL dry DMF. 
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To the stirred mixture was added 1,3-dichloro-1, 1' ,3,3 '-tetraisopropyldisiloxane (2.6mL, 

2.83 mmol), via a syringe and the mixture stirred overnight at rt. The reaction was 

complete within 20 h. and was thus stopped by the addition of water (35 mL). The white 

precipitate was suction filtered, washed with water and recrystallized from methanol (20 

mL) to which 20 mL of diethyl ether was added to allow maximum formation of a white 

precipitate. This was filtered and dried to yield 2.29 g (84%). TLC: EtOAc/Tol/MeOH 

(4.5:4.5:1) R1 0.25. FAB MS (Nitrobenzyl alcohol (NBA)) calc. M:525, found: MH+ 

526. 
1H-NMR: (DMSO-D6): 10.6 (s, NH amide); 7.73 (s, IH, H-C(8)); 6.5 (s, NH2); 

5.65 (d, HI', J 1.,2• =1.5 Hz); 4.35 (t, H2'); 4.25 (m, H3'); 4.1 (d, H4'); 3.97 (dd, H5' and 

H5"); 1.00 (m, Si-CH(CH3)z and CH3). 

b. 0 6 -[2-( 4-Nitrophenyl)ethyl]-9-[3' ,5' -0-(1,1 ',3,3' -tetraisopropyldisiloxane-1,3-

diyl)-~-D-ribofuranosyl]guanine (U).173 

To a solution of triphenyl phosphine (0.6 g, 2.8 mmol) and 2-(4-nitrophenyl)­

ethanol (507 mg, 3.0 mmol), in dry THF (38.0 mL) was added first diethylazo 

dicarboxylate (0.33 mL 2.8 mmol) via a syringe and finally the nucleoside M (1.0 g 1.9 

mmol). The reaction was stopped after 2 h. by evaporating to dryness (2.8g). The orange 

gummy resin obtained, was dissolved in CHC13, worked up with NaHC03, brine and 

MgS04• A column attempted in toluene/EtOAc (2:1) did not separate the components. 

Treatment with diethyl ether resulted in a white spongy solid (mp of 113-l20°C, actual 

150°C), believed to be Ph3PO. A second column on the resulting mixture using a 

gradient 3:1 to 1:1 toluene/EtOAc yielded a yellow foam of 0.9g. (73%). 

TLC:(toluene/EtOAc) 1:1, R1 0.19. (CH2ClziMeOH) 9:1, R1 :0.48. FAB MS (NBA) calc. 

M:674, found: MH+ 675. 
1H-NMR: (DMSO-D6):8.16, (d, 2H o to N02); 7.89, (s, H-(C-8)); 7.61 (d, 2H m 

to N02); 6.46 (s, NH2); 5.74 (d, HI', Jl' z· =1.5 Hz); 5.61 (d, OH-C2'); 4.65 (t, . 
OCH2CH2); 4.36 (m, H2' and H3') 4.04 (m, H4' ,H5', H5"); 3.22 (t, OCH2CH2); 1.12-

0.98 (m, Si-CH(CH3) 2 and CH3); 



c. 0 6 -[2-( 4-Nitrophenyl)ethyl]-9-{3' ,5' -0-(1,1 ',3,3 '-tetraisopropyldisiloxane-1,3-

diyl)-2'-0-[(triftuoromethyl)sulfonyl)-~-D-ribofuranosyl}guanine(U). 
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A solution of U (0.52g 0.77 mmol), 4-(dimethylamino)pyridine {0.37g, 3.08 

mmol), and absolute pyridine {0.6 mL, 6.93 mmol) in absolute CH2Cl2 {10.0 mL) was 

stirred in an ice-bath for 1 h. After addition of trifluoromethanesulfonic anhydride 

(0.194mL, 1.15 mmol) over 5 min. at 0°C, the mixture was stirred for another 3h at rt 

The reaction was stopped by dilution with CH2Cl2 {10 mL), followed by successive 

washing with H20 (10.0 mL), 0.4M HCl {2 xl2.5 mL), sat. NaHC03 {2 x 20mL), NaCl 

(2 x 20 mL), and finally dried over MgS04. Flash column chromatography {FC) 

(toluene/EtOAc 6:1) yielded 0.16 g ofU as an off-white foam and 0.3g a second yellow 

crop (82%). TLC (toluene!EtOAc 4:1) Rf 0.3. Purification by FC was found to be 

unnecessary as it reduced yields. FAB MS {NBA) calc. M:806, found: MH+ 807. 
1H-NMR: (CDC13):8.17 {d, 2H, o to N02); 8.09(s, H-C(8)); 7.53 {d, 2H m to 

N02); 6.10 {s, HI', J 1•2• = 0 Hz ); 5.56 {d, H2'); 4.93 (m, H3'); 4.80 {t, OCH2CH2); 4.16 

(m, H4'); 4.26 and 4.0 {H5', H5"); 3.31 (t, OCH2CH2); 1.02 (m, Si-CH(CH3) 2 and CH3 

from 4 i-Pr). 

d. 0 6 -[2-( 4-Nitrophenyl)ethyl]-9-{2'-0-acetyl-3' ,5'-0-(1,1 ',3,3'-tetraisopropyl 

disiloxane-1,3-diyl)-~-D-arabinofuranosyl}guanine (M) 167 

To a solution of U (100 mg, 0.12 mmol) in DMF {1.2 mL) and 

hexamethylphosphoramide (HMPA, 0.5 mL) was added LiOAc (50 mg, 0.72 mmol) and 

the mixture stirred overnight at rt. Under stirring, the mixture was dropped into ice-water 

(10.0 mL) and the resulting precipitate filtered (suction), washed with H20, and dried 

{high vacuum), resulting in a yellow powder (58 mg, 65%). TLC (tol/EtOAc 1:1) Rf 0.5. 

Attempts on larger scales produced compound M an orange gum. This was 

dissolved in EtOAc and dried over MgS04 resulting in a sticky orange foam. FAB MS 

(NBA) calc. M:716, found: MH+ 717 and 1157, 2(NBA + Na\ 
1H-NMR: (CDC13):8.16 (d, 2H, o to N02); 7.87 (s, H-C(S)); 7.48 (d, 2H, m to 

N02); 6.32 (d, Hl ', J 1•2 .= 6.0 Hz); 5.52 {d, H2'); 4.70 (m, H3', OCH2CH2); 4.08 and 4.8 

(m, H5', H5"); 3.87 (m, H4'); 3.27 (t, OCH2CH2); 1.95 (s, CH3 from acetyl ); 1.02 {m, 

Si-CH(CH3)z and CH3 4 i-Pr). 



e. N2 -Isobutyryl-06 -[2-( 4-nitrophenyl)ethyl)-9-[2' -0-acetyl-3' ,5' -0-(1,1,3,3-tetra 

isopropyldisiloxane-1,3-diyi)-P-D-arabinofuranosyl)guanine(~ 
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To a solution of M (170 mg, 0.23 mmol) in absolute pyridine (5 mL) was added 

4-DMAP (5 mg) followed by isobutyryl chloride (25 J.tL, 0.25 mmol) at rt After stirring 

for 30 min. the reaction mixture was evaporated to dryness. The resulting orange foam 

was dissolve in EtOAc, washed with sat. NaHC03 (2x), brine (2x) and finally dried with 

anhydrous MgS04• The organic layer on coevaporation with toluene, CH2Cl2, and Et20 

yielded 160 mg. ofl.t.S. as a light orange foam 160 mg. (90%). TLC (DCM:EtOAc 1:1) 

R1 0.75. FAB MS (NBA) calc. M: 787, found MH+787. 
1H-NMR: (CDCl3): 8.14 (d, 2H, o to N02); 8.03 (s, NH); 7.78(s, H-C(8)); 7.49 (d, 

2H, m to N02); 6.64 (d, J= 6.5 Hz, HI'); 5.52 (d, H2'); 4.8 (m, H3'); 4.68 (t, OCH2CH2); 

4.08, (m, 2H-C(5')); 3.87 (d, H4'); 3.09 (t, OCH2CH2); 1.69 (s, CH3 from acetyl); 1.20 

(d, CH (CH3) 2); 1.02 (m, Si-CH(CH3) 2 and CH3 from 4 i-Pr). 

f. N2
- lsobutyryl-06 -[2-( 4-nitrophenyl)ethyl)-9-[2 '-0-acetyl-P-D-arabinofuranosyl] 

guanine (.2....6). 

To a solution of the nucleoside U (2.63g, 1.52 mmol) in anhydrous THF (35.0 

mL), was added glacial acetic acid (0.68 mL 11.4 mmol) followed by 1.0 M TBAF in 

THF (2.6 mL, 9.1 mmol). The mixture was stirred at rt for 24 h. EtOAc (120 mL) was 

added to the mixture and the organic layer washed 2x with sat. NaHC03, followed by 

brine, and dried over MgS04• On evaporation of the solvent, a light yellow foam was 

obtained (80%). Purification via FC (CH2ClzfMeOH 0-5%) yielded a white foam but 

yields were poor (ea. 12%) probably due to decomposition on the silica gel column. 

TLC (CHC13:MeOH 19:1), Rf 0.1. Thus upon scaling up of this product FC purification 

was avoided. MS: (FAB-NBA)) calc. M:544, found: MH+ 545. 
1 H-NMR: (CDC13): 8.15 (d, 2H, o to N02): 8.07 (s, N-H); 7.9 (s, H-C(8)); 7.5 (d, 

2H, m to N02); 6.5 (s, J =6.5 Hz, HI'); 5.36 (d, H2'); 4.77 (m, H3', OCH2CH2); 4.0 (m, 

H4'); 3.9 (H5' and HS"), 3.3 (t, OCH2CH2, J = 1OHz); 1.73 (s, CH3 from acetyl); 1.2 (m, 

Si-CH(CH3) 2 and CH3 from 4 i-Pr). 



g. N2 -Isobutyryl-06 -[2-( 4-nitrophenyl)ethyJ]-9-[2' -0-acetyl-5' -0-monomethoxy 

trityl-~-D-arabinofuranosyl] guanine(l...Z) 1 09
• 
176 
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Nucleoside M (2.2 g, 4.6 mmol) was coevaporated with pyridine (50 mL x 3) 

and dissolved in 30 mL pyridine. A solution of MMTrCI (2.12g, 6.9 mmol) in pyridine 

(10 mL) was added and the mixture allowed to stir at rt overnight. An additional 0.25 

equivalent of MMTrCl was added (0.5 g) and the reaction was allowed to proceed for 

another 16 h. The reaction was stopped by addition of EtOAc (50 mL). The reaction 

mixture was evaporated to remove as much of the pyridine and then worked up with sat. 

NaHC03, brine and finally dried over MgS04• FC purification 0-5% MeOH/ CH2Cl2• 

Yield (2.59 g, 69%) of a light yellow foam. TLC: Rf 0.52 (1:10 MeOH/CH2C12). FAB 

MS (NBA)) calc. M:817, found: MH+ 817. 
1H-NMR: (CDC13): 8.17 (d, 2H o to N02); 7.95 (s, N-H); 7.86 (s, H-C(8)); 7.51 

(d, 2H m to N02); 6.81 -7.46 aromatic; 6.66 (s, J1•2• = 4.5 Hz, H1 '); 5.29 (d, H2'); 4.79 (t, 

OCH2CH2); 4.59 (m, H3'); 4.08, (m, H5'); 4.17(d, H4'); 3.78 (s, OMe, trityl); 3.47 (m, 

H5"); 3.32 (m, OCH2CH2); 1.78, (Me from acetyl); 1.23 (m, Si-CH(CH3) 2 and 1.02 (m, 

4 i-Pr). 

h. N2 -Isobutyryl-06 -[2-( 4-nitro-phenyl)ethyl]-9-[2 '-0-Acetyl-3 '-0-(N,N­

diisopropyl-~-cyanoethylphosphoramidite)-5'-0-monomethoxytrityl-~D­

arabinofuranosyl] guanine (U). 

To a solution of nucleoside l..1 (0.12g. 0.15 mmol) in dry THF (2 mL) was added 

N,N-diisopropylethylamine (356 1-1L, 2.0 mmol) followed by N,N-diisopropyl-13-

cyanoethylphosphoramidic chloride (35J.LL, 1.05 eq.). The reaction turned cloudy after 

15 min., and was complete in 1 hr. as shown by TLC: EtOAc/TEA (99:0.05) R1 0.84 and 

0.76. Pre-washed EtOAc ( 20 mL, 5% in NaHC03) was added to stop the reaction, which 

was worked up as in the previous step. The crude gum (148mg) was purified by column 

chromatography (Hexanes/ CH2Clz/TEA 50:45:5) to yield 96 mg of a white foam (64%); 

FAB MS (NBA) calc. M:l017, found: MH+ 1017. 31P-NMR: (acetone-06):150.91, 

150.69. 
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