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Abstraet

The first examplc of a stablc triplc-stranded helix consisting of exclusively ToAT

(rcvcr5c-1-I00gstecnoWatson/Crick) base triplets is reported. This approach to induce and

stabilize the anti-parallel triplex involves thc use of a branched oligonucleotide with two

parallel dT 10 strands joined to riboadenosine via 2'-5' and 3'-5' phosphodiestcr linkages,

i.e., rAI2·'S·.dTIOI(J'.S'-dTlOI (U). Triple helix formation by branched oligonucleotide U and

dA IO was investigateù by thermal denaturation analysis, circular dichroism spectroscopy,

PAGE retardation assays and fluorescent studies. A linear oligonucleotide with a loop

made of four dC residues between two dT IO strands, and with a 5'-5'-phosphodiester

linkage at one of the CIT IO junctions, i.e., 3'-dT IOC4-5'-5'-dTIQ"3' did Ilot fom: a similar

triple helical structure. This result shows that the conformational rigidity imparted to the

pyrimidine strands, by the branch point in U, serves to pre-organize and stabilize the

complex.

A fibre optic sensor was designed and constructed for the fluorimetric detection of TAT

triple-helical DNA hybridization. Fluorescent studies were then conducted and showed

unequivocal hybridization of support hound oligomer with complementary

oligonucleotides from the solution phase. as inferred by ethidium bromide staining.

A thymidine nucleoside containing a flexible linker at the NJ position served as a

replacement for nucleotide loops in triplex forming DNA. Moreover, a new solid-phase

methodology for constructing "V" branched nucleic acids having a flexible linker was

developed. This branched oligonucleotide contains two binding domains, one involving

Watson-Crick base pairing, and the other involving triplex formation via Hoogsteen base

pairing.

TIle synthesis of a 2',5'-linked antisense oligoribonucleotide (RNA) containing the four

natural bases (Ad, Gu, Cy, Ur) and that is complementary to HIV-l genomic RNA is

reported for the tirst time. This oligomer exhibited remarkable hybridization properties,
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binding more strongly to 3',5'-linked RNA than single stranded 3',5'-linked DNA. This

oligomer was capable of inhibiting reverse transcription in vitro and HIV-l replication in

cel1 cultures. N6-Benzoyl-5'-O-dimethoxyltrityl-3'-O-methyl-2'-O-N,N'.diisopropyl(~­

cyanoethyl)adenosine phosphoramidite was prepared via methylation of the 2'-O-sîlylaled

monomer and subsequently incorporation into an oligudeoxynucleotide to afford the first

oligomer containing a 3'-O-methyl nucleoside. Finally, a 2' ,5'-linked oligoribonucleotide

built from unnatural L-adenosine was synthesized and was found to hybridize belter to poly

(rU) and (dT) than either of the corresponding 2',5' and 3',5'-linked oligomers built from

D-adenosine.
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Resume

Le premier exemple cl'unc triple hélice stable constituée à partir des triplets ToAT

(pairage HoogsteenoWatson/Crick) est présenté. L'approche utilisée afin d'induire et de

stabiliser la triple hélice anti-parallèlle implique l'utilisation d'un oligonucléotide branché

avec deux brins parallèlles dT10 qui sont joints à la riboadénosine via une liaison

h h d· 2' S' 3' 5" AI2',S'-dTIOJ ("' ') L ~ . dl' 1p osp 0 lester - ct - ,I.e., r 13·.S·.<JTIOJ ........ a .ormallon e a tnp e

hélice par l'oligonucléotide branché U et dA IO a été étudiée par dissociation thermique,

spectroscopie dichroisme circulaire, électrophorèse et étude de fluorescence. Un

oligonucléotide linéaire avec une portion raile de quatre résidus dC entre deux brins dT IO

ct avec une liaison phosphodiester S'-S'à une liaison CIT, Le., 3'-dT IOC4-S'-5' -dT10"3',

n'a pas formé une triple hélice similaire. Ce résultat indique que la rigidit6

conformationnclle inférée par le point de branchement de U sur les brins pyrimidines

permet une pré-organisation et stabilise le complexe.

Un senseur basé sur une fibre <,ptique a été construit afin de détecter par fluorométrie la

formation d'une triple hélice d'ADN. Des études de fluorescence ont ensuite été réalisées

et ont montrées de façon non équivoque par un marquage au bromhydrate d'éthidium

l'hybridation de l'oligomère lié au support avec un oligonuclétide complémentaire en

solution.

Un nucléoside thymidine renfermant une lien flexible à la position N3 a servi pour former

une triple hélice. De plus, une nouvelle méthodologie pour la synthèse en phase solide

d'acide nucléique branché UV" incorporant une liaison flexible a été dévelloppé. Cet

oligonucléotide branché contient deux domaines, un premier pouvant former un pairage

de type Watson-Crick et un autre impliquant la formation de la triple hélice via un

pairage Hoogsteen.
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• La synthèse d'oligonucléotides antisens liés de façon 2'-5' et contenant les quatres bases

naturelles (Ad, Gu, Cy,Ur) a été réalisée pour la première fois. L'oligomère synthétisé

présentedes propriétés remarkable car il se lic plus fortement à un ARN 3'-5' qu'à un

ADN 3'-5'. L'oligomère complémentaire à l'ARN génomique du virus VIH-l a démontré

la possibilité d'inhiber l'enzyme "transcriptase inverse" in vitro et la réplication du VIH-l

dans des cultures de cellules. Le phosphoramidite N6-benzoyl-5'-0-diméthoxylrilyl-3'-0­

méthyl-2'-0-(N,N'-diisopropyl(B-cyanoéthyl))adénosine a été préparé via la mélhylation

du monomère sylilé en 2' et son insertion subséquente dans un oligonuclétide a donné le

premier oligomère contenant un nucléoside méthylé au 3'-0. Finalement, un

oligoribonucléotide construit à partir du nucléotide non naturel L-adénosine a été

synthétisé. Il a été démontré que cet oligomère s'appariait, comparativement aux

• oligomères correspondants 3'-5' et 2'-5' synthétisés à partir de la D-adénosine, plus

fortement avec poly(rU) el poly(dT).

•
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• Chapter 1 Introduction•

1.1 Importance of Nucleic Acids.

"Nolhing ofwhal is nobly done cun el'er be 10SI", only after dwelling upon this Charles

Dickens' quotation can one truly appreciate how remarkable it was when Watson and

Crick elucidated the double helical structure of DNA.1 This incredible discovery made

more than forly years ago led to the central dogma of molecular biology, whereby genetic

information flews from DNA to RNA to proteins.2 With ensuing lindings conccrning the

nature and capabilities of nucleic acids, the amount of research directed at understanding

and manipulating them has grown exponentially. Most of the progress made in the lield

of nucleic acids should be directly attributed to the advances made in chemical synthesis

ofboth RNA and DNA.

1.2 Structural Aspects of DNA and RNA.

• Before discussion ofDNA and RNA synthesis, it is vitalto examine the structure ofDNA

and RNA. DNA and RNA are polymers made up with a large number of

deoxyribonucleotides or ribonucleotides units, respectively, each composed of a pentose

sugar, a nitrogen heterocyclic base and a phosphate moiety (Figure 1.1). The bases found

typically in nature are bicyclic purines (adenine U or guanine .id) or monocyclic

pyrimidines (uracil.L.5, cytosine 1..6, and thymidine 1.1). The live purine and pyrimidine

bases found in nucleic acids are shown in Figure 1.1. Nucleosides consist of a purine or

pyrimidine base bound to the C-l' position of the sugar ring by a ~-N-glycosidic linkage.

The purines are linked by the N-9 position to form adenosine and guanosine, and the

pyrimidines are linked by the N-l position to form cytidine, thymidine and uridine.

Molecules of DNA consist of two polynucleotide strands held together by Watson-Crick

hydrogen bonds between adenine and thymine, as weil as between cytosine and guanine.

These strands typically form right-handed double-helices, oriented with an antiparallel

directionality.
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Figure 1.1. The primary structure ofDNA. RNA and their heterocyclic bases.
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• It is the dynamic equilibrium that exists between the two confonnations of the furanose

sugar which ultimately dictates which confonnation the oligonucleotide will adopt. As

iIIustrated in Figure 1.2, the furanose rings are puckered in order to minimize non·

bonding interactions between their substituents. The pentose ring preferentially adopts

two envelope confonnations a C2' endo fE. or S pucker) and C3'-endo eE, N pucker).

This twisting out of the plane for the 2' and 3' carbons is relative to the plane of the CI '.

a4'-C4'. For example, an S puckering occurs when the C2' carbon puckers on the same

side as the ring as the CS' and the base. In solution. A-DNA's sugar equilibrium lies

toward C-3' endo confonnation, whereas B-DNA has primarily C2'-endo sugars. It

should be noted that double stranded RNA and RNA-DNA hybrids generally adopt an A·

confonnation (C3' endo) as a result of the 2'·hydroxyl being sterically unable to fit into

the B-conformation. ln addition to differences in sugar confonnation, there arc

•

•

differences in the types of helices they adopt. For example, A-DNA and B·DNA have II

and 10.4 base pairs per tum of the helix, respectively, as a result of the A helix being

more compressed from dehydration. AIso, A-DNA and H-DNA have a 190 and 10 tilt of

base pairs from the normal to helix axis, respectively. However, these confonnational

properties between RNA and DNA are not their only differences.

H2' H3'
S'C "N/

3'H .
~H2'

4'H/ HI'
a a
1 1

C2' endo (S) C3' endo (N)

Figure 1.2. The C2' and C3'·endo confonnations of the furanose ring in dynamic

equilibrium.
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DNA is essentially the "storage house" for genetic information, whereas RNA translates

this coded information to the production of proteins. There are three main differences

between RNA and DNA, that being: (i) the sugar units in DNA and RNA are 2'-deoxy-D­

ribose and D-ribose, respective!y, (ii) DNA has thymine as a base whereas RNA has

uracil, and (iii) DNA is typically double stranded and RNA is primarily found as a single

stranded species.

Another feature of double helical nucleic acids is the presence of a major and a minor

groove. Both grooves, are lined by potential hydrogen-bond acceptor and donûr atoms

from the bases (Figure 1.3). The major groove of A-DNA is both narrow and very deep,

relative, to B-DNA's groove which is wide and quite deep. The minor groove of A-DNA

is very broad and shallow compared to B-DNA's groove which is narrow and quite deep.

Il is the major groove which permits a third strand of DNA or RNA to hydrogen bond to

form a triple-helical complex.

major groovc

AT GC minor groove

•

Figure 1,3. Recognition of Double Stranded DNA. This illustration depicts the potential

hydrogcn bond acceptor and donor atoms of the major and minor grooves ofDNA.
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1.3 Triple-helieal Nueleic Acids.

Triple-stranded heli;al nucleic acids were first recognized nearly 40 years ago. shortly

after the elucidation of the structure of c!ouble-stranded DNAJ
• Even so. triplexes

remained a structural curiosity until recently. w~.en it was shown that small synthetic

oligonucleotides were able to bind to duplex DNA in a sequence-specifie manner.4 The

discovery of triplex-containing structures that may exist in vivo and may play a role in

med;'lting cellular events has further stimulated interest in triple-helical DNA.5 With the

advent of NMR spectroscopie techniques as weil as in-depth thermodynamic and

molecular dynamic studies. a much beUer understanding of the structure and properties of

these moleeules is being realized.6 Undoubtedly, a major factor contributing to these

developments is the facility with which synthetic oligonucleotides and their analogs are

available today.7 Oligonucleotide-directed triple helix formation offers the possibility of

developing therapeutic agents capable of site-specifie inhibition of transcription in vivo.

and remains an active area of research ("antigene" strategy).8 Another area that has

received significant experimental attention is the sequence-specifie recognition of single

stranded DNA9 and RNA10 by triple-helix formation. This more recent and genera!

strategy offers the opportunity to design new diagnostic probes. bioehemical tools and

potential therapeutic agents that target (viral) messenger RNA ("antisense" strategy).

Severa! DNA triple helices have been characterized. which fall into two distinct classes

depending on the mode of binding of the third strand to duplex DNA. lI One of the most

studied triplexes are those consisting orr·AT and C+·OC triplets. 4.. 12 in which the third

(T or C+) strand is oriented parallel to the purine strand of the Watson-Crick duplex. In

this case, the third strand lies within the DNA major groove and is held in place by

Hoogsteen hydrogen bondslJ to the purine strand. ln the alternative motif, the third

(purine-rich) strand binds anti-parallel to the purine strand of the duplex through a

reverse-Hoogsteen base-pairing scheme. 14 The oost characterized triplets within this

"anti-parallel" motif are ToAT, OoOC, and AoAT (Figure 1.4).
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Figure 1.4. The three types of base triplets found in the antiparallel motif (A·AT,
O·OC, and T·An. Configurations for the parallel and antiparallel T-A-T triplex motifs
are also shown. The (+) and (-) signs within the bases represent strand polarity. The
T·AT triplet on the bottom right represents the more common motif wherein the third
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•

•

Thymidine residues in the third strand (T) can be accommodated in both contexts, either

in the "parallel" (T·AT, Hoogsteen) and "anti-parallel" (T·AT, reverse Hoogsteen)

motifs (Figure 1.4).
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The Damha group has been involved in investigation of the TAT antiparallel and parallel

triplexes. Ab initia calculations predict that the energies of T*AT (parallel) and ToAT

(anti-parallel) base triplets differ by only 0.1 kcal/mol, in favor of the latter. is However,

in oligonucleotides, additional stereochemical constraints and hydrophobic interactions

favor the T*AT (para1lel) bonding scheme.6b
•
16 For example, dTIQ binds to duplex

dTll/dAIQ in the parallel (T"'AT) scheme rather than the anti-parallel (ToAT)

orientation. 17 Furthermore, work originating from the laboratory of Fox and co-workersls

and othersl9 have elegantly demonstrated that antiparallel oriented ToAT triplets can fonn

only when a few of such triplets are interdispersed between OoOC triplets. A stretch of

contiguous antipara1lel ToAT triplets has been detected recently, however, its formation

necessitated adjacent OoOC stretches, Magnesium ions, and further stabilization by an

acridine ligand. isb The location of the acridine intercalator was also critical, exerting its

stabilizing effect only when positioned immediately adjacent to the OoOC stretch. In the

absence of either the OoOC stretch, Magnesium ions, or the acridine ligand, the

complexes were not detected. This was explained by the suggestion that the acridine or

the stretch of OoOC triplets alone does not provide a nucleation center strong enough to

generate a stable ToAT stretch. The requirement of high OoOC contentl9
• and divalent

cations20 for the stabilization of anti-parallel (OoOC and ToAT) helices has also been

recognized by others. In chapter 2, branched nucleic acids are discussed in terms of their

ability to stabilize antiparallel ToAT triplexes.

1.4 Progress made in synthesis ofDNAlRNA.

Without the advances made in the synthesis of oligonucleotides, structural and biological

studies of nucleic acids would never have met with so much success. One of the major

hurdles in the development of chemicai synthesis of nucleic acid synthesis was the

creation of compatible protecting groups for the hydroxyl groups of the ribose and

deoxyribose sugar units, the exocyclic amine functionalities on the bases, and the

cyanoethyl group21 for phosphates. The bases of nucleosides have amino groups that are

• susceptible to coupling reagents, and must be derlvatized to avoid possible side reactions.
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The acyl protecting groups for the exocyclic amines: benzoyl22 (Bz) for adenine and

cytosine and the isobutyryl (iBu) for guanine, were chosen since they remain stable under

mildly basic or acidic conditions but could be removed in one step upon treatment of

concentrated ammonia. Moreover, these protecting groups increase the solubility of

nucleosides in organic solvents, thereby facilitating their purification during

chromatography.

ln order to ensure the formation of a 3',S'nucleotide linkage rather than 5',5' or 3',3'

linkages during the condensation of two nucleosides, the S'-hydroxyl must be selectively

protected. The S' hydroxyl protecting agent typical1y used is the dimethoxytrltyl and

monomethoxytrityl group, both introduced to nucleic aeid synthesis by Khorana and

coworkers.23 ln addition to conferring greater solubility in organic solvents, these

protecting groups are acid labile and their removal can be easily monitored by

spectrophotometric methods. RNA synthesis is further complicated by the presence ofan

extra 2'-hydroxyl, which must also be protected in order to avoid the undesired 2',5'­

linkages. For the 2' and 3'-hydroxyl moieties, the preferred protecting group is the 1­

butyldimethylsilyl (IBDMS) protecting group, popularized by Corey,24 but developed for

RNA synthesis (Figure 1.5) by Ogilvie and coworkers.25 The tBMDS group is not

cleaved under the aeidic conditions required for the removal of S'-trityl groups and is

stable to the steps of automated oligonucleotide synthesis. Furtherrnore, the 1­

butyldimethylsilyl group can be easily removed upon treatment with triethylamine

tris(hydrogen fluoride) or tetra-n-butylammonium fluoride.

DMTO DMTO

tBDMS-CI
•

AgN03rrHFfPy HO O~+
50-70%

+

DMTO

+~iO
20-30%

• Figure 1.5. Selective 2'silylation ofribonucleosides.
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In 1975, Lestinger and coworkers made a tremendous contribution to the chemical

synthesis of oligonucleotides through the development of the "phosphite-triester"

methodology.70 Based upon Letsinger's original work, Carothers and Beaucage

introduced deoxyribonucleoside phosphoramidites for synthesizing 0ligonucleotides.26

As iIIustrated in Figure 1.6, the phosphoramidite approach entailed using a nucleoside 3'­

O-N,N-dialkylphosphoramidite in the presence of a weak acid such as tetrazole (pKa 4.9)

to couple a protected nucleoside quickly and efficiently. The impact of this method is

that these phosphoramidites can be stored for extended periods of time as stable powders,

could be isolated easily, and are insensitive to water.

Automated chemical synthesis of nucleic acids was made possible by solid phase

methodologies, essentially developed by Letsinger.27 As iIIustrated in Figure 1.7, the

essence of solid-phase synthesis is the coupling reaction between a nucleotide

phosphoramidite and a derivr.tized nucleoside anchored to a solid support. By using an

excess of the nucleoside phosphoramidite derivative, the reaction can be forced to

produce high coupling yields. Moreover, the reagents used during each step of the

synthesis cycle can easily be washed off from the support-bound oligomer, by avoiding

the labour intensive problems of coupling and purification characteristic of solution

synthesis. There are essentially four steps in the solid-phase synthesis of oligonucleotides

which can be automated: (i) derivatization or attachment of a nucleoside to the support,

(ii) assembly of the oligomer in the 3' to S'-direction (employing conventional 3'

phosphoramidites), (Hi) deprotection of the protecting groups and concomitant removal of

the oligomer from the support and (iv) purification of the oligonucleotide. 1bis highly

efficient chemistry, combined with the development of DNA synthesizers ("gene

machines") by Ogilvie and co-workers7C to assemble genes, has made a major impact on

the scientific community. Today, the manufacturing of synthetic oligonucleotides has

decreased dramaticaily from millions of dollars per gram in the late 1970's, to ca. $5,000

per gram in 1990, to Hybridon's cost of $300 per gram in 1996.28 Without all of the
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progress made in the chemical synthesis of oligonucleotides, it would have never been

possible to have nucleic acid therapeutics undergoing clinical trials.
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Figure 1.7. Schematic of automated solid-phase synthesis cycle using nucleoside
phosphoramidites. (A) Cycle entry with a solid support derivatized nucleoside. (i)
Detritylation: trichloroacetic acid in dichloroethane (ii) Coupling: nucleoside-3'­
phosphoramidite and tetrazole. (Hi) Capping: acetic anhydride, N-methylimidazole and
collidine in THF. (iv) Oxidation: iodine, pyridine, and water in THF. (B) Cycle exit:
Deprotection: the support bound oligomer is deprotected and cleaved from the support in
one step employing concentrated ammonia in ethanol.
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1.5 Nucleic Acid Based Therapeutics.

As the famous science fiction author Arthur C. Clarke wrote, "any slifficiently advanced

techn%gy is greater than magic." When antibiotics were originally discovered they

were tenned "magic bullets" for their ability to kill bacteria. Today. with the recent sorge

in biotechnology, the question remains of what will be the next "magic bulle!."

Conventional drugs typically affect cellular functions by intemcting with proteins.

Nucleic acids are increasingly being considered as therapeutics, either by interfering with

the fonction of RNA or DNA, or by binding to specific proteins. That is, there has been

considerable progress made in recent years in the development of nucleic acid-based

drugs (oligonucleotides) such as antisense: compounds which bind to RNA; triplex

fonning (antigene) compounds: which bind to double stranded DNA; aptmers29
:

compounds which bind specific proteins; and ribozymes30 (catalytic RNA): which bind to

and cleave RNA targets. There has also been a growing interest in other fields using

nucleic acids: gene therapy,31 the human genome project,32 and genetic manipulation of

food. However, due to the large scope of this growing field, only a brief overview of the

more relevant antisense and antigene strategies will be discussed.

1.5.1 Antisense Strategy.

A new class therapeutics whose sole purpose is "to seek out and impede" the function of

viral (or cancer) messenger RNA has been labeled the "antisense stmtegy". Antisense

oligonucleotides were first shown to inhibit viml replication (Rous Sarcoma Virus) by

Zamecnik and Stephenson in 1978.33 Antisense oligonucleotides consisting of modified

DNA/RNA to prevent cellular degmdation, are designed to specifically bind to selected

messenger RNAs (the "sense" strand) to block translation. By binding to the messenger

RNA in a very sequence specific manner, "harmful" proteins can no longer be produced.

The power of this strategy is that as long as the genetic sequence is known, an antisense

molecule can be designed to target them (Figure 1.7).

Il
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Figure 1.7. The antisense modes of action. Translational blockage prevents the
ribosomes from completing the synthesis of the protein encoded by the mRNA. RNase H
cleavage activated by antisense oligomer binding, ultimately causes incomplete protein
synthesis. Inhibition of ribosome binding results in the prevention ofprotein synthesis.

•
Antisense oligomers offer the prospect of safe and effective treatments for a broad range

of diseasl's. However, before an antisense oligonucleotide can be used therapeutically it

must satisfy a demanding set of design requirements, including: high efficacy; high
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specificity; good stability in the body; effective delivery into the subcellular

compartments containing the targeted genetic sequences; and affordable cost.

Sorne of the problems of using unmodified oligodeoxynuc1eotides as antisense agents are

that they are degraded rapidly in serum and cross the membrane poorly. Therefore. a

dominant objective in the design of an effective antisense oligonucleotide is to have a

modification which provides resistance to nuc1eases yet still permits binding to nucleic

acids with both a high affinity and specificity. Chemical modifications have been made

to the bases, sugar and phosphate moieties. Since the phosphodiester linkage is the major

target of degradation by nuc1eases, one of the main strategies to improve degradation and

bioavailability of antisense oligomers has been to chemically modify or replace this

moiety. Backbone modifications (Figure 1.8) that have received considerable interest are

the phosphorothioates,34 the methylphosphonates,3s and the phosphoramidates.36

Phosphorothioates bind to mRNA complement with a relatively high affinity, have belter

pharmokinetics, elicit RNase H activity and are nuc1ease resistant. However, there are

certain problems associated with the phosphorothioates such as: non-specific binding to

proteins, and an existence of diastereomeric mixtures by virtue of introducing a chiral

centre with each phosphorothioate linkage.

Many other hurdles lie in the way of antisense oligonucleotides, such as development of

better routes of administration, and an improved understanding of their mode of action.

Synthetic oligonuc1eotides do not always work by "antisense mechanisms" since their

polyanionic charge allows these compounds to hybridize to proteins in a non-specific

manner.37 In addition, antisense oligonucleotides tend to accumulate in the liver,

kidneys, and bone marrow of animais, and it is yet to be determined what the long term

affect will be for this deposition.J8 The clinical trials presently underway for antisense

therapeutics should shed sorne light into this very active area.
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Figure 1.8. The first generation of backbone modified antisense oligomers: the
phosphorothioates (.1.2), the methylphosphonates (l.J.!!) and the phosphoramidates (l.l1).

One of the major challenges which lies ahead in the field of antisense chemistry will be

how to effectively deliver these compounds to specifie cells. The success of antisense

chemotherapy depends on their efficient delivery to the cytoplasm and/or nucleus.

Letsinger39 has investigated the conjugating of cholesterol moieties to antisense

oligomers for increasing their cellular uptake. Encapsulation of oligonucleotides into

liposomes is another exciting area of research as it would protect the antisense oligomer

from nucleases, and would thus serve as an effective method of delivery.4o In addition,

by having virus-derived fusion peptides and receptor binding carbohydrates at the surface

of the liposomes,41 antisense oligomers could be targeted to specifie cells and

subsequently be delivered to the cytoplasm. Another area of antisense delivery which

looks very promising is nanoparticle delivery, presently being investigated by Hélène and

coworkers.42
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Viruses are an obvious target for antisense therapy due to the difficulty in treatment with

conventional drugs and because viral genes differ significantly from human genes. For

example, there is a great need for anti-viral therapy that can interfere with HlV gene and

protein expression nt times after viral integration has already occurred. Therapeutics such

as protease inhibitors, which can accomplish this aim, have been plagued by problems of

drug resistance, due to mutations in the viral genes. This problem of mutagenesis also

occurs with both nucleoside and non-nucleoside inhibitors of reverse transcriptase. For

these reasons, antisense strategies that target conserved regions of the HlV genome

should certainly be investigated. Presently, there are a number of antisense researchers

developing antisense agents with the purpose of inhibiting the HIV virus.43

Recently, there is great expressed interest by pharmaceutical companies to work in

collaboration with antisense companies to discover novel and more specific drugs. The

pharmaceutical industry is driven to develop innovative drugs in order to have the lowest

cost, Iife-saving treatments. Biotechnology offers expertise and several tools, e.g.,

catalytic antibodies, gene cloning and subsequent protein expression, combinatorial

chemistry, and rational drug design to identitY novel therapeutics compared to the

massive screening often used by the traditional pharmaceutical industry. One of the

newest techniques that is being employed by biotechnology companies to add to its drug

discovery capability involves the use of antisense agents.

Only upon the understanding the current problems encountered with the pharmaceutical

companies does one realize the requirement for biotechnology to spoon-feed new ideas to

this industry. With the ongoing discussion of price controls, the pharmaceutical industry

has to a certain extent, been driven to decrease research spending in order to maximize

profits. Furtherrnore, pharmaceutical companies are facing considerable pressure due to

products finishing their patent protection. Ultimately, the pharmaceutical industry must

reduce costs while sustaining an efficient drug development program. Biotechnology

firrns clearly offer an unquestionable source of innovative therapeutics. Having antisense
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agents as a new "biotech tool", one more dimension to the vast drug discovery capability

of this industry has been added.

There are two main methods which can be employed to uncover potential drug targets.

The first being - finding out which molecular target corresponds to the diseased

phenotype. Another approach involves using antisense oligomers to study molecular

diseases having multiple factors contributing to the diseased state, thal is, antisense

agents can be used to "tum on and off" a selected gene for a disorder caused by family of

genes. In conjunction with conventional drug discovery, antisense agents should aid in

finding solutions to treat a wide range of diseases. As written in the January 1990 issue

of Scienlific American, Harold M. Weintraub described the field of antisense nucleic

acids as follows, "Molecules that bind with specifie messenger RNAs can selectively turn

off genes. Eventually certain diseases may be treated with them; today anlisense

molecules are valuable research tools."

1.5.2 The 2-5A System and its uses as PotentiaI Antisense Agents.

In mammals, the interferon system provides a universal antiviral response. For example,

in vitro sludies involving pretreatment of various mammalian œil lines with interferon

can confer resistance to subsequent viral infection.44 Interferons can induce the synthesis

of enzymes called 2-5A synthetases, which upon stimulation with double-stranded RNA

can produce oligoadenylates with 2',5' linkages (known as 2-5A or ppp(A2'P)[2Io>4J) by

polymerization of adenosine triphosphate (ATP). These oligoadenylates in tum activate

an endoribonuclease (RNase L) which degrades viral and cellular mRNA and are

subsequently degraded by a cellular 2' phosphodiesterase. A number of studies to prevent

phosphodiesterase degradation of the 2-5A oligos has focused on modifications of either

the sugar or phosphodiester backbone. In addition, there have been a number of efforts

attempting to capitalize on the 2-5A system for development of a potent antiviral agent,

either directly or through the use ofchimeric 2-5A antisense agents.4S
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Originating from the 2-5 A system, has blossomed a field ofantisense research directed at

oligonucleotides containing 2' ,S' linkages. This interest in 2',5'-Iinked oligomers arises

from the fact that natural 3',S' -Iinked RNA is quickly degraded by nucleases. In utilizing

RNA and RNA analogs as antisense agents, during oligonucleotide assembly it is

necessary to selectively couple either the 2' or 3' hydroxyl group. This is typically

achieved by masking either hydroxyl moiety with an appropriate protecting group e.g. the

t_BMDS.25 Recent work done in the Damha laboratory has been most encouraging. This

group has demonstrated that 2',5'-Iinked oligonucleotides may be effective antisense

agents since they bind to RNA selectively (over DNA) and are more nuclease resistant

than natural RNA. These oligomers form the basis of studies described in chapter 4.

1.5.3 Antigene Strateg:,'.

The sequence specific recognition of double-helical DNA is a requirement for various

cellular functions including transcription, replication and cell division. The antigene

strategy is based upon the sequence specific recognition ofdouble stranded DNA, and has

also potential therapeutic implications for the treatment of a variety of genetic, viral and

oncogenic diseases.

The antigene strategy made real advances in 1988 when Hogan el al. demonstrnted for the

first time, in Il cell free assay, that a triplex forming oligomer was capable of inhibiting

transcription of the oncogene c_myc. 14a Independently, the Dervan group working under

similar cell free conditions, showed that antigene oligomers could selectively prevent

transcription of viral genes.46 Adding to these encouraging results, Hélène provided ln

vitro evidence that triplex forming oligomers could inhibit expression of the interleukin-2

receptor.47 Hogan's laboratory went on to demonstrate that the c-myc gene could be

inhibited by ln vitro triple-helix formation.48 Currently, there are no antigene compounds

in clinical trials, which may be attributed to several problems associated with this

approach. One of the major limitations of the antigene strategy is a result of the

limitation of the available code, which is restricted to recognizing only homopurine tracts
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by pyrimidine tracts. That is, sequences of 15-18 purines within the DNA are required

for a target site, which occur only rarely within genes. As discussed in chapter 2, the

"branched strategy" being pursued by our research group offers a partial solution to this

problem.

Another problem of the antigene strategy is a result of the inability of triplexes to form

under physiological pH levels. That is, in the pyrimidine motif, the cytosine of the C+OC

triplet are essentially unprotonated at physiological pH. Dervan's group has taken a

different approach, whereby they can recognize ail four bases pairs with a limited degree

of specificity double-helical DNA using nonnatural deoxyribonucleosides.49 Their

laboratory has demonstrated that substitution of a cytosine in a pyrimidine sequence with

an N7 glycosylated guanine base,so or with a 5-methylcytosine alleviates the requirement

for a protonated cytosine. The recent studies by Glazer and coworkers indicate that

triplex forming oligonucleotides can have unexpected mutagenic effects.SI Once these

problems have been addressed adequately, it may be plausible for the antigene strategy to

enter clinical trials.

1.6 Some Techniques used to investigate Nueleic Acid Struture.

1.6.1 Melting Temperatures - A Technique used to investigate Complex Formation.

One of the most convenient ways to study the association of nucleic acids in solution is

through the use of the UV spectroscopy i.e. melting temperature studies.s2 The

heterocyclic bases of nucleic acids are flat aromatic chromophores which display

characteristic UV absorption spectra O"max ca. 260nm). It is the stacking interactions of

the adjacent bases in a single stranded nucleic acid which causes the overall UV

absorption to be less than the individual nucleotide components.S3 It is the chromophore­

chromophore interactions of double-stranded complexes which in turn decreases the UV­

absorption, relative to the individual strands.

18



•

•

•

Upon heating a double stranded complex. both the hydrogen bonds and the base stacking

of the double helix is disrupted. causing the dissociation into single strands. The

unwinding of the double helix is referred to as "melting" since it typically occurs abruptly

at a certain temperature. This dissociation or melting of the double helix into single

strands can be measured by UV spectroscopy at 260nm. Typically. a distinct S-shaped

curve is obtained when absorbance is followed as a function of temperature. The melting

temperature. or Tm' is defined as the temperature at which half of the complex has

dissociated into its single-stranded forrn. Besides the melting temperature. the degree of

base-stackinglhydrogen bonding can be inferred from the hyperchromicity. The

hyperchromicity is commonly calculated using the equation %H=(ArAj)/Ar xIOO%.

whereby Ar is the final absorbance after melting of the complex. and Aj is the initial

absorbance prior to melting. Melt profiles (or melt curves) arc simply a plot of

absorbance versus temperature and are run by mixing the complementary strands in

aqueous buffer, cooling the solution, and then slowly raising the temperature until the

complex is melted.

1.6.2 Circular Dichroism.

Circular dichroism is another powerful technique commonly used to study the structure

of nuc1eic acids. Nucleic acids, being chiral molecules, rotate the plane of polarizcd Iighl.

CO experiments can quantitate the differential absorbance of left- and right-handed

circularly polarized Iight only in the intervals where absorption occurs, which is reported

in molar ellipticity [9].54

What makes CO such a powerful tool is its sensitivity to small perturbations in the

secondary structure of nuc1eic acids. For example, CD spectroscopy is sensitive to

aspects such as base tilt, base stacking and nearest-neighbour interactions.5S However,

there are limitations with CD, the most important being that it is strongly dependent on

the base composition and the sequence.56 This stresses the importance of not making
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general conclusions without comparing CD spectra of nucleic acids of known

conformation. Despite this minor limitation, CD is an excellent method to study both the

conformation and the structure of nucleic acids.

1.6.3 Fluorescence.

One more technique which can be utilized for studying nucleic acid structure involves the

use of fluorescent DNA-binding ligands several compounds. For example, there are a

number of fluorophores which bind either to the major or minor grooves of DNA, and/or

intercalate between the bases. In addition, there are certain fluorescent ligands which

can bind more specifically to certain complexes i·'. duplexes over triplexes, and vice

versa. Without question, fluorescence is one of the more valuable tools which can be uscd

for probing the structure and detecting complex formation as a result of ils high

sensitivity.S7 The fluorophore being sensitive to perturbations in its local environment

can then be used to probe the association of nucleic acids and the resulting structure.

Fluorescence as with the other methods employed for studying nucleic acid structure and

function, has ils disadvantages. One of the essential problems is that, the DNA-Iigand

must not only be capable of binding to the complex, but it must have wavelengths of

excitation and emissions which would not damage the nucleic acids being probed.

Another disadvantage is the amount of nucleic acid material that is required in order to

obtain an adequate signal to noise ratio.

1.7 Plan ofStudy.

Recently, a new type of nucleic acid analogue, the "branched" oligonucleotides, where

parallel strands are joined to a branchcore adenosine via 2',5'- and 3',5'-phosphodiester

linkages were syr,lhesized by our research group. Preliminary physiochemical analysis of

these compounds suggested that they form remarkably stable triph:-helical complexes

having the unusual TAT (reverse Hoogsteen/Watson-Crick) configuration (Figure 1.4). The
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triple inducing capacity of branched oligonucleotides prompted us to study this complex in

much more detail and to evaluate these compounds as potential antisense agents. Further

investigations into the use of branched nucleic acids as molecular probes and as potential

chemotherapeutic agents, led us to design "V"-shaped oligonucleotides that are linked at

one branch through a flexible aliphatic linker. These analogues are expected to have an

advantage in recognizing substrates via "duplexltriplex" formation by providing structural

flexibility.

Oligoribonucleotides containing exclusively 2',5'-phosphodiester linkages were also

synthesized with the intention to study their antisense properties in in vitro cell culture

systems infected with HIV-\. Of special interest are the selective hybridization properties

of2',S'-linked oligonucleotides, binding more tightly to ssRNA than to ssDNA. Sequence­

specifie duplex formation and RNA binding selectivity by 2',5'-oligomers containing ail

four bases has not been reported. Thus, a study was undertaken to investigate the extent 10

which these oligomers and other 2',5'-linked analogues, can discriminate between DNA

and RNA strands - a property which makes these oligomers specifie antisense agents and

selective nucleic acid probes.
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Chapter 2. Association of Branched Nucleic Acids: Structural and Physicochemical

Analysis of Antiparallel ToAT Triple-Helical DNA.

2.1 Introduction.

Recent studies in the Damha laboratory proposed the use of synthetic branched ("V" and

"V") oligonucleotides to: (i) study the structure and role of naturally occurring branched

RNA intermediates,S8 and (H) exploit their unique "forked" architecture to stabilize triple

helical structures.S9.60 Initial studies by Hudson and Damha suggested that a branched

oligonucleotide with identical oligo(thymidine) chains Iinked to the 2' and 3'-positions of

'b b h' l'd' A(2'-S'odTloJ b' d dA . Id . 1a TI ose ranc -pomt nue eosl e, I.e., r (3'-S'odTIOJ m s to 10 to Yle a trip e-

stranded complex containing only ToAT (reverse HoogsteenoWatson/Crlck) base triplets

(see section 1.3, Introduction).s9.61 In this study, this novel triplex was further

investigated both from a structural and physiochemical viewpoint. Specifically, the

factors that affect the stability of this complex were investigated. Using buffers

containing magnesium or sodium, it was shown that the antipara1lel triplex could form, or

be inhibited with potassium. It was demonstrated that the adenylate strand can bind

cooperatively to the branched structure and for the first time, the circular dichroism

spectral "signature" of the ToAT triplex was obtained. Also, the structure of the ToAT

triple helix was probed with both intercalating and minor groove binding DNA ligands.

In collaboration with Dr. Krull and co-workers (Erlndale College, University of Toronto),

a biosensor for detecting the formation of both "parallel" and "antiparallel" TAT triplexes

was developed. This technique makes use of a highly sensitive optical fibre technology

which had been previously proven to detect duplex formation.62

2.1.1 Structure Considerations.

The branched nucleic acid 1.1 was studied due to its relative simplicity, its ease of

synthesis,S8a,b and unique structural features. Recent studies on small branched RNA

• fragments, e.g., the trinucleoside diphosphate A(2··s·dTJ)'.s'dT' indicate that the sugar-
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phosphate framework of the adenosine residue is rigid, a result of the strong base stacking

between the adenine at the branchpoint and the adjacent 2'_thymine.S3d.63 The 2'-5' and

3'-S'-phosphodiester linkages of AI2·.S·dTJ)·.S·dT are nearly parallel to one another and

display significant preference for the &' and &,. conformation about the C2'-02 and C3'­

03' bonds (Figure 2.1).S3d AIso, the furanose ring of the adenosine residue shows a high

preference for the C2'-endo pucker conformation eEPE = 0.80) , a common feature of

purine sugars linked to a pyrimidine via a 2',S'-linkage.64 These properties are also

retained in larger branched molecules.6) Thus the branched nucleic acids M or U can

be regarded topologically as a "V"-like or "Y"-like structure, respectively, with the two

dT IO strands oriented at a slight angle with respect to each other. The polarity ofboth dT IO

strands is identical being S'~ 3' (from top to bottom, Figure 2.1) and is a consequence of

the solid-phase convergent synthetic methodology developed by Damha et al. (Figure

2.2).

This characteristic makes M a highly attractive candidate for stabilizing the antiparallel

T-AT triplex as it has the necessary parallel orientation for the dT strands found in this

complex (see Section 1.3). Furthermore, the branched adenosine nucleotide provides a

semi-rigid core that would favor a bimolecular triplex upon binding of M to dA IO• This

is an important structural feature since the linear analogue 3'-dT lOdC4-S'-S'-dT IO-3' does

not form a triplex with dA IO•
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• A 2'-5' p·T·(p·Tle·p-T-OH-3'
S'-HO-rA/'

"-
3'-5' p-T-(p-Tle-p-T-OH-3'

"V" Compound (U)

2'-5' p-T-(p-Tle-p-T-OH-3'
S'-HO-GCG TAC TAC GTT rA/'

'-,
3'-5' p-T-(p-Tle-p-T-OH-3'

"V" Compound (U)

•

B

dTIO "V" Compound a..L)

•
Figure 2.1. A, The branched nucleic acids 1J. and U can be topologically regarded as
"V" and "Y"·like structures, respectively. B, Primary structure ofdTIO and the branched
oligomer 1J. showing the conformation of the branch-point adenosine unit as found in
solution.
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Figure 2.2 The solid-phase convergent synthetic methodology for bNA's, developed by
Darnha et a/.580

oO The branching monomer APp is N6-benzoyl-5'·O­
(dimethoxytrityl)adenosine-2',3'-O-bis(2-cyanoethyl-N,N-diisopropylphosphoramidite).

• 2.2 ResuUs and Discussion

2.2.1 Stoichiometry between U and ~AIO'

Studies by Hudson and Darnha showed that the melt curve at 260 nm for the complex

formed between compound U and dAlo showed a monophasic, cooperative transition at

35.3 oC involving a hyperchromicity of 25% (50 mM MgClz, 10 mM Tris, pH 7.3).

Similar results were obtained when the complex was studied in a Na+ buffer system of

high ionic strength (1 M NaCI, 10 mM NazHP04, pH 7.0), having a melting temperature

of 32.8 with a hyperchromicity of 20%. Of note, the melting profile of1JjdAIO showed

a significantly greater hyperchromie rise than the melting of the dTIO:dAIO duplex under

either Na+ (%H=16) or Mgz+ (%H=20) "mditions. This is attributed to the greater

stacking interaction involved in a possible triple-stranded 1JjdAIO complex as compared

to the double-stranded dTIO:dAIO complex. Hudson and Darnha went on to demonstrate

•
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• that the addition of more dA IO to complex U/dAIO did not cause any change to the

thermal denaturation profile suggesting that U and dAIO interact in a !:! stoichiometry.

•

Hudson and Damha verified independently the stoichiometry of interaction of U with

dAIO by titrating the branched oligomer with complement in the method of continuous

variation.6S The Job plots or mixing curves demonstrate that U and dAIO bind with !:!

stoichiometry, regardless of the direction of titration for oligomer U and dAIO' This

provides evidencc that the complex involves both dT10 strands and is thus tripie-helical.

If only Watson-Crick interactions were invo!ved, compound U would be expected to

bind to two equivalents of dA 10' However, because of the monophasic nature of the me!t

curve, it may be argued that the branched molecule is sterically inhibited and simply

cannot simultaneously use both dTIQ "arms" for hybridization. That is, the branched

molecule is only capable of forming a duplex with one "arm" while the other "arm"

remains a "spectator" (Figure 2.3). However, several Iines of evidence obtained in the

present sludy render this explanation improbable. 1

lriplex

3'
~'5'
~3'

3'
~ 5,-L5,
~3'(a)5' 3'

+ 5'3'-----
dA,.

duplex
Figure 2.3. The two possible binding models involving compound U and dAIO' The
"V" molecule is capable of (a) forming a triplex or (b) compound U forms a duplex
containing a dangling (or "spectator") strand.

• 1 Previously il was necessary to c1arify whal was done by Hudson, from Ibis point onwards ail work up to
section 2.4.3 was done by Uddin.

26



• 2.2.2 Monitoring ToAT Triplex Transitions at 284 nm.

It is weil documented that A-T Watson-Crick duplexes do not display changes in

absorbance when their melting transition are monitored at 284 nm since, at this

wavelength, they share a (virtual) isosbestic point with the melted duplex (i.e.. single

stranded dA lO and dTIO)9C,9C,17,66.70 Triplex transitions, on the other hand, display changes

in absorbance at both 260 and 284 nm, e,g" triplex ... single strands,9C,9c,69,71 or triplex

... duplex + single strand,I7, 68·70 Thus, by measuring melting profiles at 284 nm it is

possible to observe a triplex transition independently from a A-T duplex transition, This

is demonstrated by the UV absorbance spectrum at three temperatures proved that there

indeed was an isosbestic point for the dATIO:dA IO (1:1) and U:dA IO complexes (Figure

2,4),

•
1
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Figure 2.4 A. UV spectra of dAT10 complexed with dA10. the scans were done at three

tempemtures 5 oC (+), 35 oC (e), and 70 oC (.). B. This gmph shows that the 282nm
region is an isosbestic point for the (\ :\) ATll/dA 1D duplex. Conditions were: \OmM T;is,

• 50mM MgCI2, pH 7.3.
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Figure 2.4 C. Absorbance versus Wavelength of"V" (1.1) complexed with dA 10' the
scans were done at three temperatures S oC (+), 3S oC (e), and 70 oC (.). D. This graph
shows that the 284nm region is not an isosbestic point for the U/dA IO complex.

ln contrast, al: 1 mixture ofdA IO and dT IO exhibited a monophasic helix-coil transition at

260 nm and no observable transition at 284 nm. 17
•
69 Monitoring complex U/dA IO at

284 nm in either Na+ or Mg2+ buffers shows c1ear melting transitions of small but

significant hyperchromicity and confirms that, under these conditions, both the 2'- and

3'-dTIO "arms" in 1.1, are involved in the binding ofa dA IO single strand.

2.2.3 Nature of the Triplex to Coil Transition.

Commonly, triplex dissociation occurs through a two step mechanism, Le., dissociation

of the triplex to a duplex and single strand, followed by dissociation of the duplex to

single strands. Each process may show a separate transition in the thermal melt profile

when resolved by sufficiently differing Tm 's. For example, for the canonical

dT lO*dA lO:dT10 (paraIlel) triplex, melting or displacement of the Hoogsteen third strand

was observed as a separate event (Tm 18 oC) to the melting of the underlying duplex (Tm
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32 oC) (50mM Mg+z, 10 mM Tris).I7· 68 However, both Hudson and Uddin have been

unable to observe a c1ear biphasic profile for lJ./dA lO that would suggest an intermediate

dissociation step (50 mM Mg+zor 0.2-1 M Na+). This behavior most Iikely arises in part

from the intramolecular nature of the triplex, i.e.. following the binding of one dT-"arm"

to the target (Watson-Crick pairing), the effectiv~ local concentration of the other dT­

"arm" is increased as to promote (reverse-Hoogsteen) binding to the adjoining duplex.

The sharpness of the transition observed at 260 (and 284) nm indicates cooperativity

between these two processes, e.g., via a "nucleation-zipping" mechanism.72 Similar (one­

step) cooperative transitions were observed for the "fold-back" oligomer 5'-dTlO"dCTCz­

dTIO"3',7J for circular,9b.•.r.lo. and other structurally altered nuc1eic acids.9•.69 Il is

noteworthy that whatever the type orion, Mg+zor Na+, the Tm value for complex lJ./dA IO

is cu. 3 oC higher than that for the dTlO:dA lO duplex, which models the Watson-Crick

duplex that can form in lJ./dA lO. In addition to providing further evidence that both dT IO

strands in lJ. are involved in base pairing interactions, this result shows that binding of

one dTlO arm appears to enhance the thermal stability of the underlying duplex. A

strikingly similar melting behavior has been observed for the intermolecular

[d(G3A4G3)"d(C3T4C3):d(G3A4G3)] "anti-parallel" triplex. 14•

2.2.4 Cireular Diehroism Studies.

Triplex-formation between lJ. and dA lO was further supported by circular dichroism

(CD) measurements. The CD spectra of lJ., dA lO, and the control oligomer dTlO are

shown in Figure 2.5A. Compound lJ. (5 oC) shows a CD spectrum qualitatively similar

to dTlO with a strong positive long wavelength Cotton effect at 287 nm and a weaker

negative effect at 244 nm, and a cross-over at 257 nm, which occurs near the maximum

of the UV absorbance. The position of the major positive CD band at 288 nm is

considerably red-shifted relative to that of dTlO (281 nm) and Iinear Il-mer dATlO (279

nm, not shown). Complex formation is readily monitored by changes in both the

amplitude and position of the CD bands. The CD spectrum ora 1:1 mixture ofdA lO and
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dTIO at 5 oC (Le., below duplex Tm) is characterized by maxima at 226. 263. and 284 nm

as weil as two minima at 247 and 268 nm (Figure 2.5C-g). The spectrum of

dTIO*dTIO:dA lO at 5 oC is similar and characterized \Vith a broader and smaller positive

band at 227 nm (Figure 2.5C-t). This feature is believed to be indicative of triplex

~ . ~ h' . 1 6869.74.ormallon .or t \s part\CU ar sequence. .

The 1: 1 mixture lJldA IO in Mg+Z (60 oC) displays a spectrum that is similar to a

superimposition of the spectra of the free, single stranded 1J. and dA IU (Figure 2.5B-d)

When the temperature is decreased from 60 oC to 5 oC (1J./dA IO in triplex form). the

Cotton effects show a marked amplitude decrease \Vith a slight red shifi for the band at

287 nm (Figure 2.5B-e). The 5 oC spectrum of this complex is different from the CD

spectra for dTIO:dAIO duplex (Figure 2.5C-g) and parallel dTIO*dTIO:dA IO (Figure 2.5C-l)

and [5'-dT1O"dCTCz-dTIO-3']:dAIO triplexes, and cannot be assigned to any canonical

form of DNA. Furthermore, it cannot be explained as the sum of the spectra of dTIO:dA IO

duplex and dTIO at 5 oC. This was considered to be strong evidence in favor of the 1Jl

dAIO complex being a triple helix and having a conformation with respect to base pair

stacking and third strand orientation that is different to that of the cnnonical T*AT

triplex.6b

As shown in Figure 2.50, the CD spectra of 3'-dT lOdC45'-5'dT IU-3'/dA IO (Mg+z) and

1JldAIO (K+) are similar to that of dTIO:dA IO duplex (Mg+2
) indicating that a duplex­

stranded helix was formed in both instances, as determined by their thermal denaturation

profiles.
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Figure 2.5 A. CD spectra of (a) dA IO (5 oC), (h) dT IO (5 oC), (c) (1..1) (5 oC). Conditions:
50 mM MgCI2, 10 mM Tris, pH. 7.3.
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Figure 2.5 B. CD spectra of: (d) \:1 (U)/dA IO (60 OC), (e) \:\ (U)/dA IO (5 OC).
Conditions: 50 mM MgCI2, \0 mM Tris, pH. 7.3.
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(g) duplex dTIO:dA IO (5 OC). Conditions: 50 mM MgCI2, \0 mM Tris, pH. 7.3.
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Figure 2.5 D. CD spectra of: (g) duplex dT1o:dA IO (5 OC), (h) 1:1 3'-dTlOdC4S'-S'dTw­
3':dA10 (S oC), (i) 1:1 (1.1)/dA I0 (S OC) in K+ buffer. Conditions for (g)-(h): 50 mM
MgCI2, 10 mM Tris, pH. 7.3; (i) 140 mM KCI, 5 mM Na2HP04, 1 mM MgCI2, pH 7.2.

2.2.5 Effect of cation.

•

Il has been recently found that moderate concentrations of potassium cations, such as

those present under physiological conditions (140 mM), inhibit the formation of "anti­

parallel" triple-stranded DNA.2o Therefore, it was determined whether it was possible to

observe under these conditions two separate transitions during the melting ofWdA IO , or

perhaps, a single melt transition that was consistent with duplex melting. Mixtures ofU

and dA lO (1:1), and dT IO and dAlO (1:1), were incubated in a buffer containing 140 mM

3S



• KCI, 5 mM Na2HP04, and 1 mM MgCI2(pH 7.2), ionie concentrations known to inhibit

triple·helix formation20 and which are representative of intracellular conditions.7S

Complex formation was monitored by measuring melting profiles at 260 and 284 nm.

Both complexes exhibited similar monophasic helix·coil transitions at 260 nm (ca. Tm

19.0 ·C, %H= 8) and no observable transition at 284 nm, indicating that a duplex fonned

in both instances (WdAlO, Figure 2.6). These results, together with the CO studies

described above, support the "spectator" T·strand model for the interaction of U and

dA IO under these conditions (Figure 2.3).

0.15 -,..--------------------,

r..05 -

o -1-"=;....-----------------.----------•

l!l 0.1. -- - - - - - -

i
J

5525 35 45
Temperature (Celsius)

15
-0.05 .'----------------------'

5

Figure 2.6. UV absorbance melting profile for the complex formed between :u. and
dA10 monitored at 260 nm (-0-) and 284 nm (-.-) in physiological buffer (140 mM KCI,
5 mM Na2HP04, 1 mM MgCI2, pH 7.2). Normalized change in absorbance was
calculated by [(Al - Ao)/(Ar)] where Al = absorbance at any temperature; Ao= initial
absorbance; Ar = final absorbance.

2.2.6 Effect ofTarget Chain Length and Sequence.

•

Further evidence for compound U fonning a triple helical structure comes from

measurements of complex stability with oligoadenylates of different chain lengths (dAn)'

Figure 2.7 Iists the melting temperatures of several UfdAn complexes as weil as those

for the model dATlO:dAn duplexes. The melting curves of ail complexes involving U

showed a single inflection at 284 nm, indicating that bimolecular triplexes are fonned.

36



• Examination of the data leads to the following conclusions: For complexes involving the

branched oligomer 1J. and dAn' the Tm is linearly dependent on the target chain length (n)

over a limited range. With regard to the melting of thc duplexes, the changes in Tm are

less sensitive to n. Note that at n=10, bath lines change slopes, which cor:esponds to the

number of thymines present in dATIO, and in each of compound 1J.'s dT "arms".

Beyond this value, the Tm's of the complexes remain Iinearly dcpendent on n (10Sns20),

although the "V" line is still the most steep. This most likely reflects differences in the

stability of the complexes, and supports the idea that in the case ofWdAn, the adenylate

strand is held to one dT10 strand by Watson-Crick bonding and to the other strand by

reverse- Hoogsteen bonding. The increasingly higher Tm values beyond n=10, is most
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Figure 2.7. The effects of varying the adenylate chain length (n) on the melting
temperature of complexes WdAn (-0-), and dATlO"dAn (-0-). Conditions: 50 mM
MgCI2, !O mM Tris, pH 7.3.
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Iikely the effect of stability as a result of reduced "fraying" at the ends of the

complexes.76 Anothcr possible source of enhanced affinity as the dAn segment increases,

is the expected effect of "sliding degeneracy". This relèrs to the possibility of multiple

positions of binding of 1.1 on an dAn template (n>10), or of dAn on a 1.1 template

(n<IO).

Below n=5, the thermal stability of the duplexes exceeds that of the branched triplexes.

For example, the melting curve ofa 1:1 mixture oflinear dAT IO and dA4 showed a sharp

single transition at 21°C, however, the tirst sharp transition detected with compound 1.1

was with dAs. Thus, tive base triplets are the minimum requirement for triple helix

formation, in agreement with recent studies with parallel triplexes.72

Binding to dAs (1 eq.) results in branched and Iinear complexes with comparable thermal

stability (Tm 19 and 21.5 oC, respectively; Figure 2.8). Addition of another molar

equivalent ofdAs gives Il considerably stronger branched complex, with a Tm which is 6 °

C higher than the one formed with only one equivalent (Figure 2.8B). This cooperative

interaction may be attributed to be caused by the propagation of a conformational change

(e.g., base stacking) between adjacent sites of the terminal adenosine residues. The high

cooperative nature of the melt profile (Figure 2.8B) suggests that binding of the tirst dAs

oligomer provides a strong nucleation center for, and enhances, binding of the other. This

behavior is in contrast to that observed for the duplex, in whieh no signiticant change in

the Tm is observed upon further addition of dAs (Figure 2.8A). However, for both duplex

and triplex, the hyperchromicity associated with the 2x dAs cases is signiticantly greater

than for the 1x dAs cases, consistent with the involvement of more bases in these

complexes. Cooperative effects such as the one observed for the 2Jj(2x dAs) complex

are weil doeumented in the Iiterature,8b.77.78 but have not been reported for triplexes

conforming to the antiparallel (or "purine") motif.
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Figure 2.8. UV absorbance melting curves (260 nm) for "V" (2..1) (Figure A) and dATIO

(Figure B), complexed with 1 equivalent (-.-) and 2 equivalents (-0-) of dA,.
Conditions: 50 mM MgCI2, 10 mM Tris, pH 7.3.
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Table 2.1. Melting Temperatures (Tm)· and Hyperchromicities (%H) for Fully Paired and
Mismatched Complexes.• Target Tm ('C) %H

AAAAAAAAAA 34.7 17.4

ATTTTTTTTTT
,

AAAA IAAAAA 17.7 16.9

AAAA flAAAAA 17.8 15.4

ITTTTTTTTTT AAAAAAAAAA 35.3 22.8

A AAAA IAAAAA 24.1 16.4

"TTTTTTTTTT AAAA flAAAAA 21.5 18.5

·Conditions: 50mM MgCI2, IOmM Tris, pH 7.3.

Proper base-pairing is important in the antiparallel T-AT triplex as shown by the

experiments with "V" (1J.) and the mismatch targets dAAAAXAAAAA (X= T or G)

(Table 2.1). A single mismatch resulting from substitution of dA by dT (or dG), leads to

a decrease in Tm of 11-13 oC. Of note, the TTT "mismatch" is less destabilizing than the

• TGT "mismatch". Also, the hyperchromicity associated with dissociation in the fully

complementary case is 25%, while in the mismatch cases it is 16-18%, consistent with

the involvement of fewer bases in the complex. Interestingly, the corresponding

decreases in Tm for the mismatch duplexes are more significant (ca. 17°C) compared to

the mismatched triplexes (Table 2.1). This was not expected since a mismat~h in the

purine strand of a triplex structure would disrupt not only the Watson-Crick interaction

but also the reverse-Hoogsteen interaction. Based upon the Tm results obtained with

compounds U and 3d (see chnpter three), it was found that having one mismatch does

not have a significant effect on triplex destabilization. Mismatch studies involving

parallel T*AT triplexes (circular-ONA9c and other conforrnationally restricted

triplexes9c
) have a more pronounced destabilization since these cases involved more than

one base triad disruption. Further mismatch studies with the antiparailel triplex structure

(1J.:dA lO) are required to deterrnine how stringent and specifie these base-base

interactions are.

•
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2.2.7 Effect of the Braneh-Point.

Interestingly, the linear oligomer 3'-dT lOdC4-5'-5'-dTw3', having also the appropriate

polarity of dT strands but lacking the rigid branched frarnework, did not form a triplex, as

judged by its circular dichroism spectrum (vide infra) and "flat" melt curve at 284 nm

(data not shown). This result suggests that the rigidity of the branched core in U

contributes significantly to the stabilization of the triplex. A related phenomenon is the

remarkable stability of parallel Py·Pu:Py complexes formed between single stranded

purine oligonucleotides and triple-helix forming oligonucleotides containing a rigid

terephthalamide unit.9C

A question that arises in this study is whether ail ten T residues in U are involved in

base pairing interactions, or whether the branch-point prevents base pairing near it. These

questions were addressed by comparing the melting temperatures of the complexes

U:dA lO and U:dA7 (complexes 1 and II, Figure 2.9). The significantly greater thermal

stability of the former, combined with the slope-~hange observed at n= lOin the Tm vs

dAn plot (Figure 2.7), indicates that near full-Iength base pairing can occur with dA IO

complement. In addition, this result suggest that the branch-point does not limit the

"tails" ability to hybridize with complementary nucleic acids.

Comparison of the thermal stability of complexes 1 (Tm 35.3 oC ) and III (Tm 32.8 oC),

confirms the proposition that the branch-point does not present a significant deleterious

steric or structural barrier. In addition, the branched residue can base-pair with a

complementary residue in the target sequence, as suggested by the melting experiments

with complexes III and IV (Figure 2.9). The complex containing a rNdC mismatch (III)

has a Tm which is 3-4 oC lower than that of the fully complementary complex (IV). This

result indicates that interactions between the branchpoint residue and nucleotides of the

target strand can in fact contribute to the stabilization of these triplexes. This observation

is related to one described recently by Noll et al. in which a dT residue within a dT4 loop
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• connecting two homopyrimidine binding strands interacts with an dA residue in the targe!

sequence.79

1
/TTTTTTTTTT

A AAAAAAAAAA
"TTTTTTTTTT

Tm =35.3

II
/TTTTTTTTTT

A AAAAAAA
"TTTTTTTTTT

Tm =25.6

/TTTTTTTTTT
III A AAAAAAAAAA

CCCXTTT TTTTTTT
Tm =32.8

/TTTTTTTTTT
IV A AAAAAAAAAA

C C TX T T T T TT T TT T

Tm =36.1

•

•

Figure 2.9. EtTect on the target chain length and sequence on the Tm of branched
complexes. Conditions: 50 mM MgCI2, 10 mM Tris, pH 7.3.

2.2.8 Relative th~rmal stability of (parallel) T*AT versus (antiparallel) ToAT

triplexes.

ln order to compare more quantitatively the relative stability of parallel and antiparallel

TAT triplexes, the melting temperatures of the "antiparallel" complex 2.1:dA IO (Tm=35 0

C) and the bimolecular "parallel" complex [5'-dT IO-dCTCr dT IO-3']:dA IO (Tm 47 oC) was

measured in 50 mM MgCI2, 10 mM Tris, pH 7.3 butTer. The significantly lower melting

temperature of the 2.1:dA IO complex (~Tm= 12 oC) is consistent with the general

understanding of antiparallel py-pu-py triplexes that are not very stable and usually hard

to observe.
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• antiparaIIel 'foAT paraIIel T*AT

/TTTTTTTTTT3' CTTTTTTTTTT S'
S'A AAAAAAAAAAS' b AAAAAAAAAAS'

"TTTTTTTTTT 3' C TTTTTTTTTT 3'

Tm=3S0C Tm=47°C

Figure 2.10. Relative stabilities of parallel and antiparallel TAT triple-helical complexes.

Conditions: IOmM Tris, SOmM MgCI2, pH 7.3.

2.2.9 Targeting polypyrimidine tracts adjacent to regions of mixed base

composition.

Triplex formation has practical limitations due to the inherent problem of being only

capable oftargeting oligopurine tracts. Dervan el al. and others have addressed this issue

by designing molecules that can recognize mixed sequence duplexes by altemate strand

• triplex formation. so Another way to circumvent this requirement is by synthesizing

oligonucleotides with two binding motifs, capable of forming both Watson-Crick and

Hoogsteen hydrogen bonds.sl

Continuing with the theme of designing and constructing novel branched nuclcic acids, a

second generation "Y" compound was synthesized. A branched molecule with three

domains was constructed having a "guide" sequence containing ail four naturally

occuring bases (Th, Ad, Gu, Cy), and two poly (dT) sequences of the same polarity. The

fonction of the "guide" sequence and the poly (dT) strand would be to capture the

complementary target strand via Watson-Crick hydrogen bonds and the role of the second

poly (dT) strand would fold over and form the antiparalleltriplex. The benefit of using a

branched molcule to capture a single-stranded target is that the compound would be

recognized twice, once by the "guide" portion (duplex formation) and then again by ihe

third branch poly (dT) strand in triplex formation.

•
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Tu delineate the properties of these branched oligonucleotide probes, the "Y" molecule

(U) S'-dGCGTACTACGTT-rAI2',S·.dTlOI13',S'-dTIOJ WllS synthesized. The complex

strengths were then compared for dA 10 binding to the "V" (U) and "Y" (U) sequences.

The resulting complex with the "Y" oligomer has a Tm which is 3.S degrees higher than

with the "V" oligomer, establishing that its S'-"arm" has a smalt but decisive stabitizing

cffcc!. The S'-arm would be expected to reduce the overalt degrees of freedom of the 2'

and 3'-dTIO strands and thus lead to enhanced stabitity (or reduced "breathing") of the

triplex. The Damha group is currently investigating the influence of both the S'-arm

length and base sequence on the strength ofbinding with dA IO and other target sequences.

/TTTTTTTTTT3'
5' A A A A A A A A A A A 5' Tm=3SoC

'TT T T T T T T T T 3'

/TTTTTTTTTT3'
5'dG CGT ACT A CGT T A A A A A A A A A A A 5' Tm=38.5"C

'TT T T T T T T T T 3'

/TT TTTTT TTT 3'
5'dG CGT ACT AC G TT A<A A A A A A A A A A6 5' Tm=3S, and
~CGCATGATGCAAT TTTTTTTTTT3' ~C

5' dG CGT ACT A CGT T A T T T T T T T T T T 3' Tm=67 oC
~CGCATGATGCAATAAAAAAAAA~~

Figure 2.11. Branched "Y" Compound U with Two Binding Motifs:
An Antiparallel T-AT Triplex and a Mixed Base Composition Duplex. The thermal
stabitity of compound U was compared to a Iinear oligomer and compound U.
Conditions: SOmM MgCI2, \OmM Tris, pH 7.3.

The branched molecule U has two different binding motifs which can hybridize to a dA

tract via reverse Hoogsteen triplex and to a mixed base sequence via duplex formation.

As illustrated in Figure 2.12, thermal denaturation ofUldAlQ gave a biphasic transition.

• The two transitions are welt separated, due to the difference in thermal stability between
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• the duplex and triplex regions. Thus using this branched system. target molecules may be

recognized twice once by duplex formation and then again by triplex formation via the

branch strand. Branched compounds which have the ability to form chimeric "duplex­

triplex" complexes with one molecule may have important implications for the

development of novel nucleic aeid based diagnostics.

(dt).

3'CGCATGATGCM~ 1
5'GCG TAC TAC GTT 3 ..

1dT). 3' S
duplex trlplex

(dT). 3'

3'CGCATGATGCM /;5'
5' GCG TAC TAC GTT~

(dT). 3'

(~~

5' GCG TAC TAC GTT'--
(dT)" ~

3' CGC ATG ATG CM.. S'

0.3
Q)
0
c::
11l
oC... 0.2• 0
III

oC
oC(
"t:l
Q)

.~ 0.1ïii
E 1...
0
Z

0
5 25 45 65

Temperature (Celsius)

Figure 2.12. UV absorbance melting profile for the complex formed between U and
dCGCATGATGCAATAls monitored at 260 nm in magnesium buffer (50 mM MgCI2• \0
mM Tris, pH 7.3). Normalized change in absorbance was calculated by [(AI - Ao)/(Ar »)
where AI =absorbance at any temperature; Ao=initial absorbance; Ar =final absorbance.
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• 2.3 Investigations of DNA binding ligands that stabilize (parallel) T*AT and

(antiparallel) T'AT triplexes.

2.3.1 Background of DNA-Binding Ligands.

DNA structures and morphology are conveniently probed by nucleic acid binding ligands.

Many ligands are known to interact in a noncovalent manner with the target

oligonucl:l'tide. Binding modes can be characterized as: (i) intercalation of the ligand, in

which typically a planar aromatic moiety slides between the DNA bases - stabilized by 1t­

1t stacking and dipole interactions, or (ii) either minor or major groove interaction which

is stabilized by hydrogen bonding, hydrophobic and/or electrostatic interaction~82.

Recently, a considerable amount of progress has been made with regard to probing and

stabilizing triplexes with specific DNA-binding ligands. For example, Fox et al. have

shown that 2,6-disubstituted anthraquinones selectively interact and stabilize triple­

stranded DNA over duplex DNA.83 Hélène and co-workers have recently demonstrated

• that a benzo[e]pyridoindole derivative (BePI) {3-methoxy-7H-8-methyl-II-[(3'­

amino)propylamino]-benzo[e]pyrido[4,3-b]indole} (Figure 2.13) showed preferentiai

binding to triple helical structures rather than to duplexes.84 BePI having four planar rings

can optimize stacking between the dye and the triplets upon intercalation. Hélène et al.

have diligently characterized the ligand BeP!, with regard to investigating its specific

mode ofbinding to parallel T*AT triplexes.8S BeP! has been found to strongly stabilize

triplexes having reverse-Hoogsteen a·ac and T'AT triplets.86 Ethidium bromide

binding to poly (dA)'poly(dT) has been found to preferentially stabilize these triplexes

via an intercalative mechanism.87 For parallel triplexes of mixed pyrimidine base

composition, it has been shown that ethidium bromide destabilizes triple helicai

formation. 88 The minor groove binder, Hoescht 33258 has been widely utilized as a

chromosome stain and it also has antibiotic and certain anticancer activity.89 The

benzimidazole rings of Hoescht 33258 fit tightly into the minor groove in A:T region

similar to the pyrrole rings of netropsin and distamycin. It should be noted that both

•
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• Hoescht 33258
90

and a related minor groove ligand: netropsin. were shown to destabilize

parallel T*AT triplexes. 91

•

BePI

Hoescht 33258
(bisbenzimide)

Ethidium bromide

OH

•
Figure 2.13. The Structures of the DNA-Binding Ligands: BeP), Hoescht 33258, &
Ethidium bromide.
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• Ligands have also been used to induce the fonnation oftriplexes that would otherwise not

fonn.92 Triplexes, particularly the antiparallel T-AT triplex cannot be fonned easily. For

this reason, various DNA-binding agents were used in this study to dramatically enhance

the triple helix stability of the antiparallel T-AT triplex. Specifically, the ligand binding

of ethidium bromide, Hoescht 33258, and BePI to this triplex was investigated (Figure

2.11).

2.3.2 Thermal Ml'It Data of Ligand-DNA Interactions.

ln order to measure the effects the ligands have on triplex and duplex stability, thennaJ

denaturation experiments were conducted. As can be inferred from Table 2.3, the

stabilization of the duplex or triplex upon binding of the ligand was calculated by th\l

melting temperature difference between the complex with IOJlM of the ligand and the

complex aJone.

• Consistent with what has been previously observed by Hélène and co-workers for parallel

triplexes, BePI stabilized both the parallel and antiparallel triplexes to a greater extent

relative to the duplex control. In comparison to the duplex and the two triplexes, BePI

stabilized the complexes in the order of: antiparallel triplM>parallel triplex>duplex.

Referring to Table 2.3, one will note that with ethidium bromide there were smaJl

differences with regard to the thennal stability of the complexes. The arder of stability

by binding of ethidium bromide was found to be: antiparaIlel triplex>parallel triplex

>duplex. However, the thennal stability was not as profoundly affected as compared to

using the BePI ligand.

It has been sho\\'l1 that the minor groove binder Hoescht 33258 selectively binds to TA

tracts. Probing the structure of the AT duplex and paraIlel/antiparallel triplexes, using

Hoescht 33258, it was found that this ligand preferentiaJly stabilized the duplex relative

•
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to the triplexes. This is consistent with what has been previously rep(lrted, however, the

triplexes were also stabilized. This triplex stabilization may be attributed to unique

structure of branched oligonucleotides. Triplex studies involving Hocscht were reported

for sequences that bound to their complement strand in a two step dissociation proccess

(ie. triplex to duplex to single strands).91 Thus, for these triplex systems, it can be

concluded that Hoescht may be utilized to stabilize these particular complexes which melt

cooperatively as one transition.

Table 2.3. Thermal Melt with DNA-binding Ligands and AT duplexes and TAT
antiparallel and parallel triplexes.

Complex Ligand 1 Tm (oC) %H !J.Tm(OC)
antiparallel triplex
"V" (U) + dAIO - 35.3 22.8 -
"V" (U) + dA IO Hoescht 33258 45.0 27.2 9.7

"V" (U) + dAIO BePI 45.1 17.3 9.8

"V" (U) + dA lO EtBr 38.7 14.6 3.4

Parallel Triplex
TIOCTC2TIO + dA lO - 47.1 21.0 -
TIOCTC2TIO + dA IO Hoescht 33258 55.6 27.5 8.5

TIOCTC2TIO + dAIO BeP! 55.5 18.1 8.4

TIOCTC2TIO + dA IO EtBr 50.0 11.3 2.9

duplex
ATIO+dAIO - 34.7 17.4 -
ATIO + dA10 Hoescht 33258 49.0 23.2 14.3

ATIO + dA10 BeP! 40.0 15.9 5.3

ATIO + dAIO EtBr 34.8 11.4 0.1

'Ligand concentrations were 10J.lM. !J.1;" =Tm(duplex+lIgand)"Tm(duplex) or Tm =Tm(lrlplex+llgand)"

Tm(lriplex)
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• Making a general comparison of the melting temperature changes observed for the

various complexes, it should be noted that the antiparallel triplex showed a greater

sensitivity to ligand binding relative to the parallel triplex. That is, the reverse Hoogsteen

(antiparallel) triplex was stabilized to a greater extent than the Hoogsteen (parallel)

triplex.

2.3.3 PAGE Retardation Assay

The electrophoretic mobility ofboth the Watson-Crick base paired dTIO:dAlO duplex, the

Hoogsteen dTIO:dA IO triplex and reverse Hoogsteen U:dA IO triplex was studied in the

presence of magnesium. In order to show the relative mobilities of the complexes and

that ethidium bromide intercalates into both duplexes and parallel/antiparallel triplexes, a

gel shift assay was run (Figure 2.14A) and stained with EtBr (Figure 2.14B).

1 2 3 4 5 15 7 • , 10

• ~- . 2.1 +dAI1

•

Figure 2.14 A. Photograph of a UV-shadowed native polyacrylamide gel containing
single strands, duplex and triple helical complexes of branched and Iinear controls. DNA
samples were loaded in 50mM MgCI2, and 30% sucrose. Lanes 4-10 are dTIO, dTIO:dA IO
(1:1),. dTIO:dA lO (2.5:1), dTIO:dAIO(4:I), dAlO, U + dAlO• and U, respectively. As can
be noted the dTIO:dAIO triplex (Jane 7) showed a greater retardation in the mobility
relative to the corresponding duplex (Janes 5 and 6). The slowest mobility was observed
in lane 9 for U:dAlO• .

50



• This PAGE retardation assay (Figure 2.l4A) shows that the reverse Hoogsteen branch

triplex has a slower mobility than the control linear dTIO·dAlOdTIO Hoogsteen triple

helix. The triple helix migrates more slowly than the duplex due to the presence of an

additional pyrimidine strand. As the ratio of TIO to dA IO was increased. first only duplex

was observed. finally only triplex was observed. Association of the 1.1 :dAIO was

quantitative as evidenced by the complete disappearance of compound 1.1 and dA IO•

when mixed in equimolar amounts. Furthermore, this gel shift assay proves that only one

type oftriplex (T·AT) is formed and not the A·AT which is too unstable under these salt

conditions. 93

1 2 3 4 , d 7 1 Il 10

•
3.1 +dA1t

•

Figure 2.14 B. Photograph of an EtBr-stained native polyacrylamide gel (same gel as
Figure 2.l4A) containing single strands. duplex and triple helical complexes of branched
and linear controls. DNA samples were loaded in 50mM MgClz, and 30% sucrose.
Lanes 4-10 are dTIO• dTIO:dAIO (1:1),. dTIO:dA IO (2.5:1), dT IO:dAIO(4:1), dA IO• 1.1 +
dA10' and 1.1, respectively. As can be noted the dTIO:dA IO triplex (lllne 7) showed a
slight retardation in the mobility relative to the corresponding duplex (lanes 5 and 6).
The slowest mobility was observed in lane 9 for 1.1:dAIO. Note that only the duplexes
and triplexes showed ethidium bromide fluorescence (see Figure 2. 14A).
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• Referring to Figure 2.1428, one notes that only duplexes and triplexes are stained with

ethidium bromide, not single strands, consistent with what has been previously

observed.94 Interestingly, the ZJ,:dA IO complex has the lowest fluorescence intensity

relative tu the Iinear duplex and triplex controls. This may be attributed to less binding

efficiency of the ethidium bromide to the antiparallel triplex. Thus, the decrease in

fluorescence intensity is consistent with what was observed wilh the fluorescence studies

(Section 2.4), proving unequivocally that the ethiùium bromide's fluorescence intensity

for antiparallel triplexes is less than for duplexes.

2.4 Detection orT·AT Triple-Helieal DNA Using a Fibre Optie Biosensor.

2.4.1 Background on DNA Biosensors and Ethidium bromide Fluorescence.

Triple-helical oligonucleotides have Leen shown to be potentially used as: sequence

specific artificial nucleases,9S DNA-binding protein modulators/gene expression

• regulators,96.97 genomic mapping,98 and in screening methods to detect mutations within

duplex DNA. Typically, a number of spectroscopic techniques99 (CD, NMR, UV and

fluorescence spectroscopy) in addition to gel mobility shift assays need to be

implemented in order to study the formation of triple-helical nucleic acids. However,

each of these methods have problems in terms of either the amount of material required

for analysis (e.g. NMR and gel mobility assays), or are Iimited only to the investigation

of certain triplex systems (Le. only T·AT triplexes can be monitored by UV absorption

spectroscopy at ca. 284nm). Various groups have developed methods for triplex

detection. lOo The advantage provided by the optical sensor technology over standard

fluorimetic investigations include the low detection Iimits provided by this methodology,

reusability and reliability of the device, and the nondestructive nature of the assay (where

samples may be collected and re-used). In addition this technique may easily be

automated, thereby negating the requirement for skilled technicians to do the assay.

•
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Piunno et al. had developed an effective and reliable biosensor for detection of duplex

DNA.6l This biosensor uses fluorescence as a method ûftransduction, and optical fibres

as the waveguide of the fluorescence. Optical fibres were used for two reasons: firstly,

the fibres could efficiently transmit Iight and an evanescent wave could be produced at

the waveguide/solution interface. Secondly, the fibres transmit iight via total internai

reflection, and for every reflection point along the fibre there is an evanescent wave

forrned. Therefore, via total internai reflection the fluorophure can be exci~·"d and the

r~mission of the fluorophore can then be detected with equipment to sense (he Iight. The

instrument setup of the biosensor developed by Krull ar.d co-wurkers is iIIustrated in

Figure 2.15.

Ethidium bromide, was the fluorescent dye chosen for the biosensor work since: (i) the

maximum absorbance ofethidium upon binding ',u duplex DNA is 520nm - perrnitting an

Argon ion laser with an output of 488nm to excite the dye, (ii) the bound dye's

fluorescence increases over 100 fold relative to the free state, and (Hi) upon intercalation

the fluorescence maximum emission occurs at 590 nm enabling the emission/excitatory

d" b d b d' h' . 101ra latlon to e separate y a lC rOic mlITor.

Ethidium bromide binds to both duplexes and triplexes via an intercalation mode, 102

which has been studied extensively by fluorescence spectrophotometric methods. The

fluorescence intensity of ethidium increases when it intercalates to duplexes lO3 or

triplexes, however, it has been shown that there is a marked difference between the

fluorescence intensity between the two types of complexes. I04 LePecq and Paoletti were

the first to observe that the fluorescence enhancement of ethidium during interaction with

the duplex (poly rA)'(poly rU) was significantly greater than for binding to the triplex

(poly rA)'(poly rUh. 'os More recent studies are in qualitative agreement, that the

fluorescence of ethidium bromide is greater for duplexes than triplexes. 106 The results of

molecular modelling studies suggest that reduced affinity of EtBr for triplexes (relative

to duplexes) is due to the energetic cost of destacking base triplets as compared to

successive base pairs. lo, Short homopolymeric ToAT triplexes have been the subject of
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• seminal fluorescence studies. Letsinger el al. have shown that for parailei T*AT triplexes,

the fluorescence intensity decreases drarnatically relative to the duplex. lOS Furthermore,

independent confirmation of decreased fluorescence intensity for ethidium bound to

parallel T*AT triplexes (2xdT IO:dAlOl relative to duplexes (TlO:dAlOl have appeared. 109
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Figure 2.15. The optical fibre instrument setup, as developed by Piunno and Krull
(Erindale College, University ofToronto). Unpublished results.
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• This biosensor technology was chosen to investigate whether it could be used to detect

triple-helical DNA, in particular T·AT and ToAT triplexes. An assay for the mpid

detection of triple-helical nucleic acids would provide a significant contribution to the

biochemical community as a means to screen potential antigene candidates and determine

their dose-dependent inhibitory properties.

2.4.2 Activation of Optical Fibres and subsequent OIigolludeotide Synthesis.

Prior to oligonucleotide assembly it was necessary to activate the surface of the optical

fibres according to the procedure developed by Piunno el al, 101 iIIustrated in Figure 2.16.

The first step involved cleaning the fibres to remove cladding, followed by activation

with 3-glycidopropyltrimethylsilane (GOPS) and diisopropylethylamine (DiPEA) in dry

xylene. 110 The addition of GOPS to the fibre accomplished two goals: (i) it formed a

stable silyl ether bond with the surface and (ii) provided a handle for chain extension

• from the epoxide moiety. The next step involved nucleophilic ring opening of the

epoxide, using monotritylated pentaethylene glycol (DMT-PEG) and a catalytic amount

of sodium hydride in xylene. The loading of the DMT-PEG on to the fibres was followed

by sampling portions of silica gel which were activated along with the fibres (Figure

2.17). The last step of activation involved capping of the free hydroxyl groups with

chlorotrimethylsilane.

The resulting fibres (Figure 2.18) were further derivatized by growing dA IO via solid­

phase phosphommidite synthesis. The first set of fibres were derivatized with a

conventionaI3'-phosphommidite, to give S'-dA IO-3' on the fibres. A S'-phosphoramidite

(synthesis described below) was used to make the reverse 3'-dA IO-S' derivatized set of

fibres. The decaadenylate was grown in both orientations since it was not possible to

predict which direction would afford the best results. However, the "reverse" dA IO may

allow for better binding with compound U since it had previously demonstrated that the

• branch point was sensitive to environmental changes.
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•
Figure 2.16. Derivatization of the Optical Fibre Surface according to the methodology
developed by Dr. Krull and co-workers (University ofToronto), (unpublished results).
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Figure 2.17. The Optical Fibre Activation Profile: loading ofDMT-PEG as a mensure of
time. The loading of the DMT·PEG was followed by sampling portions ofsilica gel
which were activated simultaneously with the optical fibres.
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Figure 2.18. Orientation of dA IO on the Opticnl Fibres. Note: dA IO oriented in the
conventional 5' to 3' direction is denoted ns 5'·dAIO"3', and the reverse direction is
denoted as 3'·dAIO"5'.
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2.4.3 Synthesis of5' Amidite Needed for Reverse dAIO Oligomer Growth.

Chemic1l1 synthesis ofnucleic acids in the 5'· to 3'· direction rather than conventionaI3'­

to 5'- direction requires "r,:verse" 5'·phosphoramiditc-3'-dimethoxytrityl nucleoside

monomers. Referring to Figure 2.19, the first step of the synthesis involved taking

commercially available 5'.O-dimethoxytrityl-N6-benzoyldeoxyadenosine (U), and

protecting the free 3' hydroxyl with the dimethoxytrityl ether using 4,4'-dimethoxytrityl

chloride in anhydrous pyridine. A 4,4'-dimethoxytrityl ether was chosen as a protecting

group as this would a1low us to selectively remove the 5'-protecting group using zinc

• bromide, and it would permit us to monitor the coupling efficiency during DNA synthesis
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upon release of the DMT<· cation (À,max=504nm). This selective removal of the 5'­

dimethoxytrityl group was done by reacting crude compound (M) with ZnBr2 in

anhydrous nitromethane at 0 oC for 24 minutes III to yield pure compound (ZaS) in 73%

yield (two steps) after flash chromatography. The N6-benzoyl group was removed from

compound (ZaS) quantitatively using a 3:1 ratio of ammonia to ethanol to yield Z&.

Protection of the exocyclic amine of crude (Z&) using phenoxyacetyl chloride afforded

(1.1) in 42% yield (two steps) after column chromatography. A phenoxyacetyl protecting

group was used instead of the benzoyl group since it is more labile and can be quickly

removed uder milder conditions (ammonialethanol 4: l, 2h., r.t.) and thus minimize loss

of oligomers from the surface. Phosphitylation of pure (1.1) afforded the desired

phosphoramidite (U) in quantitative yield.

2.4.4 Triplex Studies with S'-dAIO-3' Derivatized Optical Fibres.

Characterization of the triple-helical complexes via thermal denaturation studies were

made under the same conditions as used in this present study. Subsequently, fluorescent

studies on the optical fibres were then conducted. As illustrated in Figure 2.18 (top), the

dA IO was grown in the conventional direction. A solution of dTIO (or 1.1) and ethidium

bromide was heated in the hybridization chamber containing the decaadenylate optical

fiores. Upon slow cooling, fluorescent measurements were taken at various temperatures.

Figure 2.20, illustrates that as the dTIO:dA IO duplex was formed by lowering the

temperature there was an increase in the fluorescence intensity, corresponding to

ethidium bromide intercalation into this complex. After further lowering of the

temperature a decrease in the fluorescence intensity was observed, indicative of triplex

formation (2xTIO:dAlO), as illustrated in Figure 2.21. Interestingly, for the reverse­

Hoogsteen forming 1.1 an increase in the fluor;:~cence was observed (with comparable

intensity as that of the background), as the temperature was lowered - indicative of no

complex formation (data not shown). It is quite plausible that either the linker on the
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Figure 2.19. Synthesis of the deoxyadenosine S'·phosphoramidite required for reverse
dA IO oligomer growth.
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• surface or the packing density of oligomers prevented complex formation for these

branched oligomers using this particular dAI00rientation. Previously it was shown that

the branchpoint region was only modest!y destabilized by mismatched targets. In

addition, it was also demonstrated that a minimum of five base triplets were a

requirement for antiparallel triple helix formation,lI2 in agreement with recent studies of

parallel triplexes. 113 ln order to test whether steric interference surrounding the branch­

point prevented triple-helical formation an oligomer was synthesized in the opposite

direction (i.e. 5'~ 3').
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Figure 2.20. Fluorescent intensity as a function oftempr.rature for dT 10 using S'-dA IO-3'
derivatized fibres. Response (0) of the optical sensor with a S'-end terminated recognition
sequence to 1SOOng/mL oflinear dT1D in the presence of2.S x IO·8M ethidium bromide.
Responsc (X) of the optical sensor to 2.5 x 10.8M ethidium bromide and no dT IO,
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T*AT Porallel Triplex Formntion

Figure 2,21. A Model of parallel (T*AT) triplex fonnation using dTIO and conventionally
grown dA IO. After heating, the solution was cooled to fonn the dTIO:dA IO duplex tirst
and then the triplex,
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Figure 2.22. Fluorescent intensity as a fonction oftemperature for dTIQ using S'-dA\O"3'
derivatized fibres. Response (.) of the optical sensor with a 3'-end terminated recognition
sequence to ISOOng/mL of linear dT10 in the presence of 2.5 x 1O,8M ethidium bromide.
Response (Xl of the optical sensor to 2.5 x 10,8 M ethidium bromide and no dT1o•

2.4.5 Triplex Studies with 3'-dAIQ-5' Derivatized Optical Fibres.

The above findings indicated that these branched oligomers could not form a complex on

the conventionally S'-dA\O"3' derivatized surface. Thus, dAIQ was grown on the fibres in

a reverse orientation in order to optimize the binding conditions for these molecules, as

illustrated in Figure 2.18 (bottom). From Figure 2.22, the fluorescent intensity versus

temperature profile indicated that with dT10 there was an initial increase in fluorescence

indicative of duplex formation, followed by a decrease in the intensity indicative of

triplex formation. Testing the "V" compound U using the assay for triplex formation,

showed that it did form' a triple-helical stlUcture as indicated by fluorescent results

obtained in Figure 2.24. There was a decrease in fluorescence intensity for the reverse

Hoogsteen complex W3'-dA\O"S' below the melting temperature (35 oC) which is

consistent with exclusion of sorne ethidium bromide from the triple-helical complex

(Figure 2.23). In this regard, fluorescence studies involving ethidium bromide binding to

triple-helices is in full agreement with several earlier findings.
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• Complementary Branched
Nucleic Acid Sequences ~--- _

Fluorescent Probe in
Aqueous Environment __
(Low Quantum Yield) ._-

Immobilized Single
Stranded of DNA

Surface of Optical Fibre .r-

Cooling

•

•

Triple Stranded Nucleic
Acid Complex --
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(Increased Quantum Yield)

Cooling

Exclusion of Fluorescent Probe
from Triplex Structure with-__ .
Decreasing Temperature
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- ----------------1

Figure. 2.23. The dAIO of the optical sensor capturing the branched "V" compound U.
Note how the fluorescent probe is excluded from the triplex as the temperature is coolea.
AIso, in this illustrution the fluorescent probe is attached to the optical sensing unit via a
flexible linker, this particular modification was not employed in the fluorescent
experiments that were done in this thesis.
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Figure 2.24. Fluorescent intensity as a function of temperature for U using 3'-dA10"5'
derivatizcd fibres. Response (.) of the optical sensor with a 3'-end terminated
Recognition Sequence to 700nglmL of U in the presence of 2.5 x lO"sM ethidium
bromide. Response (X) of the optical sensor to 2.5 x 10"s M ethidium bromide with no
U.

• Based upon the fluorescent rcsults that were obtained with compound U, there are

different explanations to account for the increase and subsequent decrease in fluorescence

as the temperature was lowered. One possibility is that once the triplex forms ethidium

bromide is "pushed out" ie. the exclusion phenomena predominates since the triple­

helical complex is more stable than the triplex with ethidium.

2.5 Conclusions.

For the first time, it was shown that branched poly(pyrimidine) oligonucleotides can

promote the formation of antiparallel T·AT triple helices. Due to the rigid structural

features of branched oligonucleotides, triple-helices that are not stable enough to form in

an intermolecular complex may now be studied. These branched molecules will be

particularly useful for studying complexes in which s;uctural data is not yet available. Il

was also shown that branched "V" molecules consisting of two binding motifs, can bind

to a target single strand by both Watson Crick and reverse Hoogsteen modes. This "V"

ed
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molecule demonstrates the potential usefulness of these branched oligonucleotides for

targetting single stranded nucleic acids (eg. mRNA, DNA).

Furthermore, il was demonstrated that BePI selectively stabilized the antiparal1el and

paral1el T·AT triplexes over duplex DNA. It was also shown that antiparal1el triplexes are

more sensitive to ligand binding than paral1el tn'llexes. The minor groove binder

Hoescht 33258 increased the duplex thermal stability more than either of the triplexes.

A rapid assay tor specifical1y detecting TAT triple-helical DNA was developed. An

assay for the rapid detection of triple-helical nucleic acids would provide a significant

contribution to the biochemicaI community as a means to investigate biological1y

relevant three stranded structures. Also, given that the optical sensors created have been

observed to maintain ful1 activity even after autoclaving, this technology could be

perhaps advanced to in-vivo investigations. Since there is a considerable amount of

interest in antigene therapeutics as a new class of pharmaceuticals, a rapid method for

screening potent drug candidates is required.114 Fruitful studies involving this new

triplex biosensor can be expecteù to fol1ow.
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• Chapter 3- Novel Branehed Oli~onueleotides with an N3Functionalized Thymidine

Linker: Synthesis and Hybridization Studies.

3.1 Introduetion.

With recent advances in nuc1eic acid nanotechnology, liS and with the progress made

towards the synthesis of novel DNA macromolecules: "dendrimers",SSo "circular",9b,c, 116

and "cage,,117 oligomers, novel bNAs having a flexible linker may find use in

biotechnology applications. liS With the inability of DNA triplex structures to form under

physiological conditions,"9 several strategies are being developed to enhance the ability

of oligonucleotides to form more stable triple helices: the use of minor group binders,I20

the covalent attachments of intercalators,121 and backbone and base modifications. ln

A number of studies involving flexible linkers as non-nucleoside loop replacements have

appeared in the litemture, for enhancing the thermal stability of both duplexesl23 and

• triplexes.9d.60D,69.71.1170 Linkers are useful since they can be used to reduce the number of

nudeosides needed for bridging a duplex or a triple-helical complex. Furthermore, these

aliphatic Iinkers would confer resistance to enzymatic degradation, which may find

important uses for DNA-biosensors or other biological applications. "Comb"-like nuc1eic

acids have been prepared by a combination of a linear synthesis and subsequent

orthogonal synthesis involving branching off cytosine bases.124 However, there has been

no reported use ofthese compounds for triple helix formation.

A new synthetic methodology. for constructing bNAs whereby each "arm" of the

compound having a different base sequence has been developed. That is, with the

possibility of varying the base sequence by extension of the 5' end (after addition of the

branching synthon), a "Y" branched molecule that has two binding domains was

constructed. The "Y" compound synthesized in this study has one dT IO "arm" which is

linked to the branched oligonuc1eotide. This linker served a two fold purpose: it enabled

• a branching synthesis with an independent sequence from the main oligonucleotide and it
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• served to join intramolecular triplex fonning strand to the oligomer. This branched

molecule will be able to recognize a single stranded target twice, once by the "guide"

segment and again by the third triplex fonning strand, as iIIustrated in Figure 3.1.

5'
Py

5' guide
+ Py 3'

•

•

r ....... ...
3' Pu' 5'

Figure 3.1. The branched strategy for capturing single stranded DNA or RNA. Note: Py
and Pu represent pyrimidine and purine sequences, respectively.

Our studies on triplex fonning branched oligonucleotides have been further motivated by

the Darnha laboratory's long-standing and continuing interest in the biologica! role of

branched RNA. However, there has only been a ve~y limited number of reports

describing the solid phase synthesis for branched oliS\lnucleotides of any oasc sequence

and chain length. 12S Therefore, a novel synthctic methodology for constructing bNA's

having a flexible linker was developed.

3.2 Results and Discussion.

3.2.1 Synthetie Methodology for "V" and "Y" bNA's eontaining a Flexible Linker.

ln order to investigate the influence of the aliphatic linker length on triplex stability, 3J.

and U were prepared and fuUy characterized by Roman and Damha (Figure 3.2).126

While the incorporation of non-nucleoside bridges as hairpin loops inside an

oligonucleotide has been described, this new approach uses a N3-funtionalized thymidine

branched to an aliphatic chain. The main melit of this strategy is that this loop

replacement provides a S'-branching point for future substitutions or chain growth.
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The incorporation of the branching synthon J...l and ;tZ into "V" type oligomers is

iIIustrated in Figure 3.3A by the synthesis of oligomer U and M, respectively. Thus,

dT IO (1.0 l1mo1) was assembled on an automated DNA synthesizer using standard

phosphoramidite protocols and controlled-pore glass (23 l1mol dT/g) as the solid support.

The branching synthon (either..3.l or U) was introduced as a 0.15 M solution with an

80% and 38% efficiency (unoptimized), respectively, based upon the yield of the

dimethoxytrityl cation released after coupling. The terminal 5'-hydroxyl was then

acetylated with capping solution. The levulinyl protecting groups were removed

o 0

H3~ /(CH2ln'N~~~~~t.X H 0 0 H3

DMT-O-V0~ 0 _

~ JJ.,n=5
(iPr)2N-P-O~CN U, n - 2

Figure 3,2. Structure of the Branching Synthon. A novel N3-Functionalized Thymidine
Linker. Linkers of two lengths (n=5 and n=2), correspond to compounds J...l and U,
respectively, and were prepared by Roman & Damha. 126

manually with a solution of hydrazine hydrate using conditions which did not cause the

c1eavage of the oligomer from the support. 127 After thorough washing with dry MeeN,

the column was re-installed on the synthesizer, and chain assembly of another dT IO strand

was continued in the normal fashion. Quantitation of trityl cations released, indicated

that delt"vulination and subsequent coupling steps proceeded with ca. 98% yield. After

deprote~tion with aqueous ammonialethanol (3:1, r.t., 24 h), the oligomer was purified by

preparative polyacrylamide gel electrophoresis (PAGE) on denaturing gels (24%/7 M

urea). Desalting by size exclusion chromatography (Sephadex G-25) afforded 22 A260

un'ts (35%) ofoligomer U and 2.1 A260 units (4.7%) ofoligomer M.
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Figure 3.3 A. Synthesis of "V" Compounds U (n=5) and M (n=2). Reagenls and
conditions: a, coupling ofJJ. (n=5) or U (n=2), respectively (O.15M) dissolved in THF­
MeeN, CH2C12 (2:2:1), tetrazole, 15 min.; b, AC20/2,4,6-collidinelN-methyIimidazole, 8
min.; c, O.5M hydrazine hydrate in AcOH-pyridine, 5 min.; d, 3'--+5' DNA synthesis; e,
NH3-EtOH (3:1), 24 h.

69



• s'AcOG S'AcOG
C C
G G
T T
A A
C C
T T
A A
C C
G G
T T
T T
T-OLv T-OH

f,g,h.. ... 1
1

s' 3,T,0 3,T10T1D

1 1 ~,.,.,.,.,., .... ,... , ,.,', .. " .. ,.... " ..
LCAA·CPG

s'ACOG s' G
C C
G G

• T T
A A
C C
T T
A A
C C
G G
T T
T s' T s'
T-T T-T1010

1
k

1.. ~

3,T10 3,T10

1
~". """ "'" """

•

Figure 3.3 B. Synthesis of "Y" Compound ~ (n=2). Reagents and conditions: f,
coupling of.J.Z ({I.15M) dissolved in THF-MeCN, CH2C12 ('2:2: 1), tetrazole, 15 min,; g,
J'~5' DNA sym~esis of mixed base composition; h, AC20/2,4,6-collidinelN­
methylimidazole,8 min,; i, O,5M hydrazine hydrate in AcOH-pyridine, 5 min.; j, 3'~5'
DNA synthesis; k, NH3-EtOH (3:1), 48 h. Note: ail reactions were carried out at room
temperature.
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In designing the branched Y compound. a molecule which would bind to its target

molecule tirst by Watson-Crick and then by Hoogsteen base pairs (in the 5' to 3'

orientation) was chosen. Using hairpins with two binding motifs, Hélène and coworkers

had shown that this orientation plays an important role for optimizing the complex

stability. Therefore, the synthesis of the "Y" oligonucleotide with the linker (U) was

conducted as illustrated in Figure 3.3B. First. dT IO (\.O ~mol) was assembled on an

automated DNA synthesizer using standard phosphoramidite protocols Md controlled­

pore glass (23 ~mol dT/g) as the solid support. The branching synthon (U) was

introduced as a 0.15 M solution in THF/MeCN/CH2CI2 (2:2: 1) with a 38% efficiency

(unoptimized) based upon the yield of the dimethoxytrityl cation released after coupling.

The next step involved growing a mixed base sequence from the 5' hydroxyl. The

terminal 5'-hydroxyl was then acetylated with AC20/2,4,6-collidinelN-methylimidazole.

The levulinyl protecting groups were removed manually with a solution of hydrazine

hydrate using conditions whieh did not cause the c1eavage of the oligomer from the

support (0.5 M NH2NHiH20 in pyridine/acetic acid, r.t., 5 min). After thorough washing

with dry MeCN, the column was re-installed on the synthesizer, and chain assembly of

another dT IO strand was continued in the normal fashion. Based on the trityl cations

released, the delevulination and subsequent coupling steps proceeded with quantitative

yields. After purification by PAGE, compound loS was obtained in 7.6% overall yield.

3,2.2 Characterization of "V" and "Y" Molecules.

Analysis of compound U by analytical PAGE (Figure 3.4) and capillary electrophoresis

(Figure 3.5) indicated that it was present as a single species, and its migration was

comparable to that ofunmoditied sequences ofsimilar chain lengths. The presence of the

linker within the DNA sequence could be contirmed after hydrolysis with snake-venom

phosphodiesterase Nld alkaline phosphatase, and analysis of the resulting mixture by

HPLC (Figure 3.6). These enzymes hydrolyzed U to produce a mixture of dT and dT-

71



• linker in the anticipated 20:1 ratio. Finally, the molecular weight determined for~ by

ion-spray MS was found to be in agreement with the calculated value.

orlgln -~

A
xyIene

-~

cyanol
"V"

bromo
ollgomer

phenol ' ,- -~ .... 3.3
blue

• B orlgln-- -~

xylene
- - ~

cyanol

bromo
phenol- ~

blue

1 2 3 4

•
Figure 3.4. A. A 25% denaturing preparative PAGE showing the mobility of the crude
product of compound~. This gel is a typical example of how a branched synthesis
appears. B. A 25% denaturing PAGE gel showing relative mobilities of linear standards
and the purified "V"-like oligomer (U). Lanes l, 2, 3, and 4 contained: the dyes,
oligomer (~, dTIO and a linear 33-mer Marker, respectively.
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Figure 3.5. A. Capillary electrophoresis (CE) analysis of the crude product U. B. The
CE nnalysis of pure U. with a retention time of 22.1 minutes. The CE system and
method is described in the experimental section.
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Figure 3.6. Nucleoside analysis of compound 3.3., following snake venom
phosphodiesteras,;ialkaline phosphatase enzymatic digestion. The identification of dT
and compound 3..6 (JJ. with no DMT. levulinyl, and phosphoramidite moieties) at (11
minutes and 21.9 minutes, respectively), was confirmed by co-injection of independently
prepared standards. Refer to the HPLC experimental for preparation of3..6.

Sequences M and JaS also gave gave satisfactory capillary electrophoretic mobilities as

illustrated in Figures 3.7A and B.
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Figure 3.7. A. Capillary electrophor~sis (CE) analysis of pure product M having a
retention time of 20.1 minutes. B. The CE analysis of pure J.S h~ving a retention time of
24.6 minutes. The CE system and method is described in the experimental.

3.2.3 Hybridization or"V" -Shaped Nuc1eie Acids.

•

The binding affinities of the "V" compound ;13, and the control sequence 5'-TIO-CCTC­

T IO-3' for their single stranded target dA lo were measured by comparison of the melting

temperatures of the complexes with 1 M NaCI, 10 mM Na2HP04. pH 7.0 buffer, or 50

mM MgCI2 , 10 mM Tris pH 7.3 (Figure 3.8). In both buffers. the mtlting eurves at 260

nm showed a single transition from bound to unbound species. That is. both compound

;13 and the control sequence bind dA IO in a cooperative manner, whereby the Watson­

Crick and Hoogsteen bonds would formlbreak in a one step process.
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• Figure 3.8. UV absorbance melting profile (monitored at 260nm) for one to one
mixtures ofl.3 (-.-)and 5'-TIQC2TCTw-3' (-.-) with dAIQ complements. Solutions
contained: lM NaCl, 100mM Na2HP04, pH 7.0, with a 2J.1M total strand concentration.

•

The same transition temperatures of both complexes (ca. 47°C, in either Na+ or Mg+2)

suggests that 3..3 and 5'-Tw-CCTC-Tw-3' bind to dAIQ with the same affinity. The "V"

oligomers l.3 and M which had a length difference of 3 carbons, melted at the same

melting temperature of 47 oC when complexed to dAIQ in the Mg+2 buffer. By

comparison, dTIQ with its Watson-Crick complement dAIQ forms a duplex which melts at

32.0 oC in Mg+2 buffer, demonstrating that 3..3, M, and the control 5'-Tw-CCTC-Tw-3'

bind to dAIQ much more strongly. Evidently, this is achieved by forming Hoogsteen and

Watson-Crick hydrogen bonds, i.e., T*AT base triplets, with the target dAIQ strand

(Figure 3.9).
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Figure 3.9. Triplex formation of oligomer J.,J or.lA (top), and the control sequence 5'­

Tw-CCTC-Tw-3' (bottom) with the complement dAIO.

Also supporting a triple helical structure are the observations that: (a) the melting

• transitions of the complexes of J.,J, .lA and sequence 5'-Tw-CCTC-TI0-3' could be

followed at 284 nm, a wavelength at which pyr*pur/pyr triplexes composed entirely of

T*AIT base triads display significant changes in absorbance. but at which duplex AIT

pairs do not;9<. 9•. 66·70 (b) A single mismatch resu1ting from substitution of dT for dA in

the target sequence, leads to a decrease in me1ting temperature of 13 degrees (Tm= 47 -+

34 OC) whereas the corresponding decrease for the control duplex is more significant

(Tm= 34 -+ 17 oC, or, ~Tm= 17 oC); (c) circular dichroism spectra of J.,J/dA lO and

sequence 5'-Tw-CCTC-Tw-3'/dA lO, is similar to that of the known tripley.

dTIO*dAloIdTIO (data not shown). Therefore, from these results one can conclude that 'he

Iinkers chosen afford triple helices with comparable stability to one with a natura1

(CCTC) loop.

•
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• 3.2.4 Thermal Stability of "Y"/dA.overs"~ "V"/dA.oeomplexes.

Since it was shown that "V" (U and 3d) compounds were eITcctive for triplex

formation, the next step was to compare the hybridization of the "Y" (~) branched

molecule wheil complexed to dA lo (refer to Figure 3.\0). In accord with what was

observed with the "V" compounds, the "Y" molecule showed a monophasic tran.lition at

260nm when bound to dA ID, with a melting temperature of 48.3 oC, comparable te 47 oC

for the "V" complexes. By comparison, dTID with its Watson-Crick complement dA ID

forms a duplex which melts at 32.0 oC, demonstrating that both "V" and "Y" oligomers

bind to dAID more strongly. This high thermal stability is accounted for by forming both

Hoogsteen and Watson/Crick hydrogen bonds, i.e., T*AT base triplets, with the targe!

dAID• Therefore, the complex of~ with dAID aITords a triple helix with comparable

thermal stability to "V"+dA ID• The significancc of this finding is that DNA extension

from the "V"s' 5' hydroxyl group does not interfere with binding to the triplex domain.

T.=47.0

lriplex
J.lDtt7VSl'5'

5'

3'

~5'
'T~5'

lriplex
3'

...
"­

(dA)"

Figure 3.10. Model or"Y" (M) and "V" (3.3. and 3d) Compounds binding to dA lo•
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"-• +
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• Structure Compound Designation

(dT),o 5'

n=5 3.3 "V" (n=5)

T,
"-

(dT),o 3'

(dT),o 5'

n=2 3.4 "V" (n=2)

T,
"-

(dT),o 3'•
(dT),o 5'

n=2
5' GCG TAC TAC GTIT...............-_

'3'(dT),o

5' GCG TAC TAC GTI TI,o 3'

5' GCG TAC TAC GnTI,oG
C
C

3' T,o C

3.5

3.6

3.7

"Y" (n=2)

Iinear control

mixed halrpin

• Figure 3.11. Structure of"V", "Y" and Linear Oligonucleotides.
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• 3.2.5 Comparison of Thermal Stability for "V" (J,S). Iinear control (M) llnd mixed

hairpin (U).

The "V" molecule (~) (shown in Figure 3.11) has two possible modes of binding to its

target molecule, which are illustrated in hgure 3.12. The first one corresponds to only

duplex formation (model 1) which would imply that the third (triplex fomling) arm was

acting only as a "spectator". The second model implies that~ would bind to its target

molecule to give a combination of duplex/triplex rcgions (model Il). In thcsc studics.

melting experiments have rulcd out the possibility of model I.

(dT},o 5'

3' CGC ATG ATG CM Modell

5' GCG TAC TAC GTT

(dT},o 3'

•
3' CGC ATG ATG CAA Modelll
5' GCG TAC TAC GTT T

5'
triplex

Figure 3.12. The two possible binding modes of the branchcd "Y" compound~ with its
Iinear target. The first model corresponds to only duplex formation, whereby the third
(triplex forming) arm acts only as a "spectator". The second model implies that J.S
would bind to its target molecule with a combination of duplex/triplex formation.

•
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• Table 3.1. Stability ofChimeric Hoogsteen/Walson-Crick forming complexes relative to
Watson-Crick forming complexes
Oligomer 1 Target OIigomer Tm %H

"V" (J..S) dAlsTAACGTAGTACGC 61.:i 17.2

Iincar Control (M) dA,sTAACGTAGTACGC 66.8 15.0

mixcd hairpin (U) dAiSTAACGTAGTACGC 63.3 18.9

3' CGC ATG ATG CM T~ 5'
5' GCG TAC TAC GTT T'l..LLIJ.lLL 3'

(dT},o
duplex

Iinear control
with complement

mixed hairpin
wilh complement

5'

3' CGC ATG ATG CM
5' GCG TAC TAC GTT T:t1.rd3~

(dT},o
triplex

Figure 3.13. Binding modes for Linear Control (M) and Mixed Hairpin (U) with

complement (dAIsTAACGTAGTACGC).•

•

Both J..S and U capable of both duplex and triplex formation when targeted to

dAIsTAACGTAGTACGC. showed a rr,rmophasic trans;tion ofcomparable stability (Tm's

of61.3 oC and 63.3 oC. respectively). From these resllits. one can conclude that the triple

helix region of these oligonucleotides was stabilized. relative to when J..S and U were

complexed with dAlO (48.3 oC and 45.9 oC. respectively). Interestingly. M which is

only capable of forming Watson-Crick hydrogen bonds with dAlO has a higher thermal

stability than J..S and U which are capable of both Hoogsten and Watson-Crick

hydrogen bonds. Thus. these experiments demonstrate that for this sequence a complete

Watson-Crick double helix is more stable than a chimeric Watson-CrickIHoogsteen

complex. Alternatively. for the branched sequence a "bulge" surrounding the branchpoint

may cause incomplete base pairing surrounding this region.
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• 3.2.6 Mismatch Studies

Mismatch studies were cO:lducted with the branched "V" oligonuclcotide. the linear

control and the mixed hairpin. in order to determine the stringency for compound M. Ail

triplex forming oligomers (M. 3.1 and T IOC4T IO) had a higher TOI and hyperchromicity

when complexed to the mismatch sequence dA2llAJ.GAJ• relative to the duplex forming

linear control (3&). Of the triplex forming oligomers (M and 3.1). the mixed hairpin had

the lowest melting tempemture when complexed to dA2llAJ.GAJ. Referring to Table 3.2.

since the "V" (M)! formed a more stable complex with the target oligomer than the

mixed hairpin (3.1). one can conclude that this evidence for triplex formation aids in

ruling out the "spectator" arm mode!.

* Ail nucleotldes underhned mdlcate a mlsmatch base paIr. ConditIOns: 1OmM Tris,

50mM MgCI2, pH7.3.

Table 3.2. Mismatch results with Triplex. DuplexlTriplex and Duplex forming
oligomers The target oligomer binds only to the dT10 region
Oligomer 1 Target TOI (%1-1) !!J.T",

Oligomer*

"V" (M) dA IO 48.3 (14.7) ·
"V" (M) dA2llAJ.GAJ 17.2 (7.5) 31.1

linear control (3&) dA IO 35.1 (15.7) ·
linear control (3&) dA2llAJ.GAJ 9.9 (4.4) 25.2

mixed hairpin (3.1) dA IO 45.9 (15.2) ·
mixed hairpin (3.1) dA2llAJllAJ 16.3 (10.7) 29.6

T IOC4T IO dA IO 44.8 (18.0) ·
T IOC4T IO dA~AJllAJ 17.7 (12.8) 27.1

..

•

•
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Table 3.3. Mismatch results with Full Length Target Oligomer.

Oligomer Target 01igomer· Tm (%H) !:J.Tm

"V" (J.S) dA 1sTAACGTAGTACGC 61.3 (17.2) -
"V" (J.S) dA~A~A3TAACGTAGTACGC 50.9 (10.6) 10.4

Iinear "V" (M) dAlsTAACGTAGTACGC 66.S (15.0) -
linear "V" (M) dA2.GA~A3TAACGTAGTACGC 60.9 (16.6) 5.9

mixed hairpin (.t1) dA 1sTAACGTAGTACGC 63.3 (lS.9) .
mixed hairpin (.t1) dA2.GA~A3TAACGTAGTACGC 54.7 (lS.O) S.6

·Nucleotides underhned mdlcate a mlsmatch basepalr.

These mismatch studies are very interesting as they show the relative specificity of the

compounds. The Iinear control (M) showed the least sensitivity to the mismatch.

whereas both the mixed hairpin (J.S) and the "V" compound (J.S) showed the gr~atest

destabilization. From these results, one can conclude that the "V" oligomer (J.S) is the

most sensitive to correct base-pairing and we infer that the third branching ann must be

involved in triple-helical formation. Had the third ann of the "V" oligomer (J.S) acted as

a "spectator" (Figure 3.12) i.e. it is not involved in hybridization. the Tm data would have

reflected that of the Iinear control (M) complexed with the mismatch sequence.

Therefore. this mismatch data provides further evidence for supporting the modellI mode

ofbinding.

3.2.7 Elfeel of BePI on Triple-Helieal"Y" (J.S):dA1o and mixed base hairpin

(.t1):dAIO eomplexes.

As discussed above, triplex stability under physiological conditions appear somewhat

limited primarily because ofelectrostatic replusion between the duplex and third strand.

Hélène and co-workels ; :cent1y reported that a benzo[e]pyridoindole derivative (BePI,

Figure 2.13) strongly stabilizes triple-helical DNA and showed preferential binding to

triplex DNA over duplex DNA.
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• Table 3.4. Stabilization ofTriple-Helical DNA by 3-methoxy-7H-8-methyl-II-[(3'­

amino)prnpylamin.:J]-benzo[e]pyrido[4,3-b]indole (BePI).

Oligomer Target Olïgomer Tm (%H) 6Tm

"V"(~) AISTAACGTAGTACGC 61.3 (17.2) -
"V" (~) + BePI* AISTAACGTAGTACGC 68.0 (13.3) 6.7

mixed hairpin (J.1) AlsTAACGTAGTACGC 63.3 (18.9) -
mixed hairpin (J.1) AlsTAACGTAGTACGC 65.6 (15.0) 2.3

+BePI*

* IOIlM BePI ln 10mM Tns, 50mM MgCI2, pH7.3.

806040
Temperature (Celsius)

l ,.

20

I----+---t---+-------c:b-~~""-:,-t-----·- ------•
Figure 3.14. Melting temperature profiles of the "V" oligomer (~) nnd the mixed base
hairpin (J.1) hybridized to the target dAlsTAACGTAGTACGC obtained in the presence
nnd absence of IOIlM BePI. Strnnd concentration was 2.0IlM. "V" (~) without BePI
[.A.], "V" (~) with BePI [+], mixed hairpin (J.:n without BePI [x], and mixcd hairpin
(.1.1) with BePI [.].

•

In this study, BePI was used to stabilize oligonuclcotides with two diffcrent binding

domains, involving a mixed b:lSe duplex nnd a T*AT triplcx forming rcgion (Figure

3.12). Hélène el a/.• have diligently characterized the ligand BePI, with regard to

investigating ils specifie mode ofbinding to Hoogsteen*Walson-Crick T*AT triplexes.
8s
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• This is the first reported example involving the use of a triplex specific ligand employed

to enhance the stability ofa branched ehimeric (duplex-triplex) complex.

A significant finding made in these studies is that the "Y" (J.S) with its complement in

the presence of BePl showed a dramatic stabilization of its complex. Thus this enhanced

stabilization for the "Y" complex provides further evidence in ruling out the "spectator"

arrn model. Furthermore, it shows the potential use of a triplcx binding ligand such as

BePl, being able to specifically enhance the thermal stability of a complex consisting of

both Watson-Crick and Hoogsteen hydrcgen bonds.

Conclusions.

ln conclusion, it was demo:lstrated that a hairpin loop im:ide of an oligonucleotide can be

replaced with linker nucleoside units JJ. or U without significant changes in its

hybridization properties. The main merit of this branched strategy is that this novel

• regioselective synthetic method allows for the creation of virtually any sequence at any

"arm" using the branching synthons JJ. and U. Of significant importance is the ability

of these branched molecules to have two different binding motifs. One arm has the role

of a "guide" sequence to capture the target through specific Watson/Crick hydrogen

bonding, while the role of the second pyrimidine strand is to "fold" over and form a

triplex chimera.

Preliminary studies with a branched "Y" oligonucleotide show that it is possible to target

a complementary DNA sequence with a high degree of selectivity. That is, these branched

oligonucleotides are more sensitive to mismatches than the corresponding mixed hairpins

or linear controls. Work is currently in progress in the Darnha laboratory for developing

branching synthons which will optimize the binding properties ie. by attaching flexible

linkers through the 2'-hydroxyl of a nucleoside. Furthermore, by designing linkers of

polyethylene glycol composition, these synthons should be more soluble in acetonitrile

• and thus increase the coupling efficiency. 5uch linkers may enhmlce resistance of
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oligonuc1eotides to degradation in biological media. as \Vell as its cellular uptake by

increasing lipophilicity.128
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• Chapter 4 - Synthesis and Studies of2',5'-Linked Oligoribonucleotides.

Section 4.1 Introduction.

4.1.1 Thc Significance of 2',5'-Phosphodicster Linkages.

One of scientific fields whir.h has intrigued nucleic aeid chemists is why nature favours

3',5' phosphodiester linkages over 2',S'-linkages along the sugar-phosphate backbone.

2' ,5' linkages are rarely found in nature, occurring only during intron splicing and in

interferon treated cells. Switzer et al. using 2',5'-linked DNA containing guanine and

cytosine have shown that these oligomers could assoeiate, however, these duplexes were

found to have approximately half of the thermal stability of the corresponding 3',5'­

linked DNA. 129 For example, Breslow et al. and Switzer et al. independently showed that

oligodeoxynucleotide complexes containing 2',S'-linkages, had weaker associations and

were seen only at higher salt concentrations. IJO Breslauer went on to demonstrate that

• 2' ,5'-linked triple helices exhibited greater thermal stability than the corresponding 3' ,S'

triplexes. IJI Turner et al., and the Damha laboratory, inc!ependently ùemonstrated that

2' ,5'/2' ,S'-oligoribonucleotides duplex structures are less stable than 3',5'·RNAl3',5'­

RNA complexes. IJ2 This finding was also confirmed by thermal studies involving both

2',5' and 3',5' Iinked rU7 and rA9 hybrids. 133 The preference of3',S'-linkages in nature

over 2',5' linkages may be partially attributed to the higher thermal stability of the former

complexes.

4.1.2 Antisense Oligonucleotides containing 2',S'-Linkages.

One of the prequisites in the design of antisense therapeutics are that the oligonllcleotides

are resistant to nucleases and form stable and selective complexes with DNA or RNA.

Giannaris and Darnha were the fi1'llt to propose the use of 2',5'-Iinked oligonucleotides as

antisense agents. IJ4 1.1eSe studies involved both homopolymers and partially mixed

• 2' ,5'- linkages, and showed that these compounds were resistant to enzyme degradation
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• and, arnazingly, bound to RNA more sclectively than single-stranded DNA sequences. ln

addition, the Darnha group showe-d that 2',5'-r(Ap)QA was capable of forming a triple­

helix with poly rU having a lA to 2{; stoichiometry. Matteucd el al. from Gilead

Sciences, lnc. went on to publish and patent 3'-deoxynucleotides containing 2'.5'

formacetal and thioformacetallinkages, based upon the results by Darnha el al. that 2' ,5'­

linked compounds had an exceptional selectivity for RNA. m More recently, Matteucci

has investigated the hybridization of a 2'.5' formacetal linked oligomers containing

conformationally restricted ribose mO.ieties. The 5,5 bicyclic ring system used in this

study was shown to have worse bindillg properties than the cùntrol 2' ,S'-linked

formacetal 0ligomers,136 which is attributed to the ribose distortion of the sugar pucker.

(2',5') Fonnacetallinkage
wlth • Confannltlonalty
RlISlrIcled Rlbosa Molety

o

~:l~~

J~o 0

p ~C'l:~

"'"4:Y0

y

(2',5') FonnacetallinkagllS(2',5') ollgodeoxyaden#,latn
ha.lng phosphorothloate IInkagllS

1 tyl:
~j "'

o{~:6
o

0=P-s0

~
Figure 4.1. Structural Modifications of2',5'-Linked Oligonucleotides.

•

Another study showed that .11 2',5'-linked octadeoxyadenylate containing either natural

phosphodiesters or phosphorothioates bound selectively to RNA with no binding to

DNA, and had an increased enzymatic stability. lt should be noted that ail the latter

studies described in this section were done on oligomers containing a single base. From

these studies, selective binding to RNA and increased nuclease resistance appears to he a

generaiization for both DNA and RNA oligomers containing 2',5' linkages, Both the

Darnha and Breslauer laboratories demonstrated that the 2' ,5' linked oligomers t'.xhibited

• differential properties relative to their corresponding natural 3',5' linked compounds,
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with these differences depending, in part, on the number of modified phosphodiester

linkages and the ionic strength of the media used.

4.2 Hybridization Properties of2',S'-Linked Oligomers containing the Four Natural

Bases.

4.2.1 Binding Studies of2',S'-Linked Antisense Oligomers Complementary to the S'­

Long Terminal Repeat (LTR) ofHIV-I.

First, the binding properties ofa 2',5'-linked RNA oligomer containing ail four bases was

investigated. Two RNA sequences 18 nucleotides in length were synthesized, both

complementary to the S'-long terminal repeat (LTR) ofHIV-1 genomic RNA (strain 38).

These completely 3',S' linked or 2',S' linked RNA 18 mer sequences being

complementary to the HIV genome, would thus act as potential antisense agents for HIV

reverse transcriptase (see section 4.S).

ln order to compare the relative affinities of the 3',5'- versus 2' ,S'-linked antisense

compounds bound to the viral RNA, two model systems were used. Two 18 mer

oligonucleotides (sense strands) composed of either RNA or DNA and which had the

same sequence as the S'-LTR of the HIV-I genome. The melting lemperatures (Tm's) of

the 3',S' and 2',S'-linked RNA antisense oligomers hybridized to their complementary

unmodified ssDNA and RNA sense strands were measured (Table 4.1). The following

conclusions can be made: as had been previously reported for homopolymers containing

2',S'-linkages, 2',S'-Iinked RNA of mixed base composition binds much more tightly to

RNA than with DNA. Although this selectively is also observed with the 3',5' Iinked

antisense RNA strand, it is more pronounced for the 2' ,S'-Iinked RNA antisense

oligomer. Furthermore, the Tm of the 2',S'-RNAl3',S'-RNA complex was 71 oC

compared with 87 oC for the 3',S'-RNAl3',S'-RNA complex, suggesting that annealing

of2' ,S'-RNA to 3',S'-RNA is thermodynamically less favourable than annealing of 3',S'-

• RNA to 3',S'-RNA. Thus, from this and previous studies, the selective RNA binding
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• properties of an ail 2',5'-linked antisense oligomer make it better suited as an antisense

agent compared to a 3',5'-linked oligomer.

Table 4.1. Thermal Melt Data for 2' ,5' and 3',5'-Linked Oligomers Complementnry to a

section of R region from the HIV LTR.

Tm buffer - 140mM KCI, 5mM Na2HP04, ImM Mg2CI pH7.2. These salt conditions were
chosen to approximate the intracellular cationic environment. Antisense oligomers were
melted with the complementnry 18mer RNA and DNA targets.

Antisense Oligomer ssDNA Tm (%H) ssRNA Tm ( %H) ATm
RNA-DNA

2',S'-Linked 37.2 (4.7) 70.9 (11.3) 33.7

rAGCUCCCAGGCUCAGAUC

3',S'-Linkcd 68.8 (5.8) 86.6 (13.2) 17.8

rAGCUCCCAGGCUCAGAUC
..

Besides having RNA-specifie hybridization 2',5' linked oligonucleotides have several

properties which may them excellent candidates as potential antisense agents: they are

• stable to enzymatic degradation, they are water soluble, relative to natuml 3',5' linked

oligomers they are only slightly destabilized when binding to RNA, and they can be

prepared via standard solid phase phosphommidite chemistry.

4.2.2 Triplex Studies Involving Unmodified 2',S'-Linked Oligomers.

Previous studies have demonstrated that under certain conditions, 2' ,5'-linked oligomers

associate to form stable triple helices. Given the ability of2',5'-linked RNA and DNA to

form stable duplexes with RNA, it was of interest to determine if these compounds would

be capable of forming triple-helices with a natural DNA or a DNAIRNA duplex.

Typically, triplex dissociation occurs through a two-step process i.e. dissociation of the

triplex to a duplex and single strand, followed by dissociation of the duplex to single

strands. In order to sepamte these transitions, the selfcomplementnry hairpin dA IOdC4TIO

having a Tm of 67.2 oC was constructed. Binding studies conducted in 50mM MgCI2,

• IOmM Tris buffer (pH 7.3) showed that both 3',5' linked rU IO and dT IO bind to
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• dA todC4Tto. The hybridization profile of dA todC4T to in the presence of either dTto and

3',5'-linked rU to had a biphasic melt profile, indicating two separate cooperative

dissociation events ie. triplex ~ duplex + single strand~ single strands melting

transitions. A biphasic transition was not observed for either the hairpin alone or for a

1:1 mixture of the hairpin and 2' ,5'-linked rU to' indicative of no triplex formation. From

these initial studies, 2',5'-Iinked rU 10 proved to be incapable of triplex formation, as il

showed no binding to the hairpin.

Table 4.2. Thermal Meit Data for ail DNA and Chimeric DNA/RNA Hairpins with dTto

and rU to Complexes.

Tm s were determmed from the tirst denvattve plots of absorbance versus temperature
and were run in 50mM MgCI2, IOmM Tris, pH 7.3, adjusted with HCI. b %H was
calculated via %H=(ArAo)!Ar.

Hairpin Complement Tm (oC)" %HU Curve Shape

dA todC4Tto - 67.2 13.2 monophasic

dA todC4Tto dTto 13.2,66.1 4.5,13.7 biphasic

dA todC4Tto 3',S'-rU 10 11.5,64.5 3.1, 13.8 biphasic

dA lodC4Tto 2' ,5'-rUto 66.9 13.3 monophasic

"
,•

Preliminary resuits involving the investigation of whether 2' ,S'-Iinked oligonucleotides

could form triple helical complexes proved discouraging. However, work to determine if

a 2',5'-linked mixed pyrimidine sequence can fonn a Hoogsteen triple helix is currently

in progress in the Damha laboratory. As weil, the possibility that branched "V"

compounds of the composition rAUto
uto (where the rUto is either ail 2',5' linked or 3',5'

linked) are capable offonning reverse Hoogsteen triplexes is also being investigated.

•
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4.3 Synthesis and Hybridization of an Oligonucleotide containing 3'-O-Methyl

Adenosine.

4.3.1 Importance of Synthesizing 3'-O-Methyl Monomcrs.

2'-0-MethyI0Iigoribonucleotides have been widely explored as potential antisenselantigene

inhibitors of gene expression,137 and as molecular biology probesl38 (eg. site specific

elicitation of RNase H with chimeric DNA splints). They are weil suited for this purpose

due to their high biochemical stability. A major consequence of the presence of a methyl

group at the ribose 2'-hydroxyl is that the polymer becomes resistant to c1eavage by both

a1kali and by a wide range of DNA and RNA specific nucleases. 139

It would be ofinterest to synthesizing 2',S'-linked oligonucleotides containing 3'-0-methyl

ribose monomers (Figure 4.2) for several reasons: (i) both 2'-O-methyl RNA140 and 2',5'­

Iinked RNA bind very selectively to RNA, (ii) both 2',S'-linked RNA and 2'-0-methyl

oligomers are more stable to nucleases than natural 3',S'-linked RNA, (iii) 2'-0-methyl

oligonucleotides can form stable complexes with either RNA and DNA, and (iv) chimeric

deoxy/2'-0-methyl oligonucleotides elicit site specific RNase H activity when bound to

RNA. Thus, the next rational step was to synthesize 3'-0-methyl oligomers containing

2',5' phosphodiester linkages in order to determine what affect these modifications would

have on their binding properties.

4.3.2 Synthesis of3'-O-Methyl Monomers.

Synthesis of 2'-0-methyl ribonucleotides, starting from protected or unprotected

ribonucleosides bas been extensively described in the Iiterature. As ilIustrated in Figure 4.3,

Ts'o and co-workersl41 directly methylated adenosine using sodium hydride and methyl

iodide yielding only 7% of the desired 3'-O-methyl isomer with a mixture of dimethylated

and 2'-O-methylated products. Based upon Ts'o's results, the tert-butyldimethyl silyl

• group was used for the synthesis of the 3'-0-methyl monomer. Methylation of 5'-0-
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• dimethoxytrityl-2'-O-t-butyldimethylsilyl- N6-benzoyl-adenosine (~) (Figure 4.4), with

sodium hydridelmethyl iodide (DMF, 0 oC.), yielded a mixture of isomers~ and~

(4:1 ratio, respectively) in 65% yield. Ofinterest was that if the 3'-O-silyl regioisomer was

used, the same ratio of methylated products was obtained. These results show that

equilibration of silyl isomers (2' + 3') occurred at a faster rate relative to methylation. The

ratio obtained in favour of the desired 2'Si, 3'Me isomer most likely reflects the relative

3',S'-Llnked 2'.Q-Methyl RNA 2',S'-L1nked 3'.Q-Methyl RNA

•

~ S' B

o~4' l'
3' 2'

o OCH3
O=p-Oe0-0

o OCH3
1 e

O=P-O
1

o
~

~ 5'o
l'

•

Figure 4.2. Structure ofmethylated 2' ,S'and 3',5'-linked RNA, where B denotes any
base.

stability of 2'Si, 3'OH vs. 3'-OSi, 2'-OH. The latter being less stable due to steric

compression (S'-DMT~ 3'-Si). Reaction with lM TBAF in THF went c1eanly, however,

separation of the 3'-O-methyl derivative, compound ~, from the 2'-O-methyl isomer

~ proved very difficult, affording~ in only 20% yield. Phosphitylation of~ with

N,N-diisopropyl(2-cyanoethyl)phosphonamidic chloride gave compound ~ ncarly in

quantitative yield.
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•
Figure 4.3. Direct Methylation of Adenosine and the subsequent products.

•

Due to the problems of silyl migration, the more stable (2-trimethylsilylethoxylmethyl

chloride) protecting group was chosen.12 Furusawa's laboratory was the first to employ the

SEM group as a replacement for the t-butyldimethylsilyl group during oligonucleotide

synthesis,.13 SEM had a1so been previously used to protect the N3 position of uridine.14

Referring to Figure 4.5, SEM-CI reacted with DMT-U W), protecting the N3 position of

the base and the sugar in one step. The 2' and 3' isomers (compounds~and~) were

then separated in 38% and 36% yields, respectively. Subsequent methylation ofcompound

~ was carried out in high yield using iodomethane and silver oxide, to produce the 3'-0­

methyl derivative ~. (98% yield) Unfortunately, removal of the SEM protecting groups

proved difficult. For example, treatment of~ with a number of fluoride reagents ego 3M

TBAF in THF,25 TEA 3HF, and tetrafluorosilane in acetonitrilel42 failed to produce the
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• desired compound~. Several products of similar polarity were observed on TLC, making

their separation very difficult. At this point, it was decided to prepare the desired 3'-0­

methyl ribonucleosides via the silyl protection method (Figure 4.4) and although this route

necessitated tedious chromatograpic separations, it provided sufficient quantity of material

for further studies.

•

OMm

DMTO

95%

NHBz

~:(J
DMT

CH.I. NaH, DMF
•

NHBz

{:(J

P-OCH:!CH2CN
1

j·Pr-N-I-Pr

NHBz

{:(;
DMTO

65%

TBAF. TH

•

Figure 4.4. The synthetic route to synthesizing the 3'-O-methyl adenosine synthon, via
tBMDS protection.

With desired arnidite~ in hand, an oligonucleotide sequence was readily assembled by

using standard 2'-deoxynucleoside phosphoramidite monomers and the control pore glass

as the solid support (Table 4.3). Overall coupling yields as determilled by the trityl assay

method were 98.5% and 80% for the DNA and 3'-0-methyl adenosine arnidite monomers,

respectively. The yield of the OPC purified oligonucleotide carrying four 3'-O-methyl-
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adenosines was 1.5 A260 units. It should he noted that this synthesis has not been optimized.

For future work involving this monomer~, it would he weil to use a higher concentration

ofamidite (0.2M - 0.3M instead of0.1 SM) and use 2-ethylthiotetrazole as a replacement for

the acid activator tetrazoleo

J.~H SEM-CI, DIPEA &EM
DMTOQlN'" CH2CI2, rot., 12~ DMTO

Q
0

0'-J 0 FH, 0 0
H,C-SI-eH,CH,-OCHz-CI +

1
CH,

HO OH HO OSEM
-SEM-CI

~ ~ (38'10) ~ (36'10)

!separatlo Isomers

1

tolu'lne, 40CC
Ç~i,I, A920

~~
H3CO Od H3CO OSEM

~ ~ (98'10)
Figure 4,5, The attempted route for synthesizing 3'-O-methyl monomers. ·Conditions
used were: 1.) lM TBAFrrHF, 40 oC, 7days, no reaction; 20) TEAo3HF, 40 oC, 7 days,
no reaction; 3.) 3M TBAFrrHF, 40 oC, 12h, mixture; 4.) SiF4/CH]CN, Ih, rot., mixture
and detritylationo

4.3.3 Binding Properties ofOligonucleotide containing 3'-O-Methyl Adenosine.

In order to evaluate the effect of the 3'-O-methyl adenosine residues on complexation with

natural nucleic acids and the selectivity for RNA, we studied the association of sequence

~ and the unmodified sequence .t2 with their complementary ssDNA and RNA (Table

4.3). In "physiological" buffer (see Table 4.3), .t2 formed a duplex with its ssDNA and

RNA complement which melted at similar temperatures (66 and 69 oC, respectively). In

96



•

•

contras!, the 3'-O-methyl modified oligomer~ forms a more stable duplex with target

RNA (Tm = 58 oC) than with DNA (47 oC), indicating that substiution with 3'-O-methyl

2',5'-linked adenosines destabilizes binding to RNA less than to ssDNA. Of note, the Tm's

of the crr mismatch duplexes are the same whether the target oligomer is ssRNA or

ssDNA (Le. sequence W, Table 4.3). Comparison of the drop in Tm recorded with the

single crr mispair containing W/ssrtNA indicates that each 3'-OMe-rAIU base pair has a

destabilizing etTect that is 011: t1:i:d (1/3) of that introduced by the mispair. These results

indicate that a DNAIRNA hybrid can accomodate a 3'-O-Me-rAfU base pair with ooly a

moderate loss ofstability (ca. 3.6 °C/3'-OMe-rAfU pair). Thus, the marked selectivity of

oligomer~ for RNA over ssDNA is also characteristic of other oligonucleotides

containing 2',5'-linkages (Section 4.2.1 ).134

Table 4.3. Thermal Melt Data of DNA and 3'-O-methyl 2',5'-linked oligonucleotides with

RNA and DNA complement.

Antisense Oligomer ssDNA Tm (%H) ssRNA Tm (%H) âTm

RNA-DNA

dAGCTCCCAGGCTCAGATC~) 66 ( 11.6) 69 (12.6) 3

dA GCTCCCA GGCTCA G ATC ~) 47 (6.8) 58, (6.7) 11

dAGCTCCCCGGCTCAGATC ~) 58.5 (12.8) 58.5 (8.0) 0

Tm's were measured in oC and in the butTer = 140mM KC\, 5mM Na2HP04, ImM Mg2C\
pH7.2 These salt conditions were chosen to approximate the intracellular cationic
environment. %H was calcu\ated via %H=(ArAa)1Ar. AIl bases are deoxynucleotides

•except for A which indicates a 3'-O-methy\ adenosine insert. The underline indicates a
mismatched base. Antisense oligomers were melted with the complementary 18mer RNA
and DNA targets.

4.3,4 Structural Oasis of the RNA Selectivity of 2',5'-Linked RNA: "Fine Tuning" of
Sugar Puckering.

As described in section 1.2, the pentofuranosyl moiety of nucleosideslnucleotides in

solution is involved in a two-state conformational equilibrium between North LN C3'-endo]

• and South type [S (C2' endo)] which can be monitored through the analysis of vicinal
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proton-proton coupling constants eJHlJ, In naturaI nucleosides, the C3'-C2' endo

equilibrium of the furanose moiety is dominated by the gauche effects of the sugar and the

anomeric effect of the base. The gauche effect of 3'-OH [04'-C4'-C3'-03') drives the

sugar equilibrium toward C2' endo, however, the 2'-OH [04'-CI'·C2'-02') drives the

equilibrium tuward C3' endo (A type RNA), Coupling constants JfII '.II2· of nucleosides

which have their furanose sugars "frozen" in the N and S conformation are typically - 0 and

8 Hz, respectively.143 Although compound~ is not the ideal model to study since it

lacks the 2'-phosphodiester, the coupling constants (J1l1'.II2'= 4.39, JIO '.1I4,=6.84) of this

nucleoside indicates that a greater proportion of its sugars are found in the N conformation.

In the presence of a charged 2'-phosphate the sugar can undergo "N tuning" depending on

its interactions with the local environment, 144 since it has been shown that electronegative

C2' substituents drive the N to S equilibria toward adoption of an N (C3' endo)

conformation. 145 The RNA selectivity of 2"5'-oligoribonucleotides may be attributed to

the tendency to adopt a C3'-cndo pucker, a conformation that is inconsistent with the B

form structure of helical DNA. Circular dichroism and n.m.r. structural studies of 2"5'­

linked oligomers are currently in progress in the Dantha laboratory to test this hypothesis.

2' ,5'- RNA containing 3'-O-alkyl groups remains a dimension of nucleic aeid chemistry

awaiting exploration.

4,4 Synthesis and Hybridization Properties of Enantiom~ricL-2',5'-Linked RNA.

4.4.1 Background on L-OiigonulcIeotides.

In order to understand why the binding properties of L-2' ,S' linked RNA were studied, a

brief overview of L-oligomers is given here. Fujimori, Shudo and Hashimoto showed

that L-dA6 hybridized preferentially to poly (rU) over poly (dT), and although the L­

dA&,polyrU complex was substantially less stable than the D-dA&,poly rU complex, it

was suggested that L oligomers could potentially act as RNA-specific antisense agents,I46

L-d(Ap)4 covalently attached to acridine al the 3' terminus via a pentamethylene linker,

• formed complexes with both poly (rU) and poly (dT), The 3'-acridine derivatives of L-
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(dUp)8 and L_(dTp)8,147 like their nonsubstituted derivatives,148 did not interact with

either poly (rA) or poly (dA). Ashley demonstrated that L-rU I2 could bind to poly (rA)

but not poly (dA), however, L-dU I2 mixed with natural poly (dA) or poly (rA) formed no

detectable complexes. 149 Il should be noted that Ts'o el al. lSo showed that L-2',5' rApA

dimers were both extremely resistant to nuclease degradation and could form triplexes of

comparable stability as D-3',5'-rApA when bound to poly (rU). Garbesi el al. were

unable to detect via UV spectroscopy, CD, or PAGE mobility retardation assay, any

association between L-deoxyoligonucleotides containing ail four bases and

complementary DNA or RNA. 151 These latter studies showed that oligomers constructed

from ail four L-deoxynucleosides cannot form Llie basis of an effective antisense strategy.

However, the Damha laboratory has shown that oligodeoxynucleotide "LlD" chimeras

were not only more stable to nucleases than natural D-oligomers, but also were cepable of

forming stable hybrids with either DNA or RNA, and could elicit site specific RNase H

activity.152 Given their favourable physical and biological properties, LID-chimeric

oligomers could act as potential antisense agents.

4.4.2 Association of an L-2',5'-Oligoadenylate with poly (rU) and (dT).

Further investigating 2' ,5' linked oligonucleotides, whether L-2',5'-RNA binds to natural

RNA and DNA sequences and whether L-2',5'-RNA exhibits RNA binding selectivity, as

seen for its enantiomeric D-2' ,5'-RNA counterpart. A 2',5' linked L-rA9dT oligomer

was synthesized and its hybridization with poly (rU) and poly (dT) was studied.

Consistent with the purines of the D-2'-phosphoramidites, a coupling efficiency of -95%

was achieved (unoptimized) with L-5'-O-dimethoxytrityl-3'-O-t-butyldimethylsilyl-N6
­

benzoyl-adenosine-2'-O-N,N-diisopropylamino-2-cyanoethylphosphoramidite !IJl.

However, enough of the oligomer was obtained to conduct preliminary melting

temperature studies.
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Figure 4.6. The structure ofD-3',5' and 2',5'-linked RNA and L-2',5'-linked RNA.

Thermal profiles of 1:1 0-3',5'-(rA9)dT:poly rU and 0-3',5'-(rA9)dT:poly dT mixtures

(Figure 4.6) gave helix-coiltransitions (Tm's) of52 and 33 oC, respectively. The poly dT

oligomer had a weaker interaction than poly rU with the oligoadenylate as evidenced by

reduced Tm and base stacking (hyperchromicity) in the helical state. This is consistent

with previous studies that have shown that RNA/RNA duplexes are generally more stable

than RNAIDNA duplexes. In agreement with the studies described in Section 4.2.1, the

0-2' ,5'-(rA9)dT oligomer exhibited selective RNA binding to poly rU and not poly dT

(Figure 4.7, Table 4.4). Thermal profiles of 1: 1 mixtures of the polynucleotide strand

with L-(rA9)-0-dT showed strikingly different results (Figure 4.7, Table 4.4). A mixture

of 1 equivalent ofL-(rA9)-0-dT with 1 equivalent ofpoly dT had a Tm (62.2 oC) that was

greater than any of the other complexes, but which was approximately equivalent to that

of the L-(rA9)-0-dT /poly rU complex.

Thus, unlike its 0 isomer, the L-2' ,5' oligoadenylate bound to both the RNA and ONA

targets showing no selectivity for RNA or ONA. Furthermore, the unusually high

hyperchromicity for the L-(r~)-O-dT complexes compared to those formed by the (2' ,5'

or 3',5') 0 isomers, indicates a larger degree of base stacking and/or hydrogen bonding
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• Table 4.4. Binding ofD and L-2',S'-(rA9)·D-dT", and D-3',S'-r(Ap)9dTwith poly rU and

poly dl'.

dl' IS of the D configuration. An mixtures contamed 1: 1 adenylate/target strands and
these runs were donc in 1M NaCl, 10mM NaH2P04, pH 7.0 adjusted with HCI. No
hyperchromie transition =nto

Oligomer Comillement Strand Tm %H

~;,S' D-(rA9)dT poly rU S7.2 20.2

3',S' D-{rA9)dT poly dl' 32.8 14.9

2',S' D-{rAy)dT poly rU 40.9 19.4

2',S' D·{rAy)dT poly dl' nto· nto

2' ,S' L-{rAy)-D-dT poly rU 21.3,62.8 11.2,24.2

2',S' L-{r~)-D-dT poly dl' 62.2 19.4

•

interactions in the former complexes. Also, when dissociated from the po1y (rU), the

• 2' ,S' L·{rA9)-D·dT oligomer showed a biphasic transition, the first one at ca. 21°C

indicative of triple strand (triplex) dissociation and the second at 63 oC charaeteristic for

duplex dissociation. Interestingly, the 2',S' L·rAydT melting profiles are very similar in

shape to what Shudo observed when 3',S'-D-d~ and 3',S'-L-d~ were complexed to

poly rU with a 1:2 stoichiometry. More importantly, of the three moleeules, i.e., L-2',S'­

adenylate, D-2',S'-adenylate, and D-3"S'-adenylate, the former has the highest affinity

for single stranded DNA and RNA. Based upon these exciting findings, further work

involving the synthesis of2',S' oligonucleotides containing an L-nueleotides is ongoing

in the Damha research group.

•
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Figure 4.7. Thermal Denaturation Profiles for 3',S'-linked D-(rAQ)dT:poly (rU) [_),

3',S'-linked D- (rAQ)dT:poly (dT) ['t'j, 2',S'-linked D-(rAQ)dT dT:poly (rU) [Aj, 2"S'­
linked L-(rAQ)-D-dT:poly (rU) [+), 2',S'-linked L-(rAQ)-D-dT:poly (dT) [x). Ali
oligomers were measured with al: 1 stoichiometry.
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4,5 Inhibitory Potency of Antisense Oiigonucleotidcs Against in vitro DNA

Polymerization 1Inhibition of HIV-1 Infected Cells using Antisensc

Oligonucleotides,

4.5,1 Background on HIV-I Reverse Transcriptase.

An early, critical step in the human immunodeficiency virus type 1 (HlV-l) life cycle is

reverse transcription of viral RNA into proviral DNA. As illustrated in Figure 4.8, this

process is carried out by the multifunctional viral enzyme, reverse transcriptase (Rn and

requires a primer annealed to the genomic viral RNA to initiate DNA synthesis. Shortly
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after retrovirus infection of a cell, the plus strand viral RNA is transcribed into the minus

DNA strand by the RNA-dependent DNA polymerase function of the RT. Then the RNA

is hydrolyzed by the ribonuclease H activity of the enzyme and finally, the minus strand

DNA serves as a template for the synthesis of the second DNA strand, a reaction

catalysed by the DNA-dependent DNA polymerase function of RT. PamiaklWainberg

and coworkers of the McGiIl AlOs Centre, have developed an in-vitro reverse

transciption assayl5J to study the properties of priming, RNA-dependent DNA

polymerization, and template switching by HIV-I RT, i.e., the same reactions that occur

in infected cells.

In order to evaluate antisense as a potential strategy to inhibit HIV replication, 18 unit

long oligonucleotides were used (S'-AGC TCC CAG GCT CAG ATC-3', see Figure 4.8)

that are complementary to a sequence near the S'end ofthe viral HIV-I genomic RNA (the

R-region, see Figure). These end LTR sequences are highly conserved in ail HIV genomes

and are therefore attractive targets for selective antisense oligonucleotide binding.154 Three

ADN were prepared: a 2',S'-linked RNA, a 3',S'-linked RNA and a natural DNA oligomer

ail ofwhich contained the sugar with a D-configuration.

The hybridization properties of these oligomers were described in Sections 4.2.1 and 4.3.3.

In principle, ADNs complementary to the viral mRNA can prevent reverse transcription

via different modes of action: competition with the tRNA primer for binding to the PBS

region (Figure 4.8), interaction with reverse transcriptase, extension of the antisense

oligomer via priming of the ADN, and termination of cDNA polymerizations via steric

blockage of DNA synthesis. In this section, an in vitro experiment shows that 2',S'and

3',S' Iinked RNA and natural DNA strands targeted to a sequence in the R-region near

the end of the S'-LTR of HIV-I genomic RNA, inhibits the synthesis of viral DNA

synthesis [Co) strong stop DNA]. These in vitro inhillition studies were done in the

presence and absence of mv recombinant nucleocapsid protein (NCp?). Nucleocapsid

protein (NCp?) which is found in the viral core, is an important component of the assay

as it facilitates tRNA annealing to the viral genomic RNA, and enhances the rate ofDNA
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strand transfers catalyzed by HIV RT.\SS AIso, it was shown that 2',5'-linked RNA is a

more useful antisense probe than natural DNA for viral inhibition of HIV-1 in infected

MT-2 cells.

4.5.2 Inhibition of (-) strong stop DNA synthesis by AON.

The (-) strong stop DNA encoded by reverse transciption from the PBS oligonucleotide

annealed to the pHIV-PBS RNA template in the absence of AON is 192 nucleotides (nt) in

length (Figure 4.9). Nonetheless, in these in vitro assays, shorter DNA polymerization

products are also observed (Figure 4.1 O-A, lane 1) due to "pausing" of RT during reverse

transcription. The antisense oligonucleotide prevents full length polymerization of (-)

strong stop DNA (Figure 4.9), producing a 162 nucleotide oligomer which is not notOO in

the absence ofantisense inhibitors (Figure 4.1O-A, lane 1). Therefore, observation of DNA

products larger than 162 nt provides an estimate of the "break-through" and thus efficacy of

AON in inhibiting HIV-1 (-) strong stop DNA synthesis in this in vitro system.

ln the absence ofAONs, high molecular weight (-) strong stop DNA products accounted for

over 90% of the total RT DNA synthesis. Each of the three AONs inhihited RT-catalyzed

synthesis of full-Iength (-) strong stop DNA, as evidenced by the appearance of signilicant

amounts of the predicted 162 nt polymerization product (Figure 4.9). Based upon these

results, one can conclude that RT is not capable ofdisplacing the AON, otherwise a 192 nt

product would have been observed for the lanes containing AON. In addition, in the

presence of nucleocapsid protein the order of efficiency for prevention of DNA

polymerization is: 3',5'- linked RNA>DNA>2',5'-linked RNA. Of the three oligomers

only DNA is known to elicit RNase H activity, thus it can also he concluded that RNA

cleavage by RT-associated RNase H activity was not a prequisite to observe the antisense

effect. Our preliminary studies in vitro clearly demonstrated inhibition of (-) ss DNA by

these 18 nt long oligomers even at ratio~ of AON to template of 1: t. Since a DNA oligo

may serve as a primer for RT, one might expect that elongation of this antisense oligomer

would strengthen its association with the HIV RNA target.
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Figure 4.9. Schematic iIIustrating the anticipated DNA polymerization products in in
vitro DNA polymerization reactions. Polymerization products expected in experiments
testing the effect ofADNs on (-) strong stop DNA synthesis, using pHIV-PBS RNA
containing an additional 12 nt of vector-derived sequences. DNA primers were used
instead ofthe natural tRNA primer.'S3

Indeed, significant amounts of a 30 nt DNA product (Figure 4.9) were noted in reactions

containing the antisense DNA (Figure 4.10A - Janes 10-\3, and B - Janes 10,9, and 12).

This product is due to RT-catalyzed 12 nt extension from the 3'-end of the ADN. These 30

nt DNA products were not observed when reactions were carried out in the presense of

2',5'-linked RNA and 3',S' linked RNA. Although primer extension will certainly stabilize

the antisense binding (especially since the extended 30nt portion has ca. 50% GC base

pairs), our preliminary studies in vitro c1early demonstrated similar inhibition of (-) ss DNA

by the 3 oligonucleotides, even if only the DNA strand served as a primer. Also, of

significance was that the presence of nucleocapsid (NCp?) had no effect on the ADN

inhibition.

4.5.3 Inhibition ofHIV-l repIication in infccted MT-2 cells.

In order to evaluate the inhibition ofHIV expression with infected MT-2 cells using ADN,

the DNA antisense oligomer was compared to the RNA antisense oligomer containing only

2',5' linkages. p24 is a Marker that is used to measure the amount of HIV viral expression
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in infected cells. As iIIustrated in Figure 4.11, with respectto viral antigen p24 expression,

the 2' ,S'-Iinked RNA antisense inhibition was concentration dependent. From the cellular

viral inhibition studies, it is evident that the in vitro DNA polymerization inhibition assay is

not always a good predictor of antisense potency. In the DNA polymerization inhibition

assay, it was shown that the DNA antisense agent was a better inhibitor of DNA

polymerization relative to the 2' ,S'-Iinked RNA antisense oligomer.

However, in a cellular assay, the DNA AON was a poor inhibitor of viral replication

relative to the 2' ,S'-Iinked RNA antisense oligomer. One rellSon, for the poor inhibition by

the DNA antisense oligonucleotide may be attributed to its degradation by exonucleases

present either in the cells or outside of the cells ie. the tissue culture media may have had

nucleases. Previously the Darnha laboratory had demonstrated that 2' ,S'-Iinked RNA were

resistant to nuclease attack. Another possibility was that the DNA oligonucleotides may

have had a worse cellular uptake than 2' ,S'-Iinked RNA. Also the poor inhibition by the

DNA AON may he attributed to cellular dissociation factors, which recognize DNAIRNA

duplexes. For exarnple, cellular factors can destabilize RNA secondary structure, which

may be capable ofdissociating the DNA AON from the viral RNA. Also, an RNA helicase

was found to unwind DNAIRNA hybrids in vitro. ll ' Moreover, the Darnha laboratory has

established that 2' ,S'-Iinked RNA binds seIectively to RNA relative to DNA. Thus, it is

quite possible that the 2' ,S'-RNA antisense oligomer may associate to a greater extent with

HIV RNA rather than with other cellular factors. Also, it was questionable of whether the

antisense oligomers were binding to regions of viral RNA free of both secondary and

tertiary structure. This preliminary study essentially showed that 2' ,S'-Iinked RNA is a

potential HIV-1 inhibitorin cellular assays.
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Figure 4.10. DNA polymerization product profiles in the absence or the presence of
antisense oligonucleotides (AONs). Errect of antisense inhibition without (A) and with
(8) nucleocapsid protein (1.5 f.lg). (A) Lane 1 corresponds to 2:1 primer: template in the
absence ofantisense oligonucleotide (AON). Lanes 2-5 correspond to 1: l, 5: l, 10: l, 20: 1
D-2',5'-linked RNA :HIV RNA template, respectively. Lanes 6-9 correspond to 1:1,5:1,
10:1, 20:1 D-3',5'-linked RNA:HIV RNA template, respectively. Lanes 10-12
correspond to 1:1,5:1, 10:1,20:1 DNA:HIV RNA template, respectively. (8) Lane 1
corresponds to 2: 1 primer: template in the absence of antisense oligonucleotide (AON).
Lanes 2-5 correspond to 1:1, 5:1, 10:1, 20:1 D-2',5'-linked RNA:HIV RNA template,
respectively. Lanes 6-8 and II correspond to 1:1, 5:1, 10:1, 20:1 D·3',5'·linked
RNA:HIV RNA template, respectively. Lanes 9,10, and 12 correspond to 1:1, 5:1, 10:1
DNA:HIV RNA template, respectively.
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Figure 4.11. Inhibition of HIV-1 B replication in MT-2 cells using antisense
oligonucleotides. The p24 assay, which is a marker for HIV-1B was used to measure the
relative amount ofHIV-1 virus. Inhibition via the unmodified 2',S'-Iinked RNA (.) and
natural DNA (.), both sequences were complementary to the R region of the LTR HIV
genomic RNA. Note two separate experiments were done with the 2',S'-Iinked RNA,
thus accounting for the two series ofdata.

4.6 Conclusions.

ln summary, D-2',S'-linked oligonucleotides having an unmodified 3' hydroxyl or a 3'-0­

methyl showed binding selectivity for RNA, consistent with what has previously observed

for 2' ,S'-Iinked oligomers. An ail 2' ,S'-D-oligonucleotide consisting of ail four bases was

synthesized for the first time, and its hybridization with complement showed selective

discrimination for binding to RNA. Preliminary results with L-2' ,S' Iinked RNA showed

an increase in thermal stability of complexes relative to 3',S'·r~T, without any selective

binding to either RNA or DNA. In Iight ofthese promising results with the L-2',S'·r~T,

the Damha research group is currently synthesizing ail four L nucleosides and 3'-O-methyl

• nucleosides for incorporation into a 2' ,S' Iinked oligonucleotide. In collaboration with the
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McGilI AlDs Centre, work is ongoing to investigate the use of antisense agents with

nucleoside and non-nucleoside reverse transcriptase inhibitors in a combination therapy.

Furthermore, work at the AlDS Centre will investigate targeting regions of the genome

which have minimum secondary and tertiary structure, in order to optimize bath AON

binding and RNase H activity.
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Chapter 5. Contributions to Knowledge

.....any discovery we make, however small, will remain acquired knowledge."
- Pierre Curie

The T·AT antiparallel triplex was stabilized by employing the branched molecule ATloTlo,

By employing a rigid branch point, it served to pre-organize poly dT tails and stabilize

this unstable triplex. This triple helix was studied using thermal denaturation analysis, and

circular dichroism spectroscopy. The melting curves at 260 and 284 nm showed a single

transition from hound to unhound species. indicative of cooperative melting. A Iinear

oligonucleotide with a loop made of four dC residues between Iwo dT10 strands, and with a

5'-5'phosphodiester linkage at one of the crr lO junctions did not fmm a similar triple

helical structure. This result showed that the conformational rigidity imparted to the

pyrimidine strands, by the branch point in 1.1, serves to pre-organize and stabilize the

complex. In a potassium buffer it was shown via a thermal melt profile at 260 and 284

nm, and by CD analysis that this cation inhibited triplex helix formation. In accord with

what has been demonstrated previously for "parailei" Py*PuPy

(Hoogsteen*WatsonlCrick) triplexes, it was shown that short oligoadenylates (Le., dA4

and dAs) can bind cooperatively to the branched oligomer. Furthering studies of this

triple-helical complex, the "V" branched molecule was constructed, 5'­

dGCGTACTACGTT-rA 2"S'-dTlO 3"S'dTlO and via melting with its target molecule the

antiparallel triplex melting transition was observed. In addition, three DNA-binding ligands

(ethidium bromide, BePI, and Hoescht 33258) were investigated for their ability to stabilize

TAT antiparallel and parallel triplexes and an AT duplex. It was evident that the

intercalators ethidium bromide and BePI were able to stabilize the antiparallel triplex to a

greater extent than the parailei triplex or duplex. However, the minor groove binding

Hoescht stabilized the duplex to a greater extent than either of the triplexes. A native

PAGE retardation assay was run with "V" + dAlO and TIO +dAlO, in order to delineate Iwo

important properties of T·AT antiparallel triplexes. First, employing native gel

electrophoresis it was demonstrated that these complexes could form in 50mM MgCI2, the
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same concentration of magnesium uscd in the Tm experiments. Second, it was shown that

ethidium bromide bound and showed fluorescence with only the duplexes and triplexes, and

not the single stranded species. In collaboration with Piunno, Krull and Hudson, a novel

triplex assay for detecting TAT triple helical formation was developed by adapting the

DNA duplex detecting biosensor. Two sets of optical fibres were created in which the

orientations of the immobilized dA 10 oligonucleotides were 3' to 5' and 5' to 3' from the

surface, respectively. Fluorescent studies showed that not only could TAT triplexes he

detected, but that the antipara\lel complex could form a triple-helix only if the dA lO was

attached to the optical fibre in the reverse direction. This essentially showed that binding of

the branched oligomer may have been sterically inhibited by the surfaceand thus prevented

the "V" molecule from forming an antiparallel triplex. This biosensor may have a numher

of applications, including screening of potential antigene candidates, investigation of point

mutations, detection of oncogenes, and/or for studying cellular functions such as

transcription and cell replication.

A novel and efficient synthetic strategy for constructing "V" and "V" branched

oligonucleotides having a flexible Iinker was also developed. The flexible "V" oligomers

could he used as an effective nucleotide loop replacement for compounds forming triple

helices. The branching aliphatic arm should not only confer further nuclease resistance but

also should facilitate the cellular uptake due to the increased Iipophilicity of these nucleic

acids. The flexible "V" molecule, bound to its target molecule with a high degree of

specificity but with a lower affinity than its Iinear counterpart. It was demonstrated !hat

these "V" branched molecules recognize their target molecules by having IWo binding

domains - one involving only Watson-Crick base pairing and the other via triple helical

formation. Once the reaction conditions for the branching step have been optimized, it is

expected that this method for synthesizing branched nucleic acids will be both productive

and effective - since virtua\ly any sequence can he grown in any direction. The triplex­

inducing capacity of these branched oligonucleotides has potentially important

implications in the design of novel antisense and antigene strategies.
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• Employing the "silyl-phosphoramidite" method, an ail 2' ,S'-Iinked oligoribonucleotide

containing ail four bases (Ad, Ur, Cy, and Gu) was synthesizect and found to bind

selectively to RNA relative to DNA. ln tenns of inhibiting one of the necessary steps in

HIV viral inhibition i.e. DNA polymerization, it was found that the order of effective

antisense inhibition in vitro was: 3',S'·linked RNA>DNA>2',5'-linked RNA. In addition

this 2',5'-Iinked antisense oligomer was found to inhibit viral replication in a dose­

dependent manner in HIV-l infected MT-2 cells, as measured by a p24 assay.

The inability of 2',5'·linked oligoribonucleotides to fonn triple-helical complexes is

discouraging for those wishing to use these compounds as "antigene agrnts". However, this

conclusion will await further experimentation with other 2' ,S'-RNA sequences of longer

sequences and with a greater cytidine composition.

To further improve their nuclease resistance a DNA oligomers containing four 3'-O-methyl

adenosine residues was synthesized and found to possess the same type of RNA binding

• selectivity which is associated with 2',5'-Iinked oligomers.

Finally, pursuing our investigations on 2',5'-linked oligoribonucleotides, for the tirst time

an enantio-L-2',S'-Iinked oligoadenylate was synthesized and ils association properties

studied. Unlike ils D-enantiomer, the L-2',S'-Iinked oligoadenylate was found to hybridize

to both poly (rU) and (dT) with a high affinity but with no selectivity. Il is premature to

conclude that these compounds have no selectivity and bind with a higher affinity than the

natural 0 oligoadenylates (since only homopolymer interactions were studied). By

investigating a L-2',5'-Iinked oligoribonucleotides containing all four bases one could

clearly establish their hybridization, nuclease, and biological properties.

•
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• As a direct result of the studies described herein. the following publications have
appenred or will be published in the nenr future.

A.) Publications/Invention Disclosures.

1.) Hudson, R.H.E.; Uddin, A.H.; Darnha, M.J. "Assocation of Bmnched Nuclejc Acids:
Structuml and Physiochemjca! Analysjs of Antipamlle! T'AT Triple-Helica! DNA"
Journal of American Chemical Society, 1995, 117, 12470-12477.

2.) Uddin, A.H.; Roman, M.A.; Anderson, J.R.; Darnha. M.J. "A Noyel Nl:
Functiona!ized Thymjdine Linker for the Stabilizatjon ofTrjple Helicnl DNA" Journal of
Chemical Society, Chemical Communications, 1996, 171-172.

3.) Uddin, A.H.; Piunno, P.A.E.; Hudson, R.H.E; Krull, U.J.; Darnha, M.J. "An Assay for
the Detection ofa ToAT Trjplexes USiOlI an Fjbre Optic Bjosensor"; (see Sections 2.33­
2.45), Proceedings of the National Academy ofSciences. U.S.A.. submitted.

4.) Piunno, P.A.E.; Uddin, A.H.; Hudson, R.H.E; Krull, U.J.; Darnha. M.J. "An Assay for
the Detection ofa ToAT Triplexes UsjDll an Fibre Optjc Bjosensor"; "; (see Sections
2.33-2.45), University ofToronto/McGill University Invention Disclosure Filed.

5.) Uddin, A.H.; Roman, M.A.; Darnha, M.J. "Duplexffriplex Forming Chimeric
• Molecules Branched with a Flexible Linker"; (see Chapter 3), Manuscript in preparation.

6.) Uddin, A.H.; Hudson, R.H.E; Darnha, M.J. "Inyestillation ofT'AT Antjparal1e!
Trip!exes Via: DNA-Bindinll Lillands and Molecular ModeHDll"; (see Sections 2.29­
2.33), Manuscript in prepamtion.

7.) Borkow, G.; Arion, D.; Noronha, A.; Uddin, A.; Scartozzi, M.; Darnha. M.J.; Pnrnink,
M. "ProbjDll Iwo Important Steps jn the Replication of H!Y-1 with Antjsense
OIillQnucleotjdes: PrimiDIl and Template-Swjtchinll Reactjons"; Manuscript in
prepamtion.

Contributions to work:
Numbering corresponds to the publication list given above:
1.) Uddin contributed to work illustmted in Figures 2, 3, 6, 7, 8, 9, and 10 and Table 2.

2.) Uddin synthesized, purified and chnracterized the "V" oligomer having the flexible
linker. Binding studies were also conducted by Uddin. Roman made the branching
synthons.126

3.) Uddin synthesized and purified the "V" and "Y" compounds having the flexible
linker. Binding studies were done by Uddin.
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4 & 5.) Synthesis of the 5' phosphoramidite needed for reverse oligomer growth was
done by Uddin. The "V" and dTIO were synthesized by Uddin and as weil as running the
native gel which was subsequently stained with ethidium bromide. Activation of the
fibres, oligomer synthesis on the fibres and fluorescent studies were done with Piunno.
Piunno developed the instrumentation and the protocols for oligomer synthesis in
collabomtion with Hudson and Damha.62

6.) The "V" and d'rIO were synthesized by Uddin and as weil as running the native gel
which was subsequently stained with ethidium bromide. Binding studies involving
ethidium bromide, Hoescht 33258, and BePI were ail done by Uddin.

B.) Biotechnology Publications Not Included in Thesis.

1.) Uddin, A.H. "Canadian BiotechnolollY Companies form Al1jances" Canadian
Chemical News - Pharmaceuticallssue, April 1996, pp.II-12.

2.) Uddin, A.H. "Canadians also stronll in al1jances" BIOrrECHNOLOGY, January
1996, pp.22.

3.) Uddin, A.H. "Bankinll Qn ChemistO': A Chemist's Guide to Investjnll in Canadian
BiQtech's" Canadian Chemical News - Biotechnology Issue, September 1995, pp. 19-20.

C.) Presentations Based upon Bio-Organie Researeb Endeavours.

1.) Uddin, A.H.; Hudson, R.H.E.; Damha, M,J. "Bmnched Nuc1eic Acids - Synthesis and
Applications in Antisense Thempeutics" 78th Canadian Society for Chemistry
Conference and Exhibition, Guelph. Ontario, 05/95

2.) Anderson, J.R., Uddin, A.H., Roman, M.A.; Damha, M,J. "Synthesis and
Hybridization of Bmnched Qljllonucleoljdes ContainiOIl Flexible Linkers: A Novel CJass
of Antisense Inhibitors" 78th Canadian Society for Chemistry Conference and Exhibition,
Guelph. Ontario, 05/95

3.) M,J. Damha,; A. Noronha, A; Scartozzi, Uddin, A.; Parniak, M.; Arion, D.; Borkow,
G. "In Vitro Inhibition ofHIV-! Reverse Tmnscription by Antisense OIillonuc1eotides"
78th Canadian Society for Chemistry Conference and Exhibition, Guelph. Ontario, 05/95

4.) Uddin, A.H.; Hudson, R.H.E.; Damha, M,J. "Association of Bmnched Nuc1eic Acids­
Evjdence for Reverse-HoOllsteen Triplex Formation in the Pyrine (T'AT) Motif' nib
Anoual Gmduate Student Symposium, State University ofNew York at Buffalo, Buffalo,
N.Y.,05/95 .
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5.) Piunno, P.A.E.; Uddin, A.H.; Hudson, R.H.E.; Darnha, MJ.; Krull, UJ. "Fluorimetric
Ana!ysis orrAT Triple-Stmnded NucJejc Acid Fonnatjon !!si"l: a Fiber-Qptjc
Biosensor"; 14th Anoual Gmduate Student Symposium, State University of New York at
Buffalo, Buffalo, N.Y., 05/96.

6.) Noronha, A.; Arion, D.; Borkow, G.; Uddin, A.; Scartozzi, M.; Pamiak, M.; Darnha,
MJ. "Probi"l: TWQ Important Steps in the Replication of H1Y-1 with Antisense
OIÎl.:onuc!eotides· PrimiD!: and Icmp\ate-Switchjn!: Reactions"; 79th Canadian Society
for Chemistry Conference and Exhibition, Saint Johns, Newfoundland, 06/96.

7.) Piunno, P.A.E.; Hudson, R.H.E.; Uddin, A.H.; Darnha, MJ.; Krull, UJ.
"Fluorometric Analysjs of Double and Triple Stranded NucJeic Acjd SeQuences l 'sin!: a
Fibre-Optjc Bjosensor"; 79th Canadian Society for Chemistry Conference and
Exhibition, Saint Johns, Newfoundland, 06/96.
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Chapter 6- Experimental

6.1 General Methods.

6.1.1 Reagents.

Solvents were rlried and fractionally distilled - under reduced pressure for high boiling

point solvents. Nitromethane was stirred ovemi~ht with CaCI2, then distilled. Pyridine

(BDH, Toronto, ON) and collidine (BDH) were distilled from calcium hydride (BDH)

and used without further purification. Methanol (BDH) was refluxed and then distilled

over magnesium tumings (Fischer Scientific, Montreal, QC) to which a few crystals of

iodine (BDH) were added. Dichloromethane (BDH) was distilled over P20 S (Caledon,

Georgetown, ON). Xylene (BDH) and toluene (BDH) were distilled over CaCI2 (BDH).

Water used for oi )nucleotides was double distilled, treated with diethyl pyrocarbonate

(Aldrich) and autoclaved. DMF (BDH) was dried by refluxing over calcium hydride

(Aldrich), and then distilled. Ethyl acetate (Caledon) was shaken with a 5% aqueous

solution ofsodium bicarbonate (BDH) and dried over anhydrous sodium sulfate (BDH).

Analytical reagent grade acetic acid (BDH) was distilled over KMn04 (ACP Chemicals,

Montreal, QC) to remove carbonyl impurities. Ammonium acetate (BDH), anhydrous

sodium sulfate (Caledon), silver oxide Ag20 (Aldrich), hydrazine hydrate (Aldrich),

triethylamine tris(hydrogenfluoride) or TREAT HF (Aldrich) were ail used without

further purification. 98% or 60% sodium hydride dispersion in minerai oil (Aldrich) was

"washed" with HPLC grade hexanes to remove the minerai oil prior to use.

Nucleosides, bis(4-methoxyphenyl)phenylmethyl chloride (dimethoxytrityl chloride or

DMT-Cl), t-butyldimethlysilyl chloride (tBDMS-CI), N,N-diisopropyl-2-cyano­

ethylphosphonamic chloride were purchased from Dalton Chemical Laboratories (DCL,

Toronto, ON). Chlorotrimethylsilane (TMS-Cl), 4-dimethylaminopyridine (4-DMAP),

benzoyl chloride (Bz-CI) and phenoxyacetyl chloride (PA-CI) were obtained from

• Aldrich.

117



•

•

•

Hoescht 33258 and ethidium bromide (2, 7-diamino, 9-phenylphenanthridinium 10-ethyl

bromide) were purchased from Aldrich Chemical Company. BePI was obtained as a gift

from Or. Claude Hélène.

Silica gel (Toronto Research Chemicals, Toronto, ON) derivatized with the optical fibres

had a particle size of 30-70 microns. The optical fibres were obtained from 3M Canada

(Toronto, ON).

Analytical grade Magnesium chloride, sodium chloride, sodium dihydrogenphosphate,

disodium hydrogenphosphate obtained from BOH were used for Tm butTers.

6.1.2 Chromatography.

Silica Gel Column Chromatography: Merck Kieselgel 60 (200-400 mesh) silica gel

(VWR) was employed for gravity and flash columns.

Thin Layer Chromatography: Rf values were obtained by using Merck Kieselgel 60F

254 silica analytical sheets (0.2mm x 20cm x 20cm). Nucleosides and derivatives were

detected by using a UV light source (mineralite, output ca. 254nm). Trityl containing

compounds were detected by exposing the silica gel sheets over concentrated

hydrochloric acid vapour.

6.1.3 Instruments.

NMR Spectra. Ali spectra were obtained at ambient temperature, either on a Varian XL­

300 or XL-500 spectrophotometer, and the chemical shifts are reported in ppm downfield

from tetramethylsilane (TMS). For the new compounds synthesized, ail Ile and IH

assignments were made using 2-0 n.m.r. experiments, including homonuclear correlated

spectra (COSY), and IH-detected heteronuclear multiple quantum coherence spectra

(HMQC). Oeuterated solvents: 0 20, acetone-06, and dimethylsulfoxide-06 were

obtained from Isotec, Inc. (Miamisburg, OH).
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FAB-Mass Spectrometry. Fast atom bombardment mass spectra were collected using a

Kratos MS25RFA high resolution mass spectrometer. Nitrobenzyl alcohol (NBA) matrix

was used.

UV Spectra. UV-vis spectra were recorded with a Varian CARY 1 spectrophotometer

(Varian: Mulgrave, Victoria, Australia). Absorbance versus temperature profiles of

complexes were measured at 260 nm with a Varian Cary 1 UV-vis spectrophotometer

equipped with a variable temperature cell holder controlled by an extemal variable

temperature circulating bath. Ali data was collected using the manufacturer's supplied

software (version: Cary 1.3e) and a personal computer.

Circular Dichroism. Circular dichroic spectra were collected on a Jasco J-710

spectropolarimeter. Hellma fused quartz (165-QS) cells were used, and the temperature

was controlled by an extemal constant temperature Neslab RTE-Ill circulating bath. The

data were smoothed on a IBMlPC computer using Windows™ software supplied by

Jasco, Inc. CD calculations were also performed with this software.

Electrospray Mass Spectrometer. The DNA sample was dissolved in a 0.5% aqueous

ammonia solution The solution was injected into a VG Quattro II triple quadrupole mass

spectrometer (acquired in negative mode) through a 20 J.lL loop attached to a Rheodyne

model 7125 valve (which was interfaced through 60cm long O.l7mm id PEEK tubing).

A Hewlett-Packard 1090 HPLC was used to pump the mobile phase (acetonitrile:water

1: 1) with a rate of 10 J.lLlmin.
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6.2 Synthesis of Oligonueleotides.

6.2.1 General Considerations.

DNA synthesis reagents were purchased from Dalton Chemical Laboratories (Toronto,

ON) and were used as received or were prepared as below. Anhydrous acetonitrile

(Caledon) was predried by distillation from P20 S and redistilled from calcium hydride

onder dry argon. Tetrahydrofuran (BDH) was predried over CaH2, filtered and distilled

immediately prior to use from sodium (Aldrich)lbenzophenone (Aldrich). Detritylation

was performed with 3% trichloroacetic acid in dichloroethane. Activation of

phosphoramidites was achieved with 0.5M tetrazole in acetonitrile. Reagents for

acetylation (capping) were prepared as follows: Cap A, 10% acetic anhydride and 10%

collidine in THF; and Cap B, 16% N-methylimidazole in THF (w/v). lodine, O.IM, in

THF/pyridine/water (25:20:2, v/v/v) was used for oxidations.

Long-chain alkylamine controlled-pore glass supports (LCAA-CPG, 500 A pore size;

density, Pierce Chemical Co., Rockford, IL or Dalton Chemicals) were derivatized

according to previously described methods.106.IS8 Nucleoside loadings were determined

by spectrophotometric dimethoxytrityl cation assay.

Nucleoside-LCAA-CPG support was loaded into an empty column with replaced filters

(ABI), crimped closed with aluminum seals (Pierce) and installed on the instrument.

Prior to oligonucleotide assembly, the derivatized solid-support was treated with the

acetic anhydridelN-methylimidazole capping reagent using the capping cycle provided by

Richard Pon. Phosphoramidite reagents were dissolved in dry, freshly distilled

acetonitrile. Final concentrations ofO.lM and 0.15 M for DNA and RNA, respectively.

The 2' phosphoramidite reagents were used at 0.2M, and N6-benzoyl-5'-O­

dimethoxytrityl-2',3'-O-bis(2-cyanoethyl)N,N-diisopropylphosphoramidite was used at

0.03 M. Ali solutions were passed through a 0.45 l1m pore Teflon~ fllter via a 'swinny'
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filter apparatus (Millipore, Mississauga, ON) prior to DNAIRNA synthesis. The

syntheses were evaluated by UV spectroscopic quantitation of trityl cation released

during the trichloroacetic acid treatment step (504 nm for DMT+ .E = 76, 000 Lomor1

ocm'I).

6.2.2 Automated Synthesis of Branched "V" (U) and "Y" (z,z) OIigonucleotides.

Ali branched oligonucleotides were prepared according to the convergent synthesis

protocols.SB Branched sequences were synthesized on an Applied Biosystems 381A
7b IS9.160

instrument on a l-l1mol-scale using J3-cyanoethylphosphorarnidite chemistry , The

sequence 3'-dT lOdC45'-5'dTJO"3' was prepared by assembly of 3'-dTlOdC4-5' on

controlled-pore glass followed by "backward" 5'- to 3'-synthesis of the second dT IO

segment. This necessitated a 5'-phosphorarnidite 3'-dimethoxytritylated T monomer

which was provided by Miguel Roman ofthe Darnha labomtory.

6.2.3 Synthesis of Oligonucleotides on Optical Fibres.

The GOPS functionalized fibres were then placed in a 10-l1mol scale synthesis column,

with the "dead" volume being filled with polypropylene pieces. The fibres were then

capped with Cap A and B solution (acetic anhydride/collidine) prior to DNA synthesis.

The Cap A solution was replaced with the Millipore Cap A reagent (phenoxyacetyl

anhydride! collidine/THF) (Millipore, Mississauga, ON) for phenoxyacetyl arnidites.

Prior to oligonucleotide assembly, the optical fibres were treated with capping reagents to

block undesired reactive sites l61 by use of the capping cycle. N6-phenoxyacetyl-5'-O­

DMT-2'-deoxyadenosine-3'-(2-cyanoethyl)phosphorarndite was obtained from Millipore,

and N6-phenoxyacetyl-3'-O-DMT-2'-deoxyadenosine-5'-O-(2-cyanoethyl)­

phosphorarndite was prepared via standard protocols. 162 The arnidites were dissolved in

acetonitrile to a concentration of .lM and dA lO sequences were grown on a DNA

synthesizer (Applied Biosytems 391 instrument) using J3-cyanoethylphosphorarnidite

121



•

•

•

chemistry. The DNA synthesizer's .2llmol scale cycle was modified to increase the

coupling time to 10 minutes and the delivery of the solutions for a 10-llmol scale column.

The syntheses were evaluated by spectrophotometric quantitation of trityl cation released

during the trichloroacetic acid treatment step (504 nm for DMT+ ,E = 76, 000 Lomorl

ocm·'). The oligomers were then deprotected with a solution ofNH3 IEtOH (3:1, v/v) for

2 hours at room temperature. Following deprotection, the ammonia solution was

collected, the column was washed with autoclaved water and the eluent was also kept.

Quantitation of the eluents at 260nm indicated tha! ca. 80% of oligomers were lost from

the fibre surface.

6.2.4 Synthesis of Branched Oligonucleotides U, M and 3,5.

The synthesis ofthese branched compounds involved first growing dT IO (1.0 Ilmol) with

an automated DNA synthesizer, using standard phosphoramidite protocols and

controlled-pore glass (23 Ilmol dT/g) as the solid support. The branching synthon (either

3J. or J.1) was introduced cs a 0.15 M solution dissolved in THF-MeCN, CH2CI2 (2;2:1),

with an 80% and 38% efficiency (unoptimized), respectively, based upon the yield of the

dimethoxytrityl cation released after coupling. Prior to branching the terminal S'·

hydroxyl was capped with the capping cycle. The synthesis of the branched

oligonucleotides containing the flexible Iioker involved a manual deprotection step. The

levulir: '1 protecting groups were removed with a solution of hydrazine hydrate using

conditions which did not cause the cleavage of the oligomer from the support.163 A 1 mL

solution of 4:1 pyridine-acetic acid containing 50 III of hydrazine hydrate solution should

be made up in the following manner: add 800 ilL of pyridine and 200ilL of distilled

aeetic to the ependorf and mix thoroughly. Slowly add the hydrazine hydrate to the

soluticn with thorough mixing until all 50 ilL has been added. Wait approximately 10

minutes to ensure no precipitate forms prior to treatrnent of the colurnn. Using a dual

luer-type disposable syringe the hydrazine solution was run through the colurnn

containing the oligomer over a time period of 5 minutes. After thorough washing with
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dry acetonitrile, the column was re-installed on the synthesizer, the column was re­

installed on the synthesizer, and chain assembly of another dT10 strand was continued in

the normal fashion. Quantitation of trityl cations released indicated that delevulination

and subsequent coupling steps proceeded with ca. 98% yield.

6.2.5 Synthesis of D and L-2',5' Oligoribonucleotides.

Ali 2,'5'-linked oligonucleotides were prepared according the silyl-phosphoramidite

approach. The purine 2'-phosphoramdites were introduced as a 0.20-0.25 M solution

dissolved in MeCN, due to the poor coupling efficiency of these monomers. The

pyrimidine 2'-amidites were introduced as a O.l5M solution dissolved in MeCN.

Furthermore, the coupling time was extended to 15 minutes per nucleoside addition.

6.2.6 Deprotection of Oligonucleotides.

LCAA-CPG beads were treated with (3:1) 29% NHiEtOH at r.t. to liberate the

oligonucleotides trom the solid support and to remove the exocyclic amino protecting

groups. Under these conditions, dT10 and rU 10 oligomers were deprotected for 4 hours, ail

oligomers containing rGlou/dGIOu were deprotected for 48 hours, and oligomers

containing A/CITIU were deprotected for 24 hours. The solution of oligonucleotides

were removed trom the control pore glass via micropipette, the sample then frozen in an

ependorf using liquid nitrogen and further Iyophilized to dryness. Ali

ribooligonucleotides were desilylated by treatrnent with triethylamine

tris(hydrogenfluoride) or TREAT HF I64 for 6 hours at room temperature.
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Table 6.1 Synthetic Yields of Oligonucleotides.

The crude Yleld IS total number of optlcal denslty umts, the number after the crude Yleld
(:) represents the number of O.O.'s used for purification. ' An 0.0. represents the
number ofabsorbance units in ImL ofwater as quantitated at 260nm. t PAGE represents
polyacrylamide gel electrophoresis purification, and SEC, represents Sephadex size
exclusion chromatography.

Compound scale crude yield+ purification yield 00,

(IlInol) (00 units') methodt (%)

A '"TIO .lJ. 1 65 PAGE/SEC 12.6, (19.4)

5'mix-rA"uTlo U 1 75: 20 PAGE/SEC 3.3, (16.5)

"Y" (linker n-2) 3..S 1 26 PAGE/SEC 1.9. (7.3)

V (linker n-2) M 1 4.5 PAGE/SEC 0.21. (4.7)

V (linker n-5) 3.3. 1 63 PAGE/SEC 22, (35)

ail 2',5'-linked 18mer 1 72 PAGE/SEC 1.7. (2.4)

18mer with 4x 1 61 OPC 1.5, (2.5)

3'-OMe-rA inserts~

2' ,5'-L-rA9dT 0.2 8.4 PAGE/SEC 0.41, (4.9)

2' ,5'-0-rA9dT 0.2 21:10 PAGE/SEC 1.7, (17)

+'

•

•

6.3 Purification of Oligonucleotides.

6.3.1 Polyacrylamide Gel Electrophoresis.

•

Crude oligomers obtained from deprotection were purified via polyacrylamide gel

electrophoresis using Bio-Rad (Mississauga, ON) and Hoefer Scientific (San Francisco,

CA) electrophoresis units. Molecular biology grade acrylamide, N,N'-methylene­

bis(acrylamide) (BIS), ammonium persulphate (APS), N,N,N'N'­

tetramethylethylenediamine (TEMEO), bromophenol blue (BPB) and xylene cyanol (XC)

were from Bio Rad (Mississauga, ON). Boric acid (BOH), formamide (BOH), disodium

ethylenediaminetetracetate dihydrate (EOTA, BOH), tris(hydroxy-methylaminomethane)
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(Tris), sucrose (Aldrich) and urea (Caledon) were used for gel electrophoresis

experiments.

Analytical gels were cast using spacers have a thickness of 0.75 mm and preparative gels

we...: cast with 1.5 mm thick spacers. Most common gels were composed of 25% (w/v)

acrylamide and 5% (with respect to the mass of acrylamide) BIS, Le. 19:1

acrylamide/BIS. Denaturing gels contained 7M urea and employed TBE butTer (89 mM

TRIS/boric acid, 2.5 mM EDTA, pH = 8.3).165 100% formamide used as loading butTer

was deionized by stirring over a mixed bed ion-exchange resin (Bio Rad AG 50I-X8).

Ali oligonucleotides were purified by denaturing PAGE (with the exception of dT IO), in

order to prevent any self-association of the oligomers.

For the native gels, the solutions of oligonucleotides were lyophilized, incubated in

IOIlLs of30% sucrose with 50 mM MgCl2 at 75 oC for 15 min., and then cooled to room

temperature slowly. After a 4 day incubation at 4 oC, the samples were loaded onto the

gel. The running butTer contained 90mM Tris-borate butTer (TB) (pH 8.0). The

nondenaturing 15% polyacrylamide gels contained 90mM tris-borate (TB) (pH 8.0) and

50mM MgCI2• The native gels were run at 12.5mA for 12h. Following electrophoresis,

the gels were covered with Saran Wrap and photographed with a Polaroid MP4 Land

Camera over a fluorescent TLC plate (Merck, distributed by EM Science, Gibbstown, NJ)

and illuminated by a UV lamp (Mineralight lamp, Model UVG-54, San Gabriel, CA).

Instant Sheet Film (#52), medium contrast, ISO 400/21 oC was used; (f4.5, I.5s) through

a Kodak Wratten gelatin filter (#58). Subsequently, the gels were stained for 5 min in a

51lg/mL of ethidium bromide, destained in distilled water for 30s. The gels were then

covered with Saran WrapTM, illuminated by a UV lamp and photographed (f4.5, 2s)

through a Hoya orange filter over a white background.
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6.3.2 Purification of"trityl-on" Oligonudcotides.

Following deprotection, oligomers bearing a terminal 5'-dimethoxytrityl protecting group

were concomitantly detritylated and purified by reversed-phase column chromatography

on "trityl-on oligonucleotide purification cartridges" (TOPCTM) according to the

supplier's specifications (Applied Biosystems, Inc.).

6.3.3 Desalting of oligonucleotides.

Ali oligonucleotides were separated from low molecular weight impurities and salts by

size exclusion chromatography using sephadex 0-25 fine SEC media (Pharmacia, Baie

d'Urfé, QC). The sephadex was autoclaved (90 minutes, 120 oC, 5 atm) using an Ali

Araerican Electric Steam Sterilizer - Model No.25X (Wisonsin Aluminum Co., Inc.,

Manitowoc, Wl) and a1lowed to hydrate overaight. SEC was run in sterile, IOmL

disposable syringe barrels (Becton Dickinson & Co., Franklin Lakes, NJ) plugged with

silanized glass wool (Chromatographie Specialties Inc., Brockville, ON). Double

distilled, autoclaved water was used to hydrate the sephadex, pack the column and elute

the oligonucleotides. Approximately 1mL fractions were collected and the amount of

oligonucleotide in each was quantitated by UV absorbance spectrophotometry (both at

260nm and at Â.max) and stored at -20°C.

6.4 Characterization of Oligonucleotides.

6.4.1 Enzymatic Hydrolysis of Oligonudeotides and HPLC analyses.

Snake venom phosphodiesterase (SVPDE) from Cra/a/us durissus (Boehringer

Mannheim, Dorval, QC) was obtained as a solution of 2 mg/mL in 50% (v/v) glycerol,

pH 6.0. Alkaline phosphatase (AP) from calf intestine (Boehringer Mannheim) was
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obtained as a suspension 2 mg/mL in (NH4hS04 (3.2 M); MgCI2 (1 mM); ZnCI2 (0.\

mM), pH 7.0. The incubation butTers for the enzymati.: digestions were prepared from

autoclaved water and liItered through a sterile 0.2 mm membrane (Acrodisc<!l, Gelman

Sciences Inc., Rexdale, ON). SVPOE/AP incubations were performed in 50 mM Tris­

HCl, 10 mM MgCI2, pH 8. Typically, 1.0 A260 units of oligonucleotide was dissolved

in 10 ilL of butTer to which the appropriate enzyme was added and incubated at 37°C.

SVPOEIAP digests were done with 2 ilL ofSVPOE (2 Ilg, 0.002 U)/I mL of AP (6 Ilg, 9

U) and were allowed to proceed for 24 hours at 37°C.

Enzyme digested sample analyses were carried via a Waters HPLC instrument equipped

with dual SOI pumps, UK6 injector, 480 UV detector governed by the 680 gradient

controller being output through a 480 data module. The HPLC instrument was interfaced

to a computer with a Water Bus LAC/E card running Millenium™ 2010 Chromatography

Manager. A Whatrnan Partisil 00S-2 column (4.6 x 250 mm) with a linear gradient 0 ­

50% in B was used over 30 minutes (solvent A: 20 mM KH2P04, pH 5.5, solvent B:

methanol) with a flow rate of 1.5 mL/minute at 30 oC.

Oligonucleotide/nucleoside samples were centrifuged at 12,000 x g for 1 minute prior to

injection (this centrifuges the particulates to the bottom of the ependorf). Injections of 10

ilL (0.5 A266) were found to be suitable for the determinations. Components of the

analyte solution were identified by comparison to an authentic sample of thymidine

(Sigma Chemical Co., St. Louis). The 1.0 A266 linker synthon JJ. (with a 3'-triisopropyl

group) was treated with 5% trifluoroacetic acid in dichloromethane for 30min, followed

by quenching of the TFA with 5% aqueous sodium bicarbonate and two subsequent

extractions with 5% sodium bicarbonate. The organic layer was Iypholized, treated with

TREAT HF for 24 hours and then lypholized to a pellet. After desalting of the

nucleoside, 0.5 A266 units were dissolved in II uL, and then 10 uL was injected for HPLC

analysis.
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6.4.:Z Capillary Electrophoresis (CE) Analysis.

Oligomers were characterized on a Beckman PIACE System equipped with a eCAP ss

ONA 100 Gel capillary, 100llm 1.0. The elution buffer consisted of TRIS-Borate (44%

Tris, 56% Borate) in 7M Urea. The samples were mn at 30 oC, voltage Il.lV,

wavelength 254nm. Injection time varied from 2 to 10 seconds depending on sample

concentration, longer loading times being required for more dilute samples.

6.5 Spectroscopie Analysis.

6.5.1 UV-Thermal Denaturation Profiles.

Data were collected with the spectrophotometer set on dual beam optical mode to reduce

optical drift. The data were collected at 260 and 284 nm at 0.5 oC intervals with an

equilibration time of 60 s for each measurement point. Extinction coefficients of the

branched molecules were assumed to be similar to their corresponding Iinear sequences

and were calculated from those of mononucleotides and dinucleotides according to the

nearest-neighbour approximation.
166

Samples for thermal denaturation analysis were

prepared by mixing the oligomer with the target strand, lyophilizing the solution to

dryness, and dissolving the oligomers in the appropriate buffer. The mixtures were then

transferred to Hellma QS-I.OOO-i 04 cells. Solutions contained ca. 21lM ofeach oligomer

in a buffer of (a) 10 mM Tris, 50 mM MgClz, pH 7.3 adjusted with HCI, or (b) 1 M NaCI,

10 mM NazHP04, pH 7.0 adjusted with HCI. Oligonucleotide solutions were heated to

80°C for 15 min and then slowly cooled to room temperature prior to melting

experiments. Normalized plots were constructed according to the method of Kibler-

Herzog el 0/.
167

({At - Ao)/(Af - Ao)}: where Ao is the initial absorbance, Af is the final

absorbance and At is the absorbance at any temperature. Hyperchromicity values (%H)

are reported as the percent increase in absorbance at the wavelength of interest with
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respect to the final absorbance as described by Puglisi and Tinoco.
24

Precision in Tm

values, determined from variance in repeated experimenls, is no greater than ±0.5 ·C.

Thermal denaturation studies involving DNA-binding ligands were performed by mixing

the oligomer with the target strand, Iyophilizing the solution to dryness, and dissolving

the oligomers in magnesium buffer. The oligomers were then heated to 80 ·C for 15 min,

then slowly cooled to room temperature, and allowed to equilibrate at 4 ·C for 48 hours.

The Iyophilized DNA ligand was dissolved in 10llL of buffer and added to

oligonucleotide solution. The solution was then equilibrate for 48 hours, and degasssed

brielly prior to running the melting experiment. Ali Tm runs were done in triplicate using

separately prepared samples, and the average melting temperature calculated.

6.5.2 Circular Dichroism Spectroscopy.

Ali spectra were recorded between 200-350nm. The scan speed was 100 nm/min,

sampling wavelength was 0.2 nm, and 15 repetitive scans were obtained and averaged for

each sample. Solutions contained ca. 10 mM of each oligomer in a buffer of 10 mM Tris,

50 mM MgCI2, pH 7.28 adjusted with HCI. Before data acquisition, samples were

allowed to equilibrate for 10 min at the appropriate temperatures.

6.6 Biosensor Triplex Studies.

6.6.1 Activation of Optical Fibres.

The buffer coating was mech8llically stripped from the pre-eut optical fibre pieces and the

cladding was dissolved by treaLonent with acetone. The surface of the fibres were then

cleaned via treatment with 25% ammonia/30% hydrogen peroxide/water (1:1:5, v/v/v) for

15 minutes at 80·C followed by rinsing with 30% hydrogen peroxide. The fibres were

treated with a solution of conc. HC1I30% hydrogen peroxidelwater (1:1:5, v/v/v) for 5
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minutes at 80°C, followed by rinsing with methanol. dichloromethane. diethyl ether,

respectively.

Optical Fibres and silica gel were activated by introduction into a solution of xylenel3­

glycidoxypropylllrimethyl silane (GOPS)/diisopropylethylamine (100:30: 1 v/v/v). The

reaction was stirred under nitrogen at 80 oC for 24 hours. The libres and silica gel were

rinsed with methanol, dichloromethane, diethyl ether. respectively.

The solid supports were functionalized with mono-tritylated pentaethylene glycol (DMT­

PEG) (4.83g, 8.93 mmol) in 30mL of xylene containing a catalytic amount of sodium

hydride and stirred at 40 oC for 7 days. Silica gel samples were taken out of the reaction

mixture to deterrnine the loading of DMT-PEG on the activated libres. The silica gel was

washed with dichloromethane until the wash solution had no absorption at S04nm upon

treatment with 5% trichloroacetic acid in dichloroethane. This analysis indicated that the

reaction had finished within 7 days. The fibres were then washed with a solution of

dichloromethane and dried overnight in the dessicator. The fibres were cnpped via

treatment of a solution of chlorotrimethylsilane in pyridine (1: 10, v/v) under argon at

roorn temperature for 16 hours. The fibres were sequentially washed with pyridine,

dichloromethane, rnethanol and diethyl ether.

6.6.2 Fluorescence Studies.

The fluorescent studies2 were perforrned by the new optical fibre sensing unit developed

by Piunno and Krull (unpublished results). First the fibre was aligned beneath the

objective of a fluorescent microscope. Prior to the fluorescent measurements, the fibres

were washed with ethanol, then with 10mM Tris, SOmM MgCI2, pH7.3 (at 40 oC) and

again with buffer containing 2.5 x 10.8 M ethidium bromide (at 40 oC). Fluorescent

measurements were taken with the buffer solution containing and not containing ethidium

2 Activation of the fibres and the nuorescent studies were conducted at the University ofToronlo, ail these
experiments were done together with Piunno.
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bromide solution to ensure the instrument was responding correctly. Lypholized dTIO or

compound 1J. were dissolved in a buffer of 10mM Tris, SOmM MgC':2' pH7.3 to make a

concentration of 2S00ng/mL Iii 700ng/mL, respectively, in the presence of 2.S x 1O'8M

ethidium bromide. The oligomer solutions were delivered to the cell containing the fibres,

the solutions were then heated to 80 oC, and cooled slowly. During the cooling process,

fluorescent measurements were taken at various time intervals. The fluorescent response

of the optical sensor was also measured with 2.S x 10.8 M ethidium bromide at various

temperatures to obtain the background fluorescent levels.

6.7 Inhibition ofHIV-l with 2',S'-Linked Antisense Oligonucleotidcs.

6.7.1 Inhibitory Potency ofR-Region Specifie Antisense Oligonucleotides Against .i1

vitro DNA Polymerization catalyzed by HIV-l Reverse Transcriptase.

Note: Ali HIV-I antisense studies were conducted at the McGiII AIDS Centre, the

experimental was performed by Dr. Gadi Borkow.

Materials. Recombinant heteropolymeric pS1Ip66 HIV-I RT was purified from Iysates

ofE.co/i lM-lOS transformed with expression plasmids pRT66 and pRTSI. The "donor"

and "acceptor" RNA templates used in reverse transcription reactions were prepared by in

vi/,'o transcription from plasmids pHIV-PBS and pHIV-R/U3, respectively, using T7

polymerase. Ultrapure dNTPs, T7 RNA polymerase and E.co/i RNase H were obtained

from Pharmacia. [tt}2p]-dCTP was purchased from Amersham.

Method. The effect of the various AON on reverse transciptase RNA-dependent DNA

polymerase (RODP) activity ofHIV-1 RT was examined in fixed time assays by using

the 496 nt pHIV-PBS donor RNA template primed with a synthetic 18 nt DNA

oligonucleotide complementary to the HIV-1 primer binding sequence (PBS) in the donor

RNA template. Template/primer was prepared by mixing pHIV-PBS RNA (SOpmol)
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with 18nt (500pmol) and antisense oligonucleotides (250-2500 pmol) in a final volume of

100 ilL of50mM Tris-HCI (pH 8, 37 OC). Reaction mixtures (50llL total volume) for(-)

strong stop DNA synthesis typically contained 50pmol performed template primer, 20llM

ofthe four dNTPs and tracer [a-32Pl-dCTP in 50mM Tris-HCI (pH 7.8, 37 oC) containing

10mM dithiothreitol, 60mM KCI and 4mM MgCI2• Reactions were initiated by the

addition of 25-50ng p511p66 R, followed by incubation at 37 oC. After a 24 hour

incubation period, an aliquot was placed on ice, and the polymerization products were

extracted with phenoVchloroform, followed by precipitation with sodium acetate/ethanol,

and centrifugation at 12,000xg for 10 minutes. The resulting pellet was washed with

70% ethanol then dissolved in 251lL loading buffer (TBE buffer containing 98%

deionized formamide, 10mM EDTA, ImglmL bromophenol blue and ImglmL xylene

cyanol) and heated at 100 oC for 5 minutes. Polymerization reaction products were

resolved on a 10% sequencing gel containing 7M urea in TBE buffer and visualized by

autoradiography (Kodak X-OMAT film).

6.7.2 Inhibition ofHIV-l (strain 3D) Infeeted Cells using Antisense Oligonucleotides

MT-2 cells were adjusted to a concentration of lOs cells/mL and cultured. The cells were

then incubated for 2 hours with various concentrations of the AONs. Subsequently the

cells were then infected with HIV-1 B virus and cultured for three daiS. The HIV-specific

antigen (p24) was measured by an Enzyme Immuno Assay.
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6.8 Monomer Preparation for Synthesis of Oligonucleotides.

6.8.1 Synthesis of5' phosphoramidite used in Optical Fibre Studies.

5',3'.O-Bis(dimethoxytrityl)-N6.benzoyl-2'.deoxyadenosine. (M)

To pure 5'-O-dimethoxytrityladenosine N6-benzoyl-2'-deoxyadenosine (1.a) (7.2mmol,

4.7g) was added (14.2mmol. 4.84g) DMT-CI and dry pyridine with a catalytic amount of

4-DMAP in a oyen dried (purged with nitrogen) 500mL round-bottom flask with a

stirring bar. The reaction mixture was stirred at 35°C for 48 hours and TLC analysis Rr=

0.56 (5% methanol in dichloromethane) showed that the reaction to have proceeded

quantitatively. The reaction was then stopped by the addition of 50mL of 5% NaHC03,

and the solvent was removed by rotary evaporation. The mixture was then dissolved with

250mL of dichloromethane and extracted 3x with 250mL ofNaHC03• The organic layer

was removed via evaporation, followed by subsequent co-evaporations with 2x 100mL

of dry toulene, until a yellow foam was obtained, 9.75g of crude material. The crude

product CM) was used for the next step without further purification.

3'-O-Dimethoxytrityl-N6-benzoyl-2'-deoxyadenosine. (U)

Crude nucleoside CM) (7.22g, assume 95% yield) was placed in a dessiccator over P20S

overnight and was added to a saturated solution of ZnBr2 in anhydrous nitromethane

(.1 M, containing sorne solid ZnBr2) in a dry 250 mL round-bottom flask with a stirring

bar. The solution turned bright orange. After stirring for 25 minutes at 0 oC, the reaction

was worked up by adding the mixture to 200mL of a lM NH40Ac. The mixture was

extracted with dichloromethane. The organic layer was then extracted with 200mL of

1M NH40Ac followed by a subsequent extraction with brine solution. The organic layer

was dried over Na2S04, filtered and the solvent removed by rotary evaporation. The gum

was further co-evaporated with toulene to remove nitromethane. Silica gel colurnn (30 g

• of silica geVg of nucleoside with a gradient of hexanes: dichlorornethane 1:4, to 0-5%
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methanol in dichloromethane) gave 2.55g (73%, two steps) of compound (1.5) as a light

beige foam after being concentrated.

TLC RF.62 (ethyl acetate:dichloromethane, 19:1). UV (95% ethanol) Â.max=280nm,

Â.min=256nm. IH NMR (DMSO-D6) 500Hz, ô=1.90 (m, IH. H2'), 2.41 (m, !H. H2"),

3.17-3.21 (m, 2H, H5' & H5"), 3.72 (s, 6H, 2x PhOCH3ofDMT), 4.00 (m. !H, H4'), 4.38

(m, !H, H3'), 4.98 (m, !H, S'OH)·, 6.48 (dd, IH, HI '),8.56 (s, tH, H2), 8.70 (s, IH, H8),

11.18 (s, IH, N6H). ·Note: Upon addition of a drop of D20, the proton peak at 4.98

disappeared confirming the presence of a free 5' hydroxyl group. 13C NMR (DMSO-D6)

500Hz, ô= 38.1 (C2'), 54.9 (PhO~H3 of DMT), 75.0 (C3'), 84.7 (CI '). MS (FAB ­

nitrobenzyl alcohol cale. M+: 657), found: MH+: 658, DMT+: 303, (MH-DMT+): 355.

3'-O-dimethoxytrityl-2'-deoxyadenosine. (U)

To pure 3'-0-dimethoxytrityl-N6.benzoyl deoxyadenosine (1.5) (3.64 mmol, 2.5 g) was

added a mixture of 350 mL ofNHiEtOH (3:1, v/v) in a 500mL round bottom flask with

a stirring bar. After stirring for 48 hours at room temperature, TLC analysis RFO.28

(ethyl acetate: dichloromethane, 19:1) indicated the reaction had proceeded to

completion, the solvent was then removed by rotary evaporation. The crude product (U)

was used for the next step without further purification.

3'-O-dimethoxytrityl-N6-phenoxyacetyl-2'-deoxyadenosine. (~)

Nucleoside (U) (3.26 mmol, calculated from the crude mixture) was dissolved in 60 mL

of dry pyridine in an oven·dried 100mL round bottom flask containing a stir bar, and to

this trimethylsilyl chloride (16.3mmol, 2.lmL, 5eq.) was added. The reaction was stirred

for 1 hour at room temperature, cooled to 0 oC for 15 minutes and a solution of 1­

hydroxybenzotriazole hydrate (5.13mmol, .69g, 1.5eq.), phenoxyacetyl chloride

(4.89mmol, 0.67mL) with dry acetontrile (1.33mL) was added dropwise with a 10mL

oven-dried addition funnel. The reaction was stirred for 6 hours at 0 oC and stirred at
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room temperature for 24 hours. The reaction was stopped with 10mL of 5% NaHC03.

The solvent was concentrated to yield an oil, and then dissolved in 100mL of

dichloromethane, and extracted 2x with 5% NaHC03• After drying the organic layer over

Na2S04 and rotovaping the mixture (in a 100mL round bottom flask) it was kept in a

dessiccator over P20 S for 12 hours. 15mL of lM TBAF was added to the round bottom

flask and stirred for 6 hours. The orange colored reaction was stopped by the addition of

50mL of 5% aqueous NaHC03• The mixture was extracted with 100mL of

dichloromethane and washed with 2 x 5% NaHC03 and 2x brine solution 100mL. The

organic layer was dried over Na2S04, filtered, and rotovapped to yield a dark oil. The

compound was purified by column chromatography (30g silica gel/g of nucleoside) by

elution with a gradient of 0-65% ethyl acetate in dichloromethane to yield 0.96g of 1.1

(43%, two steps).

TLC RF.67 (ethyl acetate:dichloromethane, 1:1). UV (95% ethanol) Â.max =273,

Â.min=252. IH NMR (DMSO-D6) 500Hz, S=1.87 (m, \H, H2'), 2.36 (m, IH, H2"), 3.10­

3.14 (m, 2H, H5'& H5"), 3.72 (s, 6H, 2x PhOCH3 ofDMT) 3.84 (m, IH, H4'), 4.37 (m,

\H, H3'), 4.96 (m, IH, S'-OH)·, 6.45 (dd, \H, HI '),8.58 (s, IH, H2), 8.63 (s, \H, H8),

10.91 (s, 1H, N6H of Ad). ·Note: Upon addition of a drop of D20, the peak at 4.96

disappeared confirrning the presence of a free 5' hydroxyl group. 13C NMR (DMSO-D6)

500Hz, S= 56.1 (PhOCH3 ofDMT), 57.7 (CS'), 75.9 (C3'), 84.3 (CI '), 87.2 (C4'). MS

(FAB - nitrobenzyl alcohol, cale. M+: 687), found: MH+= 688, DMT+= 303.

3'-O-dimethoxytrityl-N6-phenoxyacetyl-2'-deoxyadenosine 5'-O-N,N­

diisopropylamino-2-cyanoethylphosphoramidite. (l.B)

To 3'-O-dimethoxytrityl-N6-phenoxyacetyl-2'-deoxyadenosine (1.1) (.27 mmol, .I84g)

previously dried in a dessicator containing P20 S, was added 1.5mL of dry distilled THF in

a nitrogen purged, oyen dried, septum sealed 10mL hypovial containing a stir bar. To the

stirring solution, a catalytic amount of 4-DMAP and N,N'-diisopropylethylamine (2.6

mmol, .24mL) was added, followed hy the dropwise addition of N,N'-diisopropyl(2-
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cyanoethyl)phosphonamidic chloride (.76 mmol, 100IlL). Afier 4 hours of stirring, TLC

analysis (acetone:dichloromethane, 3:7) showed complete consumption of starting

material. The reaction mixture was added to ethyl acetate (50mL, prewashed with 5%

NaHCOJ) and washed with 2x 50mL of 5% NaHC03, and then 5x 50mL of brine

solution. The ethyl acetate layer was dried over Na2S04, filtered and concentrated in

vacuo, the product was coevaporated with dichloromethane and diethyl ether to yield a

Iight yellow foam ofcompound lJI (.23Ig, 97%).

TLC RFO.58, 0.64 (dichloromethane:ether, 1:1). UV (95% ethanol, À) Àmax =273,

Àmin=252. Jl p NMR (ppm, acetone-D6) 500Hz /i=:148.80, 148.85 (two diastereomers).

6,8.2 Synthesis ofmonomers for 3',5' and 2',5' Iinked oligonucleotides.

Standard silylated ribonucleoside 3'-(2-cyanoethyl)phosphoramidite monomers were

prepared a",.ording to the detailed protocols,160 and were used in the synthesis of 3',5'­

Iinked oligo-RNA. 3'-O-t-butyldimethylsilyl ribonucleoside monomers (U, Cb., Ab.,

G1bU) were prepared according to Iiterature protocolsI68.169. The isomeric purity of these

monomers was established by cl1mparison with the known 2'-silylated ribonucleoside 3'­

phosphoramidite regioisomers using TLC analysis, IH and Jl p_NMR. Table 6.2,

compares the Jl p NMR data for 2'-silylated nucleoside 3'-phosphoramidites and 3'­

silylated nucle03ide 2'-phosphoraraidites isomers.

Table 6.2. Jl p NMR' data of D-Ribonucleoside 2'- and 3'-O-Phosphoramidites.

DMT-Cy-Bz DMT-Ad-Bz DMT-U DMT-G-iBu

2'-amidite 150.98 150.79 155.22 150.39

148.55 150.\2 155.\ 5 150.25

3'-amidite 146.09 150.92 150.15 151.13

145.98 149.00 149.52 149.37

(ppm, acetone-D6)
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5'-O-Dimethoxytrityl-3'-O-methyl-N6-benzoyladenosine I~l.

The minerai oil of the 80% sodium hydrideloil dispersion was removed by washing the

hydride with HPLC grade hexanes in a hypovial (under Argon). The sodium hydride (7.54

mmol, l.3eq.) was added in 30mL of dry DMF containing methyl iodide (7.54 mmol,

\.07g, 0.47mL, 1.3 eq.) and cooled to 0 oC in an oyen dried 100mL round bottom flask

containing a stir bar. S'-O-dimethoxyltrityl-2'-O-t-butyldimethylsilyl-N6-benzoyl

adenosine [~] (4.57g, 5.8 MmDI) was then dissolved in 15mL ofDMF, cooled to 0 oC and

added dropwise to the stirring reaction mixture. The reaction was stirred at 0 oC for 1 hour,

and then stopped by the dropwise addition of 20mL of 5% NaHCOJ• The reaction mixture

was added to 100mL of dichloromethane and extracted with 2x 100 mL of 5% NaHCOJ•

The organic layer was dried over Na2S04, filtered, and concentrated. The mixture of

methylatedlsilylated compounds~ and .4.1h having the same mobility [TLC RF.50

• (ether:dichloromethane, 1:3)] were isolated as a mixture, using 30g of silica gellg of

nucleoside with a gradient of (ether:dichloromethane, 1:7 to 1:3). The products were then

concentrated to yield 3.20g (65%) ofa 4: 1 mixture. The 4: 1 ratios ofcompounds~ and

.4.1h wcre determined via IH NMR (acetone-d6) 500Hz by comparing the integration of

the dimethyl shifts (Ii = 0.13 and .08 : 0.00 and -0.13) and tert-butyl groups (Ii = 0.88 :

0.78). The mixture of compounds (3.93mmol, 3.15g) was treated with 10 mL of 1 M

TBAF in THF and stirred for 2 hours at room temperature. The reaction mixture was added

to 50mL of dichloromethane and extracted with 5 x 30mL of brine solution. The organic

layer was dried over Na2S04, filtcred, and concentrated in vaclio. The crude material was

purified on a silica gel colurnn using 70g of silica gel/g of nucleoside, employing a gradient

of 1:1 ethyl acetate:dichloromethane to 5:2 ethyl acetate:dichloromethane, then from 5:2:1

ethyl acetate:dichloromethane:acetone to 5:2:3 ethyl acetate:dichloromethane:acetone.

After evaporating the desired pooled fractions, the pure 3'-O-methyl isomer [~] was

obtained with a yield ofO.54g (20%).

•
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uv Àmax (95% EtOH) =280nm. TLC (acetone:dichloromethane. 3:7. Rr =.23). IH NMR

(iJMSO-06) 500Hz, 5= 11.18 (s, 1H, N6H), 8.36 (s, 1H, H8), 8.04 (s, 1H. H2), 5.93 (d, 1H,

Pl'), 5.28 (d, IH, 2'OH)·, 4.27 (m, \H, H2'), 4.01 (dd. IH. H3·). 3.43 (s. 3H. OCH3).

3.21 (m, IH, H4'), 3.05 (m, 2H, H5' & H5"). Coupling constants (Hertz). JII1•112.= 4.39,

JI-I3·.1I4·=6.84. ·Note: upon addition of drop of 0 20, the proton peak at 5.28 disappeared

confirming the presence of a free 3' hydroxyl group. 13C NMR (acetone 06) 500Hz: 87.08

(CI'), 85.08 (C4'), 83.83 (C2'), 70.51, (C3'), 64.54 (CS').

5'.O.dimethoxytrityl.3'.O.methyl.N6·benzoyl-adenosine-2'-O·N,N­

diisopropylamino·2·cyanoethylphosphoramidite IMI.

To 5'-0-dimethoxytrityl-3'.0.methyl.N6.benzoyl.adenosine [~] (.76 mmol, .50 g) •

dried in a dessicator containing P20 S, was added 3mL of dry distilled THF in a nitrogen

purged, oyen dried, septum sealed 10mL hypovial containing a stir bar. To the sitrring

solution, a cataiytic amount of 4-0MAP (II mg) and N,N'·diisopropylethylamine

(3.1 Ommol, .54mL) was added, followed by the dropwise adriition ofN,N'-diisopropyl(~­

cyanoethyl)phosphonamidic chloride (0.90 mmol, 200J.lL). After 4hours of stirring, TLC

analysis (acetone:dichloromethane, 3:7) showed complete consumption of starting

material. The reaction mixture was added to ethyl acetate (50mL, prewashed with 5%

NaHC03) and wash~d with 2x 50mL of 5% NaHC03, and then 5x 50mL of brine

solution. The ethyl acetate layer was dried over Na2S04, filtered and concentrated in

vacuo, the product was coevaporated with dichloromethane and diethyl ether to yield

95% (O.72mmol, .49g) ofa light yellow foam, compound [M].

TLC Rr .68 and .75(acetone:dichloromethane, 3:7). UV A",,,, (95% EtOH) =28Inm. 31 p

NMR (ppm, acetone·06) 300Hz, 5= 148.1 and 148.8 (two diastereomers). tH NMR

(acetone-06) 500Hz, diastereomer 1: 5= 8.03 (s, \H, H2), 8.38 (s, IH, H8), 6.01 (d, IH,

HI '),4.64 (m, \H, H3'), 4.60 (m, IH, H2'), 4.32 (m, IH, H4'), 3.78 (s. 6H, PhOCH3), 3.40

(m, 2H, H5' & H5"); diastereomer 2: 5=8.04 (s, 1H, H2), 8.39 (s, 1H, H8), 6.04 (d, 1H,

HI '),4.66 (m, IH, H3'), 4.62 (m, IH, H2').

138



•

•

•

6.8.4 Synthesis ofSEM monomers.

3-N-(trimethylsilyl)ethoxymethyl-S'-0-dimethoxytrityl-2'-0­

(trimethylsilyl)ethoxymethyl uridine 14&81.

To pure S'-O-dimethoxytrityl uridine [~l (3.00g, S.SO mmol) dissolved in 6SmL of

distilled dichloromethane was added (SSmmol, 7.llg, 9.S8mL, 10 eq.) diisopropylethyl

amine, in an oyen dried 2S0 mL round bottom flask. The re~lction was stirred under

nitrogen, cooled to 0 oC and (12.6Smmol, 2.11 g, 2.24mL, 2.3 eq.) SEM-Cl was added

dropwise. The reaction was allowed to proceed for 14 hours and then the

dichloromethane and diisopropylethyamine were removed to yield a thick orange oil.

The compound was purified by column chromatography (40 g of silica gel/g of

nucleoside), where the mixture itself was dissolved in dichloromethane and then loaded

ante the column a gradient of hexanes to 1: 1 hexanes/ethyl acetate was used to elute the

compounds. The compounds were eluted in the order of 3-N­

(trimethylsilyl)ethoxymethyl-S'-0-dimethoxytrityl-2' ,3' -a-bis

(trimethylsilyl)ethoxymethyl uridine, 3-N·(trimethylsilyl)ethoxymethyl-S'-0­

dimethoxytrityl-2'-O-(trimethylsilyl)ethoxymethyl uridine, 3-N­

(trimethyIsilyI)ethoxymethyI-S'-O-dimethoxytrity1-3'-0-(trimethyIsi lyI)ethoxymethy1

uridine, 3-N-(trimethylsilyl)ethoxymethyl-S'-a-uridine. Compounds 2'SEM [4&8] and

3'SEM [~] were isolated as white gummy foams in yields of 1.71g (38%) and 1.62g

(36%), respectively.

Compound 4&8:

TLC Rf= 0.60 (1:1, ethyl acetatel hexanes). UV Âma. (9S% EtOH) =266. tH NMR

(OMSO-06) SOOHz, 6= 7.78 (dd, l, H6), S.86 (d, IH, HI '), S.42 (d, l, HS), S.30 (d, 1,3'­

OH)·, 4.24 (m, l, H2'), 4.20 (m, l, H3'), 3.98 (m, l, H4'), 3.72 (s, 6, 2x PhOCH3 ofDMT),

0.83 (t, 4H, 2x CH2Si(CH3)3), -0.063(s, 18H, 2x Si(CH3)3)' ·Note: upon addition of drop

of 0 20, the proton peak at S.30 disappeared confirming the presence ofa free 3' hydroxyl

group.
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Compound~:

TLC Rf= 0.47 (1:1, ethyl acelalel hexanes). UV Àm., (95% EIOH) =266. 'H NMR

(OMSO-Oll) 500Hz, 6=7.78 (dd, l, H6), 5.73 (d, IH, HI'), 5.58 (d, IH, 2'-OH), 5.42 (d,

IH, H5), 4.24 (m, IH, H2'), 4.14 (m, \H, H3'), 4.07 (m, 1H, H4') 3.71 (s, 6H, 2x PhOCH3

ofDMT), 0.81 lI, 4H, 2x CH2Si(CH3)3)' -0.063, -0.085(s, 18H. 2x Si(CH3)3)'

3-N-(trimethylsilyl)ethoxymethyl-S'-0-dimethoxytrityl-3'-O-methyl-2'-O­

(trimethylsilyl)ethoxymethyl uridine [~I,

To pure 3-N-(lrimelhylsilyl)elhoxymelhyl-5'-0-dimelhoxylrilyl-2'-0­

(trimelhylsilyl)ethoxymethyl uridine [~l (1.86 mmol, 1.52g) dissolved in 35mL of

dislilled dry toulene was added 3 equivalenls (l.29g, 5.58 mmol) of Agp and an cxcess

of iodomelhane (25 eq., 6.60g, 2.89 mL, 46.5 mmol), in an oyen dried 100 mL round

bottom flask. The reaclion was slirred under nilrogen al 35 oC for 13 hours, where TLC

analysis showed the reaction went 10 completion. The compound was fillered 10 removed

the AgI and dried 10 yield 1.51g (98%) ofa while gummy compound [~l.

TLC Rf=0.71 (1:1, elhyl acelalelhexanes). UV Àmwc (95% EIOH) =266. 'H NMR (OMSO­

06) 500Hz, 6=5.82 (d, IH, HI'), 5.42 (d, IH, H5), 4.45 (m, IH, \-12'), 4.07 (m, IH, \-14'),

4.06 (m, IH, H3'), 3.72 (s, 6, 2x PhOCH3 ofDMT), 3.55 (l, 2H, CH2CH2Si(CH3h), 3.31

(s, 3H, CHJO), 3.25 (m, 2\-1, H5' & \-15"), 0.83, 0.81 (l, 4\-1, 2x CH2Si(C\-I3h), -0.045, ­

0.055(s, 18H, 2x Si(CHJh). 'JC NMR (acelone D6) 500\-lz: 6= 88.4 (CI'), 75.3 (C2'), 80.9

(C4'), 77.5 (C3'), 57.7 (PhOCHJ ofDMT), 62.1 (CS').
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6.8.5 Synthesis of L-riboadenosine 2'-phosphoramidite.

L-5'-O-dimethoxytrityl-3'-O-t-butyldimethylsilyl-N6-benzoyl-adenosine-2'-O-N,N­

diisopropylamino-2-eyanoethylphosphoramidite 14..U1.

L-5'-O-dimethoxytrityl-3'-O-t-butyldimethylsilyl-N6-benzoyladenosine (>95% pure)

was obtained from Dr. Anna Garbesi (Bologna, Italy). This monomer was further

purified via column chromatography using 20g of silica gel/g of product with a gradient

of dichloromethane to ether (7:1 to 3:1). To pure L-5'-O-dimethoxytrityl-3'-O-t­

butyldimethylsilyl-N6-benzoyl-adenosine (.43 mmol, .340g), was added to 1.5mL of

THF, N,N'-diisopropylethylamine (2.26mmol, 4mL) and a catalytic amount of4-DMAP.

N,N-diisopropyl(2-cyanoethyl)phosphonamidic chloride (.66mmol, 150IlL) was added

dropwise. After stirring for 4 hours at room temperature, TLC (dichloromethane : diethyl

ether, 3:1). analysis indicated that the reaction had proceeded to completion. The reaction

mixture was added to 30mL of ethyl acetate (pre-washed with 5% NaHC03) and

extracted with 30mL of 5% aqueous NaHC03, and 4x 30mL of saturated brine solution.

The organic layer was dried over Na2S04' filtered, concentrated and foamed by co­

evaporation with dichloromethane and diethyl ether to yield .416 g (98%) ofa white foam

[5Jl). TLC: Rf= 0.43, 0.54 (3:1, DCM : diethyl ether). UV Â.mllX (95% EtOH)=280,

Â.mln=256. 31 p NMR (ppm, acetone-D6) 500Hz /)=: 150.81, 150.14 (two diastereomers).
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