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Summary

The work presented in this thesis describes the synthesis of two ruthenium
oligodeoxynucleotide (ODN) conjugates and their application as potential
photoactive antisense agents in a model Chronic Myeloid Leukaemia (CML) system.
The target 34mer ODN sequence chosen for the model system represents the
messenger RNA sequence transcribed from the breakpoint region of the bcr / abl
oncogene on the Philadelphia chromosome, an abnormal chromosome specific to
CML cells. The overall aim of this work is augmentation of an antisense effect
through site-specific photochemical targeting of the target 34mer ODN sequence
thus, in theory, suppressing leukaemic mRNA expression and subsequent oncoprotein
production.

Two ruthenium polypyridyl complexes, [Ru(phen),phen']** and
[Ru(TAP),phen']**, were synthesised. Activation of the carboxylic acid functionality
on the phen'’ ligand to the corresponding N-hydroxysuccinimido ester allowed for
direct coupling with a hexylamino-derivatised 17mer ODN yielding the
corresponding ruthenium-ODN conjugate. Both conjugates were purified by gel
electrophoresis and electroelution and characterised by épectroscopic and HPLC
methods. After hybridisation of each conjugate with the target strand, the ruthenium
complex was orientated in such a way as to achieve optimal interaction with the
target guanine residue on the target strand (G21) situated 21 bases from its 5'-end.

After irradiation of the model system, the interaction between both ruthenium-
ODN conjugates and the 5'-end radioactively labeled target 34mer ODN strand was

analysed by polyacrylamide gel electrophoresis (PAGE), visualised by



autoradiography and quantified by phosphoimagery. The [Ru(phen),phen’]-ODN
conjugate induced base sensitive site-specific modifications at G21 in the target
strand, which were revealed as strand breaks after piperidine treatment. The
[Ru(TAP),phen’]-ODN conjugate formed site-specific photoadducts with G21 in the
target strand. Experiments with the free ruthenium complexes [Ru(phen)zphen‘]2+ and
[Ru(TAP),phen'F** in the presence of the target 34mer ODN showed guanine specific
cleavage and photoadduct formation respectively. Experiments were carried out with
the inclusion of various additions in order to understand the mechanism of
photooxidative damage in the model system.

Variant target strands were also studied in which the target G21 target was
moved in increments towards the 3'-end of the target 34mer ODN in order to
investigate the range of photooxidative damage. Nonsense strand experiments were
carried out in order to ensure specificity of each ruthenium-ODN conjugate for the
leukaemic mRNA sequence and results revealed no induction of damage in random
ODN sequences.

Finally, in order to investigate any damage induced in each ruthenium-ODN
conjugate during the course of the irradiations, each conjugate was radiolabeled at the
3'-end and the experiments were repeated in the presence of non-labeled target 34mer
ODN. Results suggested that the conjugates were capable of self-interaction, thus
decreasing the overall yield of photocleavage and photoadduct formation observed in

the model system.
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1.1 Primary structure of nucleic acids
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), the hereditary

molecules of life, are composed of long linear chains called nucleic acids, the basic
unit of which is the nucleotide. Each individual nucleotide consists of a heterocyclic
base, a pentose sugar (together referred to as a nucleoside) and a phosphate group i.e.
a nucleotide is a nucleoside phosphorylated at a free sugar hydroxyl. The
heterocyclic bases are pyrimidines (cytosine (C), thymine (T) and uracil (U)) and
purines (adenine (A) and guanine (G)) (figure 1.1). The nucleotide sequence is
determined by the sequence of individual heterocyclic bases and is referred to as the

primary structure of a particular nucleic acid.
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Figure 1.1 Purine and pyrimidine bases




In DNA the sugar component of the nucleotide is the pentose sugar 2'-deoxyribose
whereas the sugar moiety in RNA is ribose (figure 1.2). Adenine, guanine and
cytosine occur in both types of nucleic acid, but thymine (5-methyluracil) found in

DNA, is replaced by uracil in RNA.

OH’ & OH

a) 2'- deoxyribose b) Ribose

Figure 1.2 Pentose Sugars

The furanose sugars are joined to the bases by the glycosidic bond — the bond that
joins Ny of the purines and N, of the pyrimidines to Cy of the sugar. The two main
orientations that a base can assume relative to the sugar moiety about the glycosol C;-
- N link are termed anti and syn. In the anti configuration the base is pointing away

from the sugar and in the syn configuration is pointing towards the sugar (figure 1.3).

OH OH OH = OH

Figure 1.3 Anti and syn orientations of adenosine




Pyrimidines usually only adopt the anti conformation due to the steric interference
between the sugar residue and the pyrimidine’s C, substituent in the sy»
conformation. Purine residues can adopt both syn and anti conformations. In the
majority of double-stranded nucleic acids, the bases adopt the anti conformation.
The furanose sugars themselves are relatively flexible and are twisted out-of-
plane to minimize interactions between substituents — this is termed sugar puckering.
The out-of-plane atom is said to have an endo conformation when it is displaced to
the same side of'the ring as the Cs atom and an exo conformation when displaced to
the opposite side of the ring from the Cs atom. The two most commonly observed

puckers are close to either Cy-endo and Cs-endo (figure 1.4).
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Figure 1.4 Common sugar puckers

It was discovered by Alexander Todd' that phosphate groups link the 3' and 5'
positions of consecutive sugar moieties forming phosphodiester bonds. The direction
of the strand runs from the 5' to the 3"-sugar carbons along the phosphodiester bond

(figure 1.5).
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Figure 1.5 Four bases linked by 3',5'-phosphodiester bonds.

1.2 Secondary structure of nucleic acids

This primary structure information, along with Chargaff’s> base composition
theory which stated that DNA has an equal number of adenine and thymine residues
and an equal number of guanine and cytosine residues, led to the eventual elucidation
of the famous DNA double-helix structure by Watson and Crick in 1953.> The
secondary structure of DNA consists of two complementary polynucleotide strands

coiled around a common axis resulting in a right-handed double helix 20A in




diameter. The two chains run antiparallel to each other forming the stable helix i.c.
the two polynucleotide strands run in the 5'to 3' and 3' to 5' directions respectively.
Specific base pairing occurs between adenine and thymine (A.T) and guanine and
cytosine (G.C) via hydrogen bonds; three hydrogen bonds between G and C and two
between A and T (figure 1.6). There is a distance of 3.4A between the stacked base
pairs (helical rise) and an angle of 36° between adjacent base pairs i.e. one complete

turn of the double helix contains 10 base pairs.
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Figure 1.6 H-bonding between complementary base pairs

The hydrophilic sugar-phosphate “backbone” of the helix is to the outside of the
molecule with the nitrogenous bases stacked inside the helix, their planes almost

perpendicular to the helix axis. The double helices of DNA and RNA contain two




deep spiral grooves known as the major and minor grooves (figure 1.7), with the
g major groove giving more direct access to the bases. The major groove is found at
' the N7 (purine) or C5 (pyrimidine) side of a base pair with the minor groove located

on the opposite side.

<«— Minor Groove

} <+— Major Groove

Figure 1.7 Major and Minor DNA Grooves

1.2.1 Hairpins

On occasion, a single nucleotide strand may contain a sequence of bases that
is complementary to a nearby sequence within the same strand. The chain may then
fold back on itself forming a duplex secondary structure called a hairpin. Hairpins
consist of a base-paired double-helical region (also known as the stem) and a loop of
unpaired bases at one end (figure 1.8). The likelihood of hairpin formation within
any given single stranded DNA sequence can be predicted by calculations of the free
energy for the formation the hairpin structure with reactions that require energy

having a positive free energy value and reactions that release energy having a




negative free energy value. The overall free energy of a hairpin structure is given by
the formula:

ZAGyx is the sum of the individual reactions involved in hairpin formation as each
base pair is added. Base pair formation releases energy resulting in a negative ZAGx
value. ZAGy is the sum of the energies required to hold bases that are not
complementary in an unpaired state in the hairpin structure and as energy is required
for this process, ZAGy is a positive value. The total free energy value must be
negative overall for hairpin formation to be favourable i.e. the energy released by the
individual base pairing in a hairpin must significantly exceed the energy required to

maintain the loop (non-complementary regions of a hairpin).
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Figure 1.8 Hairpin Structure

1.2.2 DNA melting temperature (T,,)
The double strand helix of a duplex DNA structure can be disrupted when

heated and this strand separation is referred to as denaturation or melting. DNA




denaturation can be monitored by UV absorption analysis due to the fact that the
DNA absorption value is approximately 40% less than that which would be displayed
by a mixture of free nucleotides of the same composition. This observation is known
as the hypochromic effect. A decline in this effect is observed in DNA upon heating
with the absorption values increasing towards that of the free bases. The melting
temperature (T,) refers to the midpoint of the temperature range over which the DNA
is denatured. DNA base composition influences its Ty, value. As G.C base pairs are
harder to break than A.T base pairs, the more G.C base pairs in a duplex the greater
the melting temperature value will be. The melting temperature increases

approximately 0.4°C for every 1% increase in G.C content.

1.2.3 Various DNA conformations

DNA can adopt different conformations depending on the orientation of the
nucleoside and the puckering mode of the sugar. These three forms are known as B-
DNA, A-DNA and Z-DNA (figure 1.9). B-DNA, with its right-handed helix, is the
most common form with 10 base pairs per helical turn. It is observed under normal
physiological conditions i.e. high humidity and low salt. Its glycosidic bond has an
anti conformation and the sugar pucker is C,- endo. Under low humidity and high
salt conditions, B-DNA can undergo a reversible conformational change forming A-
DNA. A-DNA has a flatter and wider right-handed helix than B-DNA with 11 base
pairs per helical tun. Like B-DNA its glycosidic bond adopts the anti conformation
but in this case the sugar pucker is C3- endo. A-DNA is found in RNA and RNA-

DNA hybrids. Z-DNA, found under high salt conditions, has a left-handed double



helix with 12 base pairs per helical turn. It can be stabilised with a high concentration
of NaCl and MgCl,. Its name is derived from the zigzag line seen between
successive phosphate groups around the helix on a strand of Z-DNA. In this form the
pyrimidines adopt a C,- endo sugar pucker and an anti glycosidic bond conformation,
with the purines adopting a Cs- endo sugar pucker and a syn glycosidic bond
conformation. To date the biological function and significance of Z-DNA remains

unknown.

Figure 1.9 Different DNA conformations*




1.3 Tertiary structure of nucleic acids

In vivo, many DNA molecules are circular i.e. they do not have free 5' or 3'
ends. Under normal physiological conditions most circular DNA molecules are
supercoiled i.e. the DNA duplex is twisted in space around its own axis (the helix
crosses over itself one or more times). Supercoiling is necessary to minimise the
amount of space occupied by the long double helices. It can only occur in closed
structures and any molecule lacking supercoiling, whether closed or open, is
described as relaxed. Relaxed and supercoiled DNA, so-called topoisomers, can be
interconverted by cutting and resealing the DNA (figure 1.10). I vivo, the DNA
molecules of all organisms exhibit negative supercoiling i.e. the DNA is twisted
about its own axis in the opposite direction from the right-handed double helix. This
type of DNA is said to be underwound. Supercoiling in the same direction as the
double helix produces an overwound DNA with positive supercoils. Enzymes called
topoisomerases (e.g. DNA gyrase in £.Coli) are responsible for supercoiling and

regulate the superhelicity of natural DNA molecules.

Relaxed Supercoiled  Disrupted
base pairing

Figure 1.10 Tertiary DNA structure
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1.4 Solid state synthesis of oligodeoxynucleotides
Oligodeoxynucleotides (ODNs) are short synthetic pieces of single-stranded

DNA of a known sequence. Previous work by groups such as Caruthers et al 3%’

and
Itakura ef al.® has lead to the development of solid support based techniques by which
ODNs of a defined sequence can be easily synthesised using automated DNA
synthesisers. Oligoribonucleotide synthesis is hindered by the presence of the 2' OH
group on the ribose sugar that requires selective protection leading to subsequent
steric problems during internucleotide linkage formation. The development of silyl-
based protecting groups for this 2' position” led to automated RNA synthesis being
reported in 1987 by Ogilvie ez al."’.

In most cases, solid phase ODN synthesis is carried out by the phosphoramidite
method in which the DNA phosphodiester bond is made using phosphoramidite
chemistry (figure 1.11). Initially the nucleoside chosen to be at the 3' end of the
ODN is attached to a solid silica support through its 3' hydroxyl group and the 5'
hydroxyl group is protected with dimethoxytrityl (DMT) (fig. 1.11.a). The next step
involves removal of the DMT group by acid cleavage (fig. 1.11.b) and this is
followed by tetrazole-catalysed coupling of the free 5'—OH group with the next
DMT-protected phosphoramidite monomer (fig. 1.11.¢). After coupling, unreacted
5'-OH groups are acylated to prevent them from building up truncated oligomer
sequences. The trivalent phosphite-triester product is subsequently oxidised using

aqueous iodine to the more stable pentavalent phosphotriester state (fig 1.11.d.). This

process is repeated until the required ODN sequence has been synthesised. The last
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stage involves removal of all protecting groups, cleavage of the oligomer from the

solid support using aqueous ammonia and subsequent PAGE / HPLC purification.
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Figure 1.11 Solid State ODN synthesis



1.5 Gene expression

Following the determination of the DNA structure much work including that
of Crick'"'%, Brenner''and Yanofsky'® showed how the biological information
contained in a gene (a segment of DNA) is made available to a cell. The two strands
that make up the DNA double helix are referred to as the coding strand and the
complementary strand. The coding strand contains the triplet code characteristic of
the protein sequence to be expressed. The complementary strand, which is not
expressed, is made up of a complementary set of nucleotides running in an
antiparallel fashion to the coding strand sequence. The first stage of gene expression
is called transcription (figure 1.12). The sense (or coding) strand of DNA is
transcribed into a messenger RNA (mRNA) transcript with a sequence

complementary to the original template strand.

Transcription

Translation

Protein

Figure 1.12 Normal gene expression
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‘ Three major types of RNA exist; ribosomal RNA (rRNA), transfer RNA (tRNA) and
messenger RNA (mRNA). Ribosomal RNA and transfer RNA are the end products
of gene expression and they themselves play functional roles in protein synthesis.
Messenger RNA is the only class of RNA that takes part in translation — the second
stage of gene expression. In this step the mRNA sequence of bases that is translated
into the protein is referred to as the “sense” strand. The nucleotide sequence of the
mRNA molecule directs the synthesis of a polypeptide by a complex series of events
mediated by both rRNA and tRNA. Polypeptides are composed of amino acids and
each triplet of adjacent ribonucleotides on mRNA specifies one amino acid of the
polypeptide. Therefore the information contained in a particular gene dictates the
composition of the corresponding protein. Elucidation of this knowledge made

therapeutic intervention at the level of the nucleic acid possible.

1.6 Targeting of nucleic acids
Ideally, drugs that target DNA or RNA should be as specific as possible for

cells containing the disease-causing nucleic acid. Host cytotoxicity continues to be a
major problem in modern drug therapy (e.g. chemotherapy in cancer) with the vast
majority of drugs failing to distinguish between healthy and affected DNA. For
example, with bleomycinm, a DNA-cleaving antibiotic, and cisplatinls, a DNA-
crosslinker, undesired host cytotoxicity remains problematic. In principle, if disease-
causing nucleic acids can be targeted exclusively, host cytotoxicity should be kept to
a minimum or eliminated completely. Rapid advances in molecular biology over the

past couple of decades have led to a greater understanding of genetic mechanisms and
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currently several approaches for the therapeutic targeting of nucleic acids are being
developed.'

“Gene therapy” is a broad term referring to the integration of new genetic
material into the genome, which is then passed onto the progeny of the manipulated
cells minus the defective genes.'”'® Inhibition of gene expression at the
transcriptional level can be achieved in a number of ways'® and one such approach,
the antigene approach, involves targeting DNA with triple helix forming ODNs thus
blocking mRNA production. A third approach, antisense therapy, involves disruption

of gene expression at the translational level.

1.6.1 Antigene approach

The antigene approach involves inhibition of gene expression at the
transcriptional level i.e. the aim is to prevent double-stranded DNA from being
transcribed into messenger RNA. This approach is affected using triplex forming
oligonucleotides (TFOs) capable of binding to the double-stranded helix forming a
triple helix and thus interfering with the transcription mechanism.?

TFOs specifically bind to homopurine regions in the major groove of DNA
forming hydrogen bonds with the purine bases. It is possible for thymine in a TFO to
form a bond with an adenine already bound to another thymine in the conventional
Watson-Crick manner in the double helix. This is also observed for protonated
cytosine in a TFO and guanine of a guanine-cytosine Watson-Crick base pair in the
double helix. This so-called Hoogsteen base pairing is the bonding pattern observed

in triplex formation (figure 1.13). Homopyrimidine TFOs bind to the homopurine
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‘ :,.?region of the duplex in a parallel direction through Hoogsteen hydrogen bonds?"#

whereas homopurine TFOs bind antiparallel to the purine region of the duplex via

reverse Hoogsteen hydrogen bonds.23

Figure 1.13 Hoogsteen base pairing

In order to form two hydrogen bonds with G in a G.C base pair, cytosine must be
protonated. Homopyrimidine ODNs can form stable triple helices at acidic pH but
this stability decreases as pH increases therefore a typical pyrimidine TFO will only
form a triplex in conditions of pH less than 6 and due to this pH dependency, triplex
formation is unstable under normal physiological conditions. Triplex formation with
purine TFOs is independent of pH.**

Extensive research has been carried out with a view to increasing the stability
of triplex formation whilst retaining the desired target specificity and to overcome the
pH dependency of pyrimidine TFO binding.> Compounds shown to promote triplex

formation include anthraquinone526, benzopyridoinole derivatives?’ and
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benzopyridoquinoxalines. These are tetracyclic aromatic crescent-shaped molecules
that interact with the Crick-Hoogsteen base pair of the T.A x T triplet and covalent
attachment of these molecules to TFOs has been shown to increase triplex stability.”*
Following from this work 6-amino benzoindoloquinoline derivatives were designed
and shown to specifically stabilise triplex structures.?’

Conjugation of TFOs to crosslinking agents has been used to increase the
stability of triplex binding via covalent bond formation. Psoralens are intercalating
molecules that form cross-links with thymines in DNA upon UV irradiation. Héléne
et al.’®*' have shown that crosslinks and monoadducts can be introduced using
psoralen-coupled TFOs and that the cell inefficiently repairs the resulting lesions.

Alkylating agents conjugated to TFOs have also been shown to form cross-
links with specific DNA sequences resulting in site-specific cleavage under alkaline
conditions. Young et al. formed covalent crosslinks between a TFO and the double
helix using a TFO into which an alkylating base had been incorporated.>> Dervan et
al. have reported sequence-specific double strand helix alkylation and cleavage of
DNA induced by TFOs with a nondiffusible bromoacetyl electrophile attached at the
5'end.***% The TFO can also be attached to a DNA cleaving agent to achieve site
specific cleavage of the target e.g. Cu**-phenanthroline conjugates have been shown
to achieve duplex strand cleavage.*®

Heéléne et al. have shown that TFOs conjugated to small ligands (e.g.
benzopyridoinole®” and dibenzophenanthroline®® derivatives) can stabilise triplexes

through strong m-r electronic orbital overlap and went on to report a new group of

sequence-specific DNA cleaving agents composed of small ligands covalently
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»ﬁiattached to ethylenediaminetetraacetic acid (EDTA). 3940 Nordeén et al.*! have

¥

%’studied the effect of ligand size on triple strand stabilization using [ruthenium
(phen),X] complexes, where phen = 1,1 0-phenanthroline and X = dipyridophenazine
(DPPZ) or benzodipyridophenazine (BDPPZ). It was found that the third chelate
ligand was responsible for third-strand stabilization in the following order of
increasing ability; phen < BDPPZ < DPPZ, therefore not being directly related to

ligand size.

1.6.2 Antisense therapy

Modification of gene expression at the translational level is the principle aim
of antisense therapy. The target in this approach is a specific region of the mRNA
(the sense strand) that has been transcribed from the disease-causing gene of interest
and the vectors are referred to as antisense oligodeoxynucleotides (ODNs). An
antisense ODN is a synthetic oligonucleotide with a sequence that is complementary
to a portion of the targeted mRNA and which binds to the mRNA through Watson-
Crick complementary base recognition. Antisense inhibition is effected in two ways.
Firstly, mRNA binding by the antisense ODN physically blocks the cell’s translation
apparatus from synthesising disease-causing proteins in the normal way (figure 1.14)
and secondly by activation of RNaseH. RNaseH is a ubiquitous cellular enzyme (a
ribonuclease) first described by Stein et al. in 1970.* It specifically recognises RNA
/ antisense DNA duplexes and cleaves only the RNA strand of this duplex.** The

antisense ODN is then free to go on to attack further mRNA targets.*
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Figure 1.14 Basis of antisense inhibition

Antisense inhibition using an ODN was first seen in 1978 when Zamecnik and
Stephenson inhibited Rous virus replication using a 13mer ODN complementary to a
portion of the viral RNA.*>“® There have been varying degrees of success with
antisense therapy despite widespread clinical trials.” The first, and to date the only
commercially available antisense ODN for drug therapy was approved by the FDA in
August 1998. This phosphorothioate ODN, known as Vitravene, is designed to treat

human cytomegalovirus (CMV)-induced retinitis often found in HIV patients.***°
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2¢MV is a typical human herpesvirus, the term cytomegalo meaning cell of great size,

referring to the appearance of the infected cells.*

1.7 Modified antisense oligonucleotides

For an antisense ODN to be successful as an in vivo therapeutic agent, a
number of criteria must be fulfilled. The ODN must be able to target the mRNA
specifically and form stable Watson-Crick base pairs with this target. The ODN must
be sufficiently stable to nuclease degradation and must be able to induce RNaseH
activity. The ODN should also be aqueous soluble and able to enter the desired site
of attack.

The antisense ODN must be designed so it will provide sufficient selectivity
for the mRNA target and no other random sequence within the human genome. It is
generally accepted that an ODN 15-25 bases in length will provide this desired
selectivity’'.

Unmodified natural ODNs containing a phosphodiester backbone (figure
1.15.a) form stable Watson-Crick base pairs with RNA targets inducing RNaseH
activity, but are quickly degraded by cellular nucleases which target and hydrolyze
the phosphodiester linkage. Recently Chattopadhyaya et al. have shown that
antisense oligonucleotides modified at the 3'-end with phenazine (PZN) and
dipyridophenazine (DPPZ) improve the extent of RNaseH promoted hydrolysis
compared with the native DNA / RNA counterpart along with increased nuclease
resistance.”” The large polyanionic nature of the backbone also causes problems with

cellular uptake of the antisense ODN. The major obstacles limiting the success of
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nntlsense therapy have been recently reviewed™ and antisense therapeutics are now
j-icentered around the synthesis of ODNs with various modifications to improve their in
vivo therapeutic potential ** A common approach is modification of the antisense
ODN phosphodiester backbone to introduce a greater degree of nuclease resistance,
while still retaining the ability to arrest mRNA translation.*> *®
Phosphorothioate oligodeoxynucleotides (PS-ODNs) are ODNs in which one
of the non-bridging oxygens on the phosphate of the phosphodiester backbone is
replaced with a sulfur (figure 1.15.b). PS-ODNss are synthesised using standard
phosphoramidite chemistry followed by sulfur oxidation of the internucleotide
linkage.” They bind to target mRNA with the same affinity as PO-ODNs but are
more resistant to nuclease degradation. They also mediate RNaseH degradation of
RNA after hybridisation. There is, however, some concern that PS-ODNs can induce
non-specific effects from their interaction with cellular proteins.*®
Like PO-ODNSs, PS analogues are also polyanionic and unable to diffuse
across the cell membrane. Antisense ODNs must be able to penetrate the membrane
in order to down-regulate gene expression. PO- and PS-ODN cellular uptake is
thought to take place by pinocytosis,” which results in the ODN
compartmentalisation, and further membrane penetration is then needed for any
antisense activity.** A solution to this problem has been the introduction of some
degree of lipophilicity into the ODN backbone by attachment of various hydrophobic
groups to the antisense ODNs to improve cellular uptake. 5' cholesterol-conjugated
ODNs®' and cholesterol-conjugated antisense ODNs® have displayed improved

cellular uptake.
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Another approach has been the development of neutral isoteres of the

L‘ osphodiester linkage — this group of molecules are called methylphosphonates

: @'ODNS). MP-ODNs are ODNs in which the acidic hydroxyl of the PO-linkage is

'  iéplwed by a methyl group (figurel.15.c). These molecules are more lipophilic and
are totally nuclease resistant. On the other hand, MP-ODNs do not bind as well to the

target strand, they target RNaseH poorly and exhibit poor aqueous solubility.*

Internucleotide
Linkage/ Modification

a) Phosphodiester
(PO)

| b) Phosphorothioate
X=i—W (PS) S fo foRH

¢) Methylphosphonate
M)

d) PS -2'-O-methyl
(alkyl) nbonucleotide| S

Figure 1.15 Antisense ODN modifications

A new direction has been the development of mixed backbone
oligonucleotides (MBOs) that contain all the required properties for antisense
activity, while at the same time reducing polyanionic- related effects to a minimum.%*

These modifications are generally combined with a PS-ODN backbone with two
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i @odiﬁcations in particular (PS-2'-O- methyl (alkyl) ribonucleotides (figure 1.15.d)
hnd methylphosphonate ODNs) having been significant in reducing undesired side
effects while still retaining therapeutic activity. The 2' position has been shown to be
a useful site for oligonucleotide modifications, improving binding affinity to RNA
target and increasing stability, nuclease resistance and lipophilicity. 2' modified
ODN's are not capable of inducing RNaseH activity and this has been overcome using
antisense ODNs with 2' modifications at the terminal ends only. The resulting

unmodified “gap” is capable of inducing RNaseH recognition and cleavage whilst

overall the antisense ODN retains the advantages gained from modification.*’

1.8 Chronic Myeloid Leukaemia (CML)

Leukaemia refers to a group of diseases of the haematopoietic system, the
hallmark being an accumulation of abnormally large numbers of white blood cells in
the blood and bone marrow. The white blood cells grow at the expense of the red
blood cells and platelets leading to symptoms such as anaemia, bleeding and bruising.
Stem cells mature into either lymphocytic blood cells (B- and T- lymphocytes) or
myeloid cells (all other blood cells) and leukaemias are classified as either myeloid or
lymphocytic depending on the type of blood cell involved. CML is one type of
leukaemia that affects the myeloid cells. It presents in the chronic (first) stage that
can last 3-6 years. This is followed by an accelerated phase where white blood cell
production increases rapidly and symptoms worsen. This then proceeds to the final,
or blast crisis phase, which is usually resistant to treatment and is almost always

fatal.*® Myeloablative therapy followed by allogeneic bone marrow transplantation
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BMT) is the standard treatment for leukaemia®’ and although successful, it is limited
y the availability of suitable donors.

: Almost all cells (95%) affected by CML possess a chromosome called the

3 Philadelphia chromosome (Ph') thus making them genetically distinct from healthy
cells.”® The Ph'is a result of a reciprocal translocation (the exchange of pieces of
genetic information) between chromosomes 9 and 22 t(9;22). During the t(9;22)
translocation the Abelson (ab/) gene located on chromosome 9 is translocated onto
the breakpoint cluster region (bcr) gene on chromosome 22 resulting in the chimeric
oncogene termed bcr-abl (figure 1.16). Expression of this ber-abl oncogene gives
rise to an abnormal 8.5kb mRNA transcript that encodes for a 210kD fusion protein.*®
This p210 protein has increased protein tyrosine kinase activity and it has been
reported that activation of this kinase is the first step in CML oncogenesis’ by
possibly blocking affected cells from apotosis (cell suicide) thus leading to the
physical manifestations of CML i.e. bcr-abl may play a part in suppression of normal

apoptotic pathways.”’
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Figure 1.16 Creation of hcr-abl oncogene and p210 oncoprotein

The ber-abl oncogene has become a popular antisense ODN target in CML
research due to its ubiquitous nature in CML cells, but as the native bcr and abl genes
play important roles in cells themselves it is important that the bcr-abl breakpoint
region is targeted and not only the bcr or abl regions on the oncogene.” The ultimate

aim using antisense therapy in CML is the optimisation of the down-regulation of
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Mbl expression. Antisense ODN inhibition of CML cell line growth using the

ber-abl junction region as a target was first reported by Szczylik et al. in 19917 and

many groups have since reported that oligomers of various lengths (typically 18-26
bases) have decreased bcr-abl mRNA levels, p210 expression and in vitro growth of
CML cells and cell lines.” Induction of apotosis in CML cells using antisense
ODNs” and arachidonic acid™ has also been reported.

Despite limited success, and as with most current antisense therapies, bcr-abl
antisense intervention has proved problematic’’ and as previously discussed, factors
such as cellular uptake and in vivo stability are common obstacles. In addition, the
p210°™¥ protein has a relatively long half-life (>40hrs)’ and as the effect of one
antisense treatment wears off after 8-24 hours, this leaves p210 protein levels
unchanged. This is a disadvantage considering large ODN doses would need to be
administered to achieve the desired antisense effect. To date only one clinical trial
using ber-abl-directed antisense ODNs has been reported.” Affected stem cells were
treated with a 26mer phosphorothioate ODN in vitro before being returned to the

patient as an autograft. Transient Ph' negativity was observed in some patients.

1.9 Photocleavage of nucleic acids

There has been much interest in the design and use of chemical agents that
can damage and cleave nucleic acids after photochemical activation and their
subsequent application to systems where down-regulation of gene expression by

photooxidative damage of the target nucleic acid is required. Ifthe chosen molecule
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nsitive to light at wavelengths greater than 300nm it can be selectively excited in
ﬂn presence of nucleic acids to induce strand damage.*

‘ The molecules that absorb a specific wavelength of light are called
photocleavage agents or photosensitisers and after absorption of a photon of light, an
electron is transferred into a higher orbital thus generating an excited molecule. Ifthe
lifetime of the excited species is long enough, it can go on to react with a variety of
substrates e.g. DNA. Irradiation at a specific wavelength followed by a reaction is
referred to as photosensitisation

Photosensitisers can react either directly or indirectly with a nucleic acid
target leading to modifications of the target itself and furthermore can react either
with the sugars or the nucleobases. In the former case, the photosensitiser can initiate
H-atom abstraction from the sugar rings leading to direct cleavage of the strand.
More often the latter case is observed with attack occurring at the bases and the extent
of cleavage is only observed after hot piperidine (DNA) or aniline (RNA) treatment.
Generally if a photosensitiser shows no direct DNA cleavage but does show base-
specific piperidine-labile (or aniline-labile) cleavage it can be assumed that
nucleobase modification is the main event.

Excitation of a photosensitiser does not change the spin of the electron that is
transferred to another orbital thus generating the excited molecule in the so-called
singlet state ('PhotoSen*). Generally the lifetime of excited singlet states are very
short (in the range of picoseconds to nanoseconds) and therefore there is a low
probability of the molecule reacting with other molecules. Fluorescence is the term

that describes the return of an excited state electron to the ground state. Alternately,
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excited singlet state photosensitiser (‘PhotoSen*) can undergo a spin conversion

to a triplet state (*PhotoSen*) which has a much longer lifetime relative to the singlet
state and is more likely to react with other molecules. Three main pathways exist by
which nucleobase photocleavers function:
1. Electron transfer from the base to the excited-state photocleaver.
2. Energy transfer from the excited photocleaver to molecular oxygen (302)
producing singlet oxygen ('O,) which then reacts with the base.

3. Adduct formation between the photoexcited compound and base.

1.9.1 Electron transfer (type I damage)

In an electron-transfer pathway, the substrate (nucleobase) is reduced or
oxidised by the photosensitiser with the ground state radicals of the photosensitiser
and substrate being formed (equations 1.1 & 1.2). The radical cation produced may
remove a hydrogen atom from a nearby ribose sugar and induce a direct break in the

nucleic acid backbone.

(1.1) °>PhotoSen* + Substrate— Photo™ + Substrate™

(12) ‘>PhotoSen* + Substrate—» Photo™ + Substrate"

This is often referred to as a type I pathway and will be a localised reaction in the
vicinity of photosensitiser excitation unless there can be rapid hole migration through

the nucleic acid.
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9.2 Energy transfer ( type Il damage )
In an energy-transfer pathway, the excited molecule retumns to its ground state

~ and the substrate becomes excited (equation 1.3).
(13) ‘PhotoSen* + 'Substrate— 'PhotoSen + ‘Substrate*

Triplet oxygen (*O,, which is a triplet radical in its ground state) is a good substrate

for triplet excited state molecules generating singlet oxygen ('O,) (equation 1.4).

(14) °PhotoSen* + *0,— 'PhotoSen + 'O,
Singlet oxygen reactivity is high enough to directly modify DNA®' and 'O, also has a
relatively long lifetime of 2-4ps and can therefore travel several pm in solution
before its decay to *0,. This type of damage is often referred to as type II damage
and because of singlet oxygen’s ability to travel, base damage is not always localised

at the site of photosensitiser excitation.
193 Adduct formation
In an adduct forming pathway, the photoexcited molecule combines with a

substrate and an adduct is formed (equation 1.5).

(1.5) °PhotoSen* + Substrate—»  Adduct
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~ Adduct formation proceeds via a type I (electron transfer) pathway. The excited states of

. oertam molecules have been shown to be sufficiently oxidising to undergo electron
transfer with nucleobases (equation 1.6) and that the photoadduct is formed by
combination of the deprotonated radical cation and the protonated reduced

photosensitiser"*’ (equation 1.7):

(1.6) “PhotoSen’ + Substrate —® PhotoSen™ + Substrate™

(1.7)  Substrate(-H)* + PhotoSen(H) ———p Photoadduct

1.10 Guanine oxidation

Guanine has the lowest oxidation potential of all the bases*®* and is generally
the preferred site of photooxidative damage as well as being the most reactive
towards singlet oxygen.*"*® It has been acknowledged that the oxidation potential of
guanine in a helical DNA structure may have a slightly lower value than the isolated
nucleoside.*’ In electron and energy transfer pathways, cleavage occurs almost
exclusively at guanine sites.

It has been established that 7,8-dihydro-8-oxoguanine (8-0x0G) is a major
product of guanine oxidative damage,***>” but the mechanism by which it is formed
still remains unclear. In the case of singlet oxygen (type II) damage, it has been
suggested by Devasagayam e al.’' that 'O, undergoes a [4 + 2] cycloaddition

reaction across the imidazole ring of guanine resulting in an unstable endoperoxide
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intermediate (1) which is subsequently reduced to yield the 8-oxo product (2)

(scheme 1.1).
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Scheme 1.1

Sheu et al. ***° have suggested that the endoperoxide intermediate (1) in type II
damage rearranges to form the reactive 8-hydroperoxy product (3). This molecule,
being a strong oxidant, is thought to donate an oxygen atom to other oxidisable
molecules in the system yielding the final 8-oxo product (2) (scheme 1.2). The same
workers characterised the endoperoxide photooxidation product by low-temperature
NMR studies using the analogous 8-methylguanosine derivative in which the methyl
group at position 8 stabilised the resultant endoperoxide allowing for easier

characterisation.”
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An alternative electron transfer pathway was suggested by Boiteux et al.*® in
which singlet oxygen reacts with guanine as a one electron oxidant forming a guanine
radical cation and a superoxide radical anion. The guanine radical cation may go on

to form the C-8-hydroxylated guanine radical and the 8-hydroxyguanine (the minor

tautomer of 8-0x0G) after one-electron oxidation.%
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In electron transfer (type I) pathways, 8-0xoG formation is thought to proceed
via the initial formation of a guanine radical cation (4) followed by its subsequent
hydration’’ (scheme 1.3). This has been demonstrated by Cadet e al.”® in a series of
reactions involving photoinduced production of 8-0x0G by riboflavin (a

predominantly type I pathway photosensitiser) in calf thymus DNA.
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Scheme 1.3

It has been shown that with isolated nucleosides, the major product of typical type I
photosensitisers is not the 8-0xoG derivative but an imidazolidone (5) and the
resulting oxazolone derivative (6).”*'® This is in agreement with work by Cadet ez
al. who have shown that the 8-oxo product was produced in a lower yield in
experiments with free nucleosides compared with DNA experiments. It has been
postulated that DNA base stacking promotes hydroxylation at C8 of guanine’s
imidazole ring."” These products seem to be the result of the deprotonation of the

guanine radical cation followed by a rearrangement (scheme 1.4).
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8-hydroxy-7, 8-dihydroguanyl radical has also been shown to stabilise by

imidazole-ring opening resulting in a formamidopyrimdine (Fapy-G)” (7) (scheme
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Scheme 1.5

In conclusion, 8-0x0G is the main photooxidation product of type II damage.
Oxazolone and Fapy-G are the major products of type I damage along with some 8-
0x0G production.

Reactivity of guanines towards oxidants is sequence sensitive and it has been
found that Gs located 5' in a GG doublet are more reactive towards oxidants than
those located 3' ' (the so-called 5'-GG-3' effect) and has been observed in
photochemical reactions in double-stranded DNA'® but is absent in single strands.'®
Evidence to support this 5' selectivity includes molecular orbital calculations of
stacked nucleobases which indicated that a G located 5' to another guanine has a
lower ionization potential with the HOMO located mainly on the 5' guanine and
therefore is the preferred site of one-electron oxidation and electrophilic attack.'®'®
In addition to this, a comparison of the electron transfer rate constants of 5'-G and 3'-

G of GG doublets using cyclic voltammetry by Holden Thorp et al.'% has shown the
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to be approximately 12 times more reactive than the 3'-G. The observation in
ouble strands has been explained by the n-stacking effect of the bases in which an
lectron is expected to be removed from the 5' G of a purine sequence thus forming
: the guanine radical cation i.e. the radical cation is stabilised by the well-ordered
duplex structure with only limited access to water. The absence of selectivity in
single strands is attributed to the change in this situation to a solvent-exposed, single
strand.'”’ It has been found that the most thermodynamically stable cation is one
formed in-between two other purines, favourably guanines, therefore the order of
reactivity is GGGG > GGG > GG > GA > GT ~ GC. The main site of damage is

underlined in each case.'®

1.11 Photochemical targeting by ruthenium complexes

The development of redox-active transition metal complex oligonucleotide
conjugates as vectors in gene therapy and as probes for the study of electron and
energy transfer in DNA is an area of intensive research,'®'® with the study of
ruthenium polypyridyl complex — nucleic acid interactions, as described by the work

in this thesis, forming a significant portion of this research.'"®

1.11.1 General properties of ruthenium (II) complexes

Ruthenium complexes posses a number of characteristics which make them
suitable for use in DNA interaction studies; they are photoactive following

illumination, absorb in the visible region (in contrast to the UV absorption seen for
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nucleic acids), have long-lived luminescent lifetimes (making them useful as
photophysical probes) and they are also thermally stable.

Ruthenium complexes also exhibit a certain degree of “tunability” in relation
to their redox potentials depending on their attached ligands.'!" Ruthenium (II) is a
d° system forming octahedral complexes with bidentate polypyridyl ligands. These
ligands are generally colourless with 6 - donor orbitals localised on the nitrogen
atoms and © - donor and ©* - acceptor orbitals delocalised on the aromatic rings.
Irradiation in the visible region results in the singlet MLCT (metal to ligand charge
transfer) excited state i.e. the promotion of an electron from a mmmetal orbital to the
n.* ligand orbital. A ligand centered (LC) excited state arises from promotion of an

electron from n.to 7L+) (figure 1.17).

Figure 1.17 Molecular orbital diagram of energy levels of the principle orbitals and

transitions which occur for a Ru(Il) octahedral complex.
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After the population of the '"MLCT (singlet metal to ligand charge transfer) excited
state, rapid deactivation to the *MLCT (triplet metal to ligand charge transfer state)
occurs by intersystem crossing, and in this state, complex reactivity corresponds
mainly to redox processes. Ru(Il) complexes are strong oxidants and reductants in
the *MLCT state.'? The redox properties of Ru (II) complexes are influenced by the
nature of the attached ligands. Complexes with strong m-acceptor ligands stabilise the
filled metal orbitals resulting in high oxidation potentials i.e. complexes with two or
three m-acceptor ligands are the most likely to abstract electrons (are the most
oxidising) in the excited state.''

The absorption spectrum of Ru (I) polypyridyl complexes exhibit two main

absorptions; an intra-ligand © — ©* transition (LC) in the UV region (<300nm) and a

d - n* MLCT transition in the 400 — 500nm region.'"*

1.112 Interaction of ruthenium (II) polypyridyl complexes with DNA

The majority of ruthenium (II) polypyridyl complexes are positively charged
and interact electrostatically with the negatively charged phosphodiester backbone of
DNA. The nature of the attached ligands will determine the type of interaction.
Sterically hindered molecules such as [Ru(Me,TAP);}**, where Me,TAP = 2,7-
dimethyl-1,4,5,8-tetraazaphenanthrene, have been shown to associate with DNA
through electrostatic interactions and not through interaction with the nucleobases,'"
whereas smaller and less sterically hindered molecules such as [Ru(T AP)J**, where

TAP = 1,4, 5, 8-tetraazaphenanthrene, may enter the major or minor grooves of the

DNA duplex.""® Another possibility for binding is intercalation of a planar part of the
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molecule between the DNA base pairs. It has been shown for [Ru(phen);]**, where
phen = 1,10-phenanthroline, that one ligand may be partially intercalated between the
nucleobases but for [Ru(bipy)s;]**, where bipy = 2,2"-bipyridine, that there is
insufficient n-electron overlap to effect this type of binding.'"! Many ruthenium
complexes have been shown unambiguously to associate with DNA in an
intercalative manner. Examples include [Ru(phen),DPPZJ**, where DPPZ =
dipyrido[3,2-a:2',3'-c]phenazine'"” and [Ru(phen),PHEHAT]**, where PHEHAT =
1,10-phenanthrolino[5,6-5]-1 ,4,5,8,9,12-hexaazatriphenylene,118 with the planar

DPPZ and PHEHAT ligands inserted between the base pairs.
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Figure 1.18 Structures of some common polypyridyl ligands



The binding affinity of the bifunctional ruthenium (IT) complex [Ru(TAP),POQJ**
was studied, where the POQ ligand refers to an aminochloroquinoline unit linked to
an aminophenanthroline ligand through an amide bond. The binding affinity of the
ruthenium complex linked to the aminochloroquinoline by the flexible chain was
compared to the “mother” [Ru(T AP),phen]** complex and it was found that the
addition of the aminochloroquinoline moiety increased the binding affinity of the
bifunctional complex for DNA.'"°

The nature of the attached ligands in a ruthenium (IT) polypyridyl complex
will also affect the photoreactivity of the complex. The particular choice of ligands
will determine how oxidising each complex is in its excited state.'”® For complexes
containing ligands that are weak 7-acceptors e.g. [Ru(phen);]** and [Ru(bipy)s]**,
guanine oxidation does not involve direct abstraction of an electron from the guanine
to the complex but involves the generation of singlet oxygen by the exited state

121

complex which in turn induces oxidative damage = (equation 1.8):

(1.8) ‘RuComplex* + 30, —% 'RuComplex + 'O,

For complexes with more n-deficient ligands such as TAP, HAT and bpz, where bpz
= 2,2'-bipyrazyl, electron transfer is thought to take place from guanine to the excited
state complex resulting in direct strand breaks and adduct formation. It has been
shown that in their excited states, [Ru(TAP)s)*",[Ru(HAT);}** and various
derivatives'? ' can abstract an electron from guanine producing the reduced

ruthenium complex and the guanine radical cation (equation 1.9). It has been
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proposed that the final photoadduct is formed by protonation of the reduced
ruthenium complex (equation 1.10) and combination with the deprotonated guanine
radical cation (equation 1.11) followed by rearomatisation by loss of two hydrogen

atoms to give the final photoadduct product (equation 1.12):

(19) [RuTAPL™* + G __p {[Ru(TAPKTAP ), G™}
(1.10) {[Ru(TAP)(TAP")]", G™} —p{[Ru(TAP)(TAPH")*", G(-H)"}

(1.11) {[Ru(TAP)(TAPH), G(H)"} __p [Ru(TAP)K(TAP-GHy)I**

(1.12) [Ru(TAPL(TAP-GH,)]* 3  [Ru(TAPL(TAP-G)J**

It has been shown that photoaddition of [Ru(TAP);]** on guanosine monophosphate
(GMP) takes place between the C-2 of one TAP ligand and the exocyclic amino

group of the guanine nucleobase'?* (figure 1.19):

Figure 1.19 Photoadduct formed between [Ru(TAP);]** and GMP
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Jacquet et ol subsequently isolated and characterised the photoadduct formed
between [Ru(TAP),bpy]** and calf-thymus DNA showing the adduct was formed
between one TAP ligand and the NH, group on guanine.

Moucheron e al.'” carried out photophysical studies on the two ruthenium
complexes [Ru(phen),PHEHAT)*" and [Ru(TAP),PHEHAT]*". Emission quenching
observed with DNA and GMP with the TAP complex indicated the presence of
photoinduced electron transfer from guanine to the excited state TAP complex. No
such photoinduced electron transfer behavior was observed with the analogous
phenanthroline system. Vicendo ez al.'”*'”” have shown that [Ru(bpz)s]** is capable
of photoadduct formation with both single and double stranded oligonucleotides,
citing electron transfer from the guanine to the excited state complex as the principle
DNA damaging process. The yield of photoadduct production was seen to increase
significantly upon inclusion of Cu / Zn superoxide dismutase (SOD). The oxidation
potential of SOD is lower than that of guanine, and this may contribute to electron
transfer from SOD to excited [Ru(bpz);]** generating the [Ru(bpz);] * species. The
enhancement of the photoadduct yield was attributed to the generation of this +1

ruthenium species.

1.12 Ruthenium (IT) complex —oligodeoxynucleotide conjugates

Ru (IT) polypyridyl complexes have become valuable tools as DNA and RNA
cleaving agents and cross-linking agents as well as being used in studies of energy-
and electron- transfer in DNA'? and these qualities have made them very applicable

to the area of gene therapy. As discussed in section 1.6, gene therapy involves
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targeting a specific sequence or site on the gene of interest resulting in inhibition of
its regular function. Oligodeoxynucleotides (ODNs) with a sequence complementary
to the region of interest are generally the vectors of choice in this type of work, but
ODN:s labeled with metallo-complexes such as Ru (IT) polypyridyl complexes, are an
area of growing interest. The photochemical properties ofthe ruthenium complex can
be exploited once the sequence of interest has been targeted causing photooxidative
damage or photoadduct formation at the chosen target site. In this way the labeled
metallo-oligodeoxynucleotides enhance the inhibitory effect seen using the ODN on
its own. These conjugates have shown potential in both therapeutic and diagnostic

applications.

1.13 Synthesis of ruthenium (IT)- oligodeoxynucleotide conjugates

Due to the importance of specificity and proximity with the target of choice, it
is vital that the ruthenium complex is tethered to the oligonucleotide in such a way
that interaction between the target sequence and the Ru-ODN conjugate is optimal.
Varying the attachment site of the ruthenium complex on the oligonucleotide or the
manner in which it is linked to the oligonucleotide can have a profound effect on the
final system and as a result there has been growing interest in the synthesis of
ruthenium-oligonucleotide conjugates. Presently there are two main routes by which
ruthenium-oligonucleotide conjugates are synthesised. The first route involves
attachment of the ruthenium complex to the functionalised oligodeoxynucleotide after
the solid-phase synthesis on an automated DNA synthesiser. The second route

involves the synthesis of the phosphoramidite derivative of the ruthenium complex
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and its subsequent incorporation into the oligodeoxynucleotide chain during the

course of the solid-phase synthesis.

1.13.1 Post-solid phase oligodeoxynucleotide modification

When a ruthenium complex is tethered to an oligodeoxynucleotide using this
approach, the initial step involves the incorporation of a functional group onto a
specific position on the oligonucleotide during the solid-phase synthesis. This is then
followed by reaction of the ruthenium complex with the functionalised
oligonucleotide in solution.

Bannwarth et al.'”

synthesised various complexes of the type
[Ru(DIP)z(DIP‘)]2+ (where DIP = 4,7 —dipenylphenanthroline and DIP" refers to a
modified DIP ligand bearing a carboxylic acid functional group with an alkyl spacer
chain of a specific length). The complexes were converted to the corresponding N-
hydroxysuccinimido esters using N, N, N', N' — tetramethyl(succinimido)uronium
tetraflurorborate (TSU) with a view to direct reaction with 5'-amino functionalised
oligonucleotides. The 5-amino group was introduced in two ways. Firstly, the
phosphoramidite of 5'-amino-5'-deoxythymidine was introduced as a building block
at the end of'the oligodeoxynucleotide solid-phase synthesis to produce the 5'-amino
modified oligonucleotide where the 5'-terminal OH group has been replaced by an
NH, group. Secondly the oligonucleotide was 5'-end modified with (2-
cyanoethyl)[(diisopropyl)amino]{ 3-[(4-methoxytrityl)amino]propoxy} phosphine
which resulted in replacement of the 5'-terminal OH group with H,N(CH,);0POy5 i.e.

5'-NH, modified with a spacer group between the amino group and the
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oligonucleotide fragment. After synthesis, the 5°-NH, modified oligonucleotides
were cleaved from the solid-phase column, deprotected and dialysed against KCl to
replace and NH," ions with K* ions that might interfere with the final coupling
reaction. The activated esters of the ruthenium complexes were coupled in solution
with the 5'- modified oligonucleotides and the final ruthenium- oligonucleotide
conjugates (figure 1.20) were isolated using reverse-phase HPLC. Initial studies
with the conjugates showed that the presence of the ruthenium complex had no effect
on the oligonucleotide’s ability to hybridise specifically to single-stranded

complementary sequences.

Figure 1.20 [Ru(DIP),(DIP")]-ODN conjugate

Telser ez al.' also reported the synthesis of ruthenium-oligonucleotides
involving post-solid-phase modification of the oligonucleotide. A linker arm

terminating in a primary amine was attached to both cytidine and thymidine



nucleosides. They were both then subsequently converted to their phosphoramidites
and included in the automated synthesis of the oligonucleotides resulting in two
octamers containing a modified cytidine and a modified thymidine respectively,
within the octamer sequence. Purification and isolation was achieved using reverse-
phase HPLC. The ligand 4-carboxy-4' —-methyl-2,2"-bipyridine was synthesised,
converted to its succinimido ester and reacted in solution with the C- or T-modified
octamer to give the corresponding bipyridine-labeled octamers. The bipyridine-
labeled octamers were then reacted in solution with [Ru(bipy),(H20),]** followed by
desalting and reverse-phase HPLC purification to produce oligonucleotides
containing a derivative of [Ru(bpy);]* attached at either the C° thymidine or C*

cytidine sites (figure 1.21).
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Figure 1.21 Modified cytidine (A) and thymidine (B) bases
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Melting temperature studies on the effect of the ruthenium label on duplex formation
of the octamer with its complementary strand found the thymidine-modified system
formed a more stable duplex than the cytidine-modified system. A cytidine-modified
system with no ruthenium label exhibited “normal” melting curve behaviour,
indicating that the attachment of the linkage to the amino group involved in Watson-
Crick base-pairing, may interfere with the normal duplex formation in the labeled
system.

Barton ez al.””' reported the coupling of a ruthenium (1) dipyridophenazine
complex to a 5'-end functionalised 15mer oligonucleotide. The oligonucleotide was
synthesised on an automated synthesiser with a hexylamino group (-(CH,)s-NH,-) at
the 5'-end. The oligonucleotide was cleaved from the solid support and coupled in
solution with [Ru(phen'),dppz]** (where phen' = 5-(4-carboxybutanamido)-1,10-
phenanthroline) in the presence of dicyclohexylcarbodiimide (DCC) and 1-
hydroxybenzotriazole (HOBt) giving very poor overall yields. The conjugated
product (figure 1.22) was purified and isolated using reverse-phase HPLC and

quantified by UV-vis analysis.
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Figure 1.22 [Ru(phen'),dppz]** conjugated to 15mer
Addition of the complementary 15mer sequence to the ruthenium-labeled
oligonucleotide showed intense luminescence in comparison to the single strand
conjugate alone, indicating the use of the conjugate as a type of “molecular light
switch” in the presence of the complementary sequence. The intense luminescence
has been attributed to intercalation of the dppz ligand into the double helix formed
between the conjugate single strand and its complementary strand.

Meade et al.'*? have reported an approach for the preparation of ruthenium-
labeled duplex DNA derivatives where the duplex consists of two individual
ruthenium-oligonucleotide conjugates with each complex attached to a primary amino
at the 2'-position of the 5'-terminal ribose on complementary strands, hybridised

together resulting in two ruthenium complexes separated by eight base pairs (figure

1.23).
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Figure 1.23 Two ruthenium complexes separated by duplex region

Using standard phosphoramidite chemistry, a phosphoramidite-derivatised uracil
nucleoside bearing a 2'-amino group was introduced as the 5'-terminal base in an
octamer and was then annealed to its complementary sequence before reaction with
[Ru(bipy),COs] followed by imidazole. The complementary strand served as a large
hydrogen-bonded blocking group to protect the other bases from attack by the
ruthenium complex. The ruthenium- oligonucleotide conjugate was isolated by
reverse-phase HPLC. The procedure was repeated tethering [Ru(NH;)‘g(py)]2+ to the
complementary octamer. Annealing of the two conjugates gave the desired duplex
bearing the two ruthenium complexes at alternate ends. The modified duplex had a
melting temperature approximately 8 °C lower than the unmodified duplex. The
group went on to use the system for electron transfer studies through DNA.
Ortmans et al.'® synthesised ruthenium-labeled oligonucleotide conjugates in

which the ruthenium complex was tethered to an amino-modified 17mer



oligonucleotide containing a propylamine linker chain at position C-5 on a uracil

residue situated in the centre of the 17mer oligonucleotide sequence (figure 1.24).
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Figure 1.24 [Ru(TAP),(dip")}** tethered to central uracil nucleotide in 17mer ODN

O

Initially the modified uracil phosphoramidite precursor containing the proplyamine
chain was synthesised with the amino group protected by a Fmoc group. The
phosphoramidite of 5'-aminopropyl-2'-deoxyuridine was introduced as one of the
building blocks in the final automated synthesis of the 17mer oligonucleotide. The
ODN was then cleaved from the solid support, deprotected and treated with KCl to
replace NH," ions by K* ions. The ruthenium complex [Ru(TAP),(dip")J** (where
dip' is a 4,7-diphenylphenanthroline ligand functionalised with a carboxylic acid) was
activated to the corresponding succinimido ester using TSU and then reacted in
solution with the modified oligonucleotide. The coupled product was purified by
polyacrylamide gel electrophoresis (PAGE) and characterised by electrospray (ES)
mass spectrometry having being obtained in yields of approximately 20 %. Melting

temperature studies of the conjugates showed the presence of the ruthenium complex
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did not have any effect on binding and thermal stability of the duplex relative to the
non-labeled counterpart. Luminescence quenching was observed when the conjugate
formed a duplex with its complementary 17mer strand, which had guanines at certain
positions, and based on previous data,'* this behaviour corresponded to
photoinduced electron transfer from the guanines of the target strand to the
photosensitiser resulting in possible photoadduct formation.

Wiederholt e al.* incorporated a non-nucleoside linker based on 2,2'-
bipyridine and ethylene glycol into the backbone structure of various oligonucleotides
to provide a site for the formation of ruthenium complexes. The bipyridine linker
was synthesised and converted to the corresponding dimethoxytrityl protected
phosphoramidite suitable for use in oligonucleotide synthesis (figure 1.25). The
linker was then incorporated into the solid-phase synthesis of the oligonucleotides
using standard phosphoramidite chemistry. The modified oligonucleotides were
deprotected, cleaved from the solid support and desalted on a Sephadex column. The
modified oligonucleotide was then refluxed with cis-dichloro (2,2"-bipyridine)
ruthenium(1I) dihydrate with addition of pyridine halfway through the reaction to
remove any non-specifically bound ruthenium (e.g. from the N-7 of guanine). The
final conjugate was purified on a Sephadex G-25 column and characterised by UV-
vis analysis, PAGE and fluorescence spectroscopy. The internal attachment of the
conjugate was to the 3' and 5' hydroxyls of the sugar residues of the adjacent

thymidine residues (figure 1.26).
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Figure 1.25 Phosphoramidite derivative of bipyridine-based linker
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Figure 1.26 DNA duplex containing internal ruthenium complex

Melting temperature studies showed that the duplex formed between the ruthenium-
labeled oligonucleotide and its complementary strand was moderately more stable
than that formed between an oligonucleotide tethered by simple ethylene glycol
linkers and its complementary strand. It was found that the Ty, values for the
conjugated ruthenium-containing duplexes were up to 17 °C less than the fully native

non-ruthenium containing duplex. This decrease in thermal stability has been
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attributed to the loss of two base pairs and the associated hydrogen bonding that

accompanied the introduction of the linker.

1.132 Solid phase coupling of ruthenium complex and oligodeoxynucleotide

A second approach to the synthesis of ruthenium-labeled oligonucleotides
involves incorporation of the metal complex into a specific position on the
oligonucleotide while the oligonucleotide is still bound to the solid support in the
automated DNA synthesiser. The solid-phase coupling approach has the advantages
of fewer side reactions and purification steps along with a higher general overall yield

of final conjugate. Solid-phase coupling can be affected in two ways.

Approach 1: Phosphoramidite / phosphonate approach

The first approach involves incorporation of a phosphoramidite or
phosphonate to which the ruthenium label is bound into the automated synthesis of
the oligonucleotide. In solid —phase oligonucleotide synthesis (section 1.5)
nucleoside phosphoramidites are coupled to a deprotected 5'-OH group on the
growing oligonucleotide chain and this reaction is achieved with excellent yields.
Due to the efficiency of this reaction, it has been used as an approach for
incorporation of ruthenium complexes into an oligonucleotide during the course ofits
automated synthesis. The ruthenium complex of choice must be able to withstand
reaction with the reagents of the automated synthesis cycle and must also have an
unprotected hydroxyl group and be suited to phosphorous (III) chemistry. The

ruthenium phosphoramidite is generally prepared in one of two ways; reaction with
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(B-cyanoethyl)-diisopropylaminochlorophosphoramidite / diisopropylethylamine
(DIPEA) (Method ) or reaction with (B-cyanoethoxy)-bis-

diisopropylaminophosphine / tetrazole (Method II) (scheme 1.6).

: Y

\P ROH N
o/
\\!
o Method I Method 11 b
=3
W 4 H
X

i

Scheme 1.6 Phosphoramidite formation from starting hydroxyl group

Bannwarth ez al.**'* first reported the use of the phosphoramidite approach
in the synthesis of ruthenium-oligonucleotide conjugates. The ruthenium complex
[Ru(dip),dip']** was synthesised (where dip" = 4,7-diphenylphenanthroline with one
phenyl ring functionalised with a hydroxyl group attached to an alkyl linker (-
(CH,)sOH). The hydroxyl group was converted in situ to the corresponding
phosphoramidite. The phosphoramidite was coupled to the 5'-end of the

oligonucleotide during automated DNA synthesis, followed by deprotection with
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concentrated ammonia and reverse-phase HPLC purification and isolation. The final
conjugate consisted of the ruthenium complex bound to the 5'-end of the

oligonucleotide through a stable phosphodiester linkage (figure 1.27).
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Figure 1.27 Ruthenium complex —oligonucleotide conjugate

The same group went on to report the attachment of the same ruthenium complex to
the oligonucleotide using the phosphonate approach'”’ due to the greater stability and
ease of handling associated with phosphonates over phosphoramidites. The
ruthenium complex bearing the hydroxyl functionality was converted to the
corresponding phosphonate (scheme 1.7) and was used without further purification
for the coupling reaction with the 5'-OH group of the protected oligonucleotide

attached to the solid support.
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Scheme 1.7 Conversion of alcohol into corresponding phosphonate

Complete conversion into the ruthenium-oligonucleotide conjugate was achieved,
again with the ruthenium complex attached to the oligonucleotide through a

phosphodiester linkage (figure 1.27). Purification and isolation of the conjugate was

achieved using PAGE or reverse-phase HPLC.
Giese et al."* also adopted the phosphonate approach for attachment of a
ruthenium complex to the oligonucleotide of choice. The ruthenium complex
[Ru(phen)(phen‘)(dppz)]z" (where phen'’ is a phenanthroline ligand modified with the
-NHCO-(CH,),,-OH functionality at position C-6) was synthesised, followed by
conversion into its corresponding phosphonate using tri (1 H-imidazol-1-yl)
phosphine. Activation with pivaloyl chloride was followed by reaction with 5'-OH
group of the protected and solid-supported oligonucleotide. Subsequent oxidation
with I, and deprotection with ammonia yielded the final ruthenium —oligonucleotide
conjugate (figure 1.28). Isolation and purification was achieved using reverse-phase
HPLC and PAGE techniques. Enzymatic digestion of the conjugate with snake
venom phosphodiesterase (SVP, 3'exonuclease) followed by MALDI-TOF-MS

analysis of the bases confirmed the 5-end positioning of the ruthenium complex.
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Oligodeoxynucleotides can be enzymatically degraded from their 3'-terminus to their
constituent nucleotides using SVP which cleaves 3'-5"-internucleotide phosphate
bonds from the 3'-terminus yielding 5'-mono-phosphate nucleosides.

(0]

H Il
(CHz)n—O—P—g

5

Figure 1.28 [Ru(phen)(phen')(dppz)]-ODN conjugate

Melting temperature studies of the ruthenium-labeled oligonucleotides hybridised to
their complementary strand showed higher Ty, values of approximately 6-8 °C
compared to the native ruthenium-free duplex. The increase in stability was
attributed to intercalation of the dppz ligand within the DNA duplex upon
hybridisation with the complementary strand.

Site-specific modification of an oligonucleotide at the nucleobase with a
ruthenium complex has been reported by Tor et al.'”. Initially they reported that
functionalised tris-chelate complexes (bromo/ethynyl functionalities) could undergo

palladium-mediated cross-coupling reactions to give the conjugated heteronuclear
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complexes (Sonagashira reaction).'*>'*! This approach was then used as a starting
point in the synthesis of ruthenium-containing nucleosides and their incorporation
into solid-phase synthesis of ruthenium-labeled oligonucleotides. The Sonagashira
palladium-catalysed cross-coupling reaction was used to couple 5-

ethynyldeoxyuridine and [Ru(bipy),(3-bromo-1,10-phenanthroline)](PFs), to produce

the ruthenium nucleoside (figure 1.29).

Figure 1.29 Ruthenium-derivatised nucleoside

This was subsequently converted into the corresponding ruthenium-nucleoside
phosphoramidite followed by incorporation into various positions in target 20mer
oligonucleotides using an automated DNA synthesiser. The completed conjugates
were cleaved from the solid support using ammonium hydroxide, deprotected and
purified by PAGE. The conjugate structure was confirmed by enzymatic digestion

and HPLC analysis. The duplex of the 5-end modified oligonucleotides had a
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comparable T, compared with the native unlabeled duplex. The duplex formed with
the centrally modified oligonucleotides showed only a slight decrease in its Ty, value.
Palladium-catalysed cross coupling as a route to ruthenium-labeled
nucleosides has also been used by Grinstaff e al.'**'*. An alkyne-functionalised
bipyridine ligand (N~(2-propyny1)-4'-methyl-2,2"-bipyridine-4-carboxyamide) was
refluxed with Ru(bipy),Cl, to give the complex [Ru(bipy)(pmbc)](PFs), The
complex and the protected halonucleoside, 3', 5'-dibenzoyl-5-iodo-2-deoxyuridine,
were cross coupled using Pd(PPhs), followed by benzoyl deprotection with ammonia

to give the corresponding ruthenium-labeled nucleoside (figure 1.30).
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Figure 1.30 [Ru(bipy),(pmbc)](PF¢),-derivatised nucleoside

The corresponding phosphoramidite was synthesised and this ruthenium-nucleoside
phosphoramidite was incorporated into various positions in a 16mer oligonucleotide
in the course of the solid-phase synthesis. Cleavage from the solid support,

deprotection and reverse-phase HPLC purification followed. As seen previously for
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Tor et al., thermal denaturation experiments showed end-modification did not affect
the Trm compared to that of the native duplex but the centrally modified
oligonucleotides showed a slight reduction in overall stability.

The same group has also reported'* the synthesis of oligonucleotides labeled
at the 5-end with [Ru(bipy)s;]**. Ru(bipy),Cl, was refluxed with 4-methyl-2,2'-
bipyridine-4'-carbonylethanolamide to afford the tris-bipyridine ruthenium complex
isolated as the PFg salt. The complex was converted to its corresponding ruthenium-
phosphoramidite that was then added to the 5'-end of an oligonucleotide during
automated synthesis at the last step of the reaction sequence. The conjugate was
cleaved from the column, deprotected and purified by reverse-phase HPLC. The final
conjugate, in which the ruthenium complex was connected to the terminal phosphate

by a short alkyl chain, was characterised by ES mass spectrometry (figure 1.31).

Figure 1.31 Ruthenium complex linked to the terminal phosphate via a
short ethylene spacer.
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The melting temperature of the duplex was decreased from 60 °C to 42 °C for the
modified duplex indicating a destabilizing effect caused by the positioning of the
complex. This destabilising effect was not observed when the complex was attached
to a terminal or internal nucleobase residue.

More recently, Grinstaff et al.'*’ reported the solid-phase synthesis of
oligonucleotides labeled at the 5'-aminothymidine with [Ru(bipy),(4-m-4'-cam-
bpy)z‘“], (where 4-m-4'-cam-bpy = 4-methyl-2,2"-bipyridine-4'-carboxyamide). The
mono-carboxylic acid-derivatised Ru(diimine);** complex, Ru(bpy),-(4-methyl-2,2'-
bipyridine-4'-carboxylic acid), was coupled to 5'-amino-5'-deoxythymidine (figure

1.32) followed by conversion to its corresponding phosphoramidite.

Figure 1.32 Ruthenium-thymidine derivative

The phosphoramidite was introduced at the last coupling step in the automated
oligonucleotide synthesis, reacting with the 5'-terminal alcohol of the oligonucleotide.

After cleavage from the column and deprotection, the conjugate was purified by



reverse-phase HPLC. A small decrease in the T, value for the modified duplex was
observed relative to the unmodified duplex. It was concluded that labeling at the 5'-
terminal of an oligonucleotide did not significantly affect the overall duplex stability.
Lewis et al.' have reported the synthesis of the first ruthenium-linked
oligonucleotides with complementary sequences capable of forming hairpin
structures. This involved initial synthesis of a difunctional ruthenium (II) complex in
which one functional group could be activated as the other was protected. The
reaction started with conversion of 2,2'-bipyridine-4,4’-dicarboxylic acid to the
corresponding bis-(N-(3-hydroxypropyl))arenedicarboxamide. One hydroxyl group
was protected with DMT and the monoprotected ligand (DMT-dabp) was reacted
with Ru(bipy),Cl; to give the complex [Ru(bipy),(DMT-dabp)](PFs),. The second
hydroxyl group was then converted to its phosphoramidite. The 3'-segment of the
oligonucleotide was prepared as normal on the automated synthesiser and at the
position of ruthenium complex incorporation, the 5'-DMT protecting group was
removed and the column was transferred to a glove box where the oligonucleotide
and the ruthenium-labeled phosphoramidite were coupled using tetrazole. The
column was returned to the synthesiser and the remainder of the automated synthesis
was completed to form the desired hairpin. Cleavage from the support, followed by
deprotection and HPLC purification afforded the final conjugate (figure 1.33) (95 %

yield). Melting temperature studies were consistent with a hairpin conformation.
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Figure 1.33 Ruthenium-bridged DNA hairpin

Chattopadhyaya et al.'*’ have synthesised [Ru(phen),dppz]**-oligonucleotide
conjugates (tethered at 5'-, 3'- and central positions) in which the dppz ligand is
attached to the oligonucleotide via a glycerol-tri(ethylene glycol) fused linker. The
[Ru(phen)zdppz]z"- derivatised complex was converted to the corresponding
phosphoramidite ready for 5'- or central-oligonucleotide incorporation using standard
automated synthesis. In order for the ruthenium label to be incorporated at the 3'-end
of the oligonucleotide sequence, the original complex was also treated with succinic
anhydride and DMAP in DCM to give the corresponding succinate block that was
followed by immobilization onto the CDG-support. All three types of conjugate were
synthesised on a DNA synthesiser, removed from the support, deprotected, purified

by reverse-phase HPLC and characterised by MALDI-TOF-MS (figure 1.34).



Figure 1.34 [Ru(phen),dppz]- oligonucleotide

Melting-temperature studies showed that the duplexes formed between the 5'-, 3'- and
centrally modified ruthenium-oligonucleotide conjugates and their complementary

DNA sequences were considerably more stable than the native unmodified duplex.

Approach 2 : On-column derivatisation

On column-derivatisation involves incorporation of a functional group on the
oligonucleotide during its solid-phase synthesis followed by coupling with a
ruthenium complex while the oligonucleotide ils still bound to the solid support.

Grinstaffer al.'*®*'*reported the synthesis of a series of ruthenium-
oligonucleotide conjugates using the on-column derivatisation approach that
combined palladium cross coupling and automated solid-phase DNA synthesis
approaches previously used by the group. The ruthenium complex [Ru(bpy)(4-m-4'-
pa-bpy)](PFs), (where 4-m-4'-pa-bpy = 4-methyl-2,2'-bipyridine-4'-

carbonylpropargylamine), was incorporated into the oligonucleotides at various
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central positions in addition to 5'- end and 3'-end tethering. The automated synthesis
of the oligonucleotides proceeded as normal from the 3'-end of the oligonucleotide
with the incorporation of 5'-dimethoxytrityl-3'<(B-cyanoethyl-N,N'-
diisopropylphosphoramidite)-2'-deoxy-5-iodouridine at the appropriate position
during the course of the automated synthesis. At this point, the automated synthesis
was paused without deprotection of the 5'-hydroxyl of the growing oligonucleotide
and leaving the oligonucleotide attached to the solid support. The column was
removed from the synthesiser and palladium cross coupled with the alkyne-
derivatised [Ru(bpy);]” complex in an anhydrous environment. Upon completion of
the cross coupling reaction, the column was replaced onto the synthesiser and the
remainder of the oligonucleotide was synthesised as normal followed by cleavage
from the column and base deprotection. The conjugate was purified by reverse-phase
HPLC and characterised by ES mass spectrometry. No significant change in Tr,
values was observed for either the end- or centrally modified conjugate duplexes
relative to the native unmodified duplex. Circular dichroism (CD) spectra of
modified and unmodified duplexes indicated the formation of stable B-DNA
duplexes.

Barton ef al.'® have also used the on-column derivatisation approach to attach
the ruthenium complex [Ru(phen)(bipy‘)(dppz)]2+ (where bipy' = 4-(4'-methyl-2,2'-
bipyridyl)valerate ) to the 5'-terminal ribose of the oligonucleotide via an alkylamino
linker. Initially the alkylamino linker was coupled to the 5'-terminal ribose ofa CPG-
supported oligonucleotide. The carboxylic acid functionality of the modified bipy

ligand on the ruthenium complex was activated to the corresponding N-succinimido



ester and this was added, along with DIPEA, to the amino-functionalised
oligonucleotide on the solid support. After 12 hours, the conjugates were washed
with ethanol and DCM, cleaved from the resin and purified by reverse-phase HPLC.
Conjugate characterisation was achieved by mass spectrometry, enzymatic digestion

and base analysis. Denaturation experiments showed the modified duplex to be

slightly more stable than its unmodified analogue.

1.14 Limitations of previous work

The work discussed in this thesis is built on foundation work carried out by Dr.
Clare O’ Keeffe,"' whose work describes a model system incorporating a target
24mer ODN, the sequence of which represents the breakpoint junction of the
leukaemia specific translocation in CML, and a ruthenium complex conjugated to a
9mer ODN with a sequence complementary to one section of the target ODN strand.
The overall aim of the system was site-specific cleavage of the target 24mer strand at

a guanine residue 15 bases from the 5'-end of the target strand (G15) (figure 1.35).

TTATTCCTT~_

,s-l TCAATAAGGAAGAAG “CCCTTCAGC

Figure 1.35 Diagrammatic representation of the model system with the 24mer
target and complementary ruthenium-9mer.
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Conjugation of the ruthenium complex to the 9mer was attempted in a number
of ways using methods analogous to those of Barton,”*' Bannwarth'® and
Schubert'®”. The approach of Barton'?(using DCC and HOBt) showed no evidence
of conjugate formation. The approaches of Schubert'®(using EDC and NHS) and
Bannwarth'? (using TSU), did result in the formation of the desired conjugate, but
problems such as competing reactions and difficulties with purification and isolation
of the desired conjugate resulted in low overall yields. Conjugate analysis showed
that a large amount of unconjugated ODN (84%) was present in the final sample
retrieved. Photocleavage experiments with this conjugate mixture showed cleavage
at the target G15 residue was achieved, but only in addition to cleavage at other
guanine residues. Results indicated that along with the large excess of free 9mer
present in the conjugate sample, the length of the antisense ODN may have been too
short to form a stable duplex with the target 24mer strand, thus inhibiting optimal
interaction between the target base and the ruthenium complex. It is now widely
accepted that a longer antisense ODN is required for optimal duplex stability. Based
on these findings, modification of the model system was necessary in order to achieve
site-specific cleavage in a more efficient manner exclusively at the target base.
Improvement in conjugate isolation and purification was required in order to achieve
better phototargeting results. In addition, longer target and antisense strands were
utilised to increase the overall stability of the system, thus allowing optimal

interaction between the photosensitiser and target base.




1.15 Aims of work

The principle objective of the work described in this thesis is the augmentation
of an antisense effect in a model Chronic Myeloid Leukaemia (CML) system through
photochemical targeting using ruthenium-oligodeoxynucleotide (ODN) conjugates as
the antisense vectors. The target 34mer oligodeoxynucleotide in the system has a
sequence specific to the bcr-abl fusion section of the CML mRNA. The main aim is
inhibition of the bcr-abl mRNA expression thus causing subsequent inhibition of the
corresponding oncoprotein production.

Two approaches were adopted to target the 34mer oligodeoxynucleotide in a
sequence specific manner. Each involved the initial synthesis of a ruthenium
complex, [Ru(phen),phen’|(PFe), or [Ru(T AP),phen](PFs), ( where phen = 1,10-
phenanthroine, TAP = 1,4,5,8-tetraazaphenanthrene and phen® = 5-(4-
carboxybutanamido-1,10-phenanthroline) and its subsequent attachment to a 17mer
oligodeoxynucleotide with a sequence complementary to a section of the target
34mer.

The first approach using the [Ru(phen),phen’]-ODN conjugate (conjugate 1) is
based on site-specific photooxidative damage of the target 34mer ODN. The model
system (figure 1.36 (A)) consists of the target 34mer hybridised to the ruthenium-
17mer conjugate. The system is irradiated with visible light causing excitation of the
ruthenium complex and subsequent site-specific photooxidative damage in the target
strand. The expected site of damage is G21 i.e. the guanine residue 21 bases from the

5'end of the target 34mer.
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The second approach using the [Ru(TAP),phen’]-ODN conjugate (conjugate
2) is based on site-specific photoadduct formation with the target 34mer ODN. The
model system (figure 1.36 (B)) consists of the target 34mer hybridised to the
ruthenium-17mer conjugate. Again the system is irradiated with visible light causing
excitation of the ruthenium complex and subsequent adduct formation with the target
strand. The photoadduct is expected to form between the ruthenium complex and
G21 on the target 34mer strand.

Both systems are also investigated under various conditions (e.g. varying the
type of target strand, varying the position of the target guanine and including various
reagents) to optimise the photochemical targeting approaches and understand the

mechanisms involved.

TGACCATCAATAAGGAAGAAG?'CCCTTCAGCGGCC

GGTAGTTA TTCCTTCTT

*5‘

Specific photooxidative Photoadduct formation
damage of target with target mRNA
mRNA strand
(A4) (B)

Translation of mRNA into
oncoproteins disrupted

Figure 1.36 Diagrammatic representation of the model system with the 34mer
target and complementary ruthenium-17mer. Photooxidative (A) and photoadduct
forming (B) targeting approaches are shown
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CHAPTER 2

SYNTHESIS OF RUTHENIUM-
OLIGODEOXYNUCLEOTIDE
CONJUGATES



2.1 Introduction

In order to achieve the required photochemical targeting of the target 34mer
oligodeoxynucleotide strand representing a section of the bcr-abl messenger RNA in
Chronic Myeloid Leukaemia, two different ruthenium-oligodeoxynucleotide
conjugates were synthesised. On its own, the introduction of an antisense
oligodeoxynucleotide complementary to a section of the target strand will down-
regulate oncoprotein production through steric blocking and vRNaseH-induced
cleavage of the mRNA. By attaching a ruthenium complex to the antisense
oligodeoxynucleotide, the photochemical properties of the complex can be utilized to
enhance the antisense effect. The two targeting approaches of choice (photooxidative
— induced cleavage of the target strand and photoadduct formation with the target
strand) required the initial synthesis of two ruthenium complexes bearing suitable
ligands for the approach of choice. The nature of the attached ligands affects the
photoreactivity of a complex, therefore the choice of ligands will determine how
oxidising each complex is after excitation.

The first conjugate, [Ru(phen),phen']-ODN, bearing the weak n-accepting
1,10-phenanthroline ligands, was designed to induce site-specific photooxidative
cleavage of the target 34mer. The second conjugate, [Ru(TAP),phen']-ODN ,
bearing the more n-deficient 1,4,5,8-tetraazaphenanthrene ligands, was designed to
undergo photoadduct formation with the target strand.

This chapter describes the synthesis of both ruthenium complexes, their
conjugation to a 17mer complementary to a section of the target 34mer and the

subsequent purification, isolation and analysis of both conjugates.
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2.2 Synthesis of 5-(4-carboxybutanimido)-1,10-phenanthroline

The 5-(4-carboxybutanamido)-1,10-phenanthroline ligand, phen', (3)

was synthesised as shown in reaction scheme 2.1.

NHCO(CH,);CO,H

) SnCl, ultrasonication, ethanol, room temp.
(i)  Glutaric anhydride, pyridine, 100°C.

Scheme 2.1 Synthesis of 5-(4-carboxybutanamido)-1,10-phenanthroline

Reduction of commercially available 5-nitro-1,10-phenanthroline (1) to 5-amino-
1,10-phenanthroline (2) was best achieved using tin (II) chloride and ultrasonication
at room temperature, based on a method reported for the reduction of

52 Reduction of (1) was also successful using a

nitrobenzodiazepine derivatives.'
graphite / hydrazine monohydrate procedure'® with better yields being obtained
using activated charcoal'™ in place of the graphite. Reduction of (1) by palladium
catalysed hydrogenation has also been described,'” although in our hands yields were
lower than those obtained with either of the above two methods. 5-(4-

Carboxybutanamido)-1,10-phenanthroline (3) was prepared from 5-amino-1,10-

phenanthroline (2) using glutaric anhydride as described by Barton ez al.'*. Yields
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for the reaction were modest (~40 %), possibly due to cyclisation of (3) to the

corresponding glutarimide.'s

2.3 Synthesis of 1.4.5.8-tetraazaphenanthrene (TAP)

A number of literature methods describe various stages of the synthesis of

1,4,5,8-tetraazaphenanthrene and its precursor molecules. In our hands 14,5,8-
tetrazaphenanthrene was synthesised using modifications of the reported syntheses in

order to improve the ease of synthesis with provision of full experimental details.

2.3.1 Synthesis of 6-nitroquinoxaline
The first stage involved the synthesis of 6-nitroquinoxaline (5) by reaction of
4-nitro-1,2-phenylenediamine (4) and glyoxal in acetonitrile based on a procedure

reported by Foley et al'® (scheme 2.2).

NH, N
= 0
e
~
0, NH, CHCN ON N
@ ®)

Scheme 2.2 Synthesis of 6-nitroquinoxaline

IR analysis of the product showed the absence of the characteristic bands associated

with N-H asymmetrical and symmetrical stretching vibrations and N-H bending
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vibrations. The 6-nitroquinoxaline product was characterised by 'H NMR, *CNMR

and melting point analysis.

23.2 Synthesis of S-amino-6-nitroquinoxaline

6-Nitroquinoxaline (5) was then reacted with hydroxylamine hydrochloride in ethanol
based on a method reported by Nasielski-Hinkens et al.'*’ (scheme 2.3). The
resulting 5-amino-6-nitroquinoxaline product (6) was purified by elution
chromatography on a silica column using 100% chloroform and eluted as the first
fraction. '"H NMR, ">C NMR and melting point analysis confirmed the presence of (6)

with no further purification needed.

N N
) e K;O
—_—
~ ~
O,N N EtOH ON N
NH,
E)) (6)

Scheme 2.3 Synthesis of 5-amino-6-nitroquinoxaline

The second fraction was eluted with a mixture of chloroform and methanol and 'H

NMR and melting point analysis showed the presence of the 2-amino-6-

nitroquinoxlaine isomer.'*®
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23.3 Synthesis of 5,6-diaminoquinoxaline

Reduction of 5-amino-6-nitroquinoxaline (6) using Pd/C and hydrazine monohydrate
afforded the 5,6-diaminoquinoxaline (7) product in slightly better yield than
previously reported (scheme 2.4). In our hands recrystallisation from toluene and not
benzene as previously reported by Nasielski-Hinkens ef al.,"”’ successfully purified

the final 5,6-diaminoquinoxaline product as confirmed by '"H NMR, '*C NMR and

melting point analysis.
N N
\j H,NNH, \j
R
O,N N PUC  H,N N7
NHZ NHZ
(6) )

Scheme 2.4 Synthesis of 5,6-diaminoquinoxaline

23.4 Synthesis of 1,4,5,8-tetraazaphenanthrene

Minimal literature details exist for conversion of 5,6-diaminoquinoxaline to
the desired 1,4,5,8-tetraazaphenanthrene ligand and subsequent purification steps.
Brennan ez al.'* reported a method for the in situ production of 1,4,5,8-
tetraazaphenanthrene from 5,6-dinitroquinoxaline using tin (II) chloride dihydrate and

glyoxal sodium bisulfite followed by recrystallisation of the final product from
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benzene / petroleum ether. In our hands, 5,6-diaminoquinoxaline (7) was reacted
with the bisulfite adduct of glyoxal (scheme 2.5). After rendering the reaction
mixture basic with potassium hydroxide, the final 1,4,5,8-tetraazaphenanthrene
product (8) was extracted with chloroform as confirmed by 'H NMR and melting
point analysis. No recrystallisation step proved necessary in obtaining the final TAP

ligand.

N
j [CH(OH)SO;Na], N
—_—
H,N N H,0 4 N
NH, =2 N e
(7) ®)

Scheme 2.5 Synthesis of 1,4,5,8-tetraazaphenanthrene

2.4 Synthesis of ruthenium bis(1,10-phenanthroline)-5-(4-
carboxybutanamido)-1,10-phenanthroline dihexafluorophosphate.

The required ruthenium complex, ruthenium bis(1,10-phenanthroline) 5-(4-

carboxybutanamido)-1,10-phenanthroline (10) was obtained as its
dihexafluorophosphate salt by reaction of 5-(4-carboxybutanamido)-1,10-
phenanthroline (3) and ruthenium bis(1,10-phenanthroline) dichloride (9).
[Ru(phen),Cl,] can be obtained by refluxing RuCls, 1,10-phenanthroline and LiCl in

DMF as reported by Sullivan ez al.'® for synthesis of the analogous compound
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- [Ru(bipy),CL]. Alternatively [Ru(phen),Cl,] can be synthesised by refluxing RuCl,

and 1,10-phenanthroline in DMF followed by precipitation of the desired product
with LiCl as described by Whitten ef a1.'®".

[Ru(phen),phen’](PFs), (10) was synthesised by refluxing phen’ (3) and
[Ru(phen),Cl;] (9) in an ethanol / water mixture based on a procedure described by

Meyer et al'®

for the synthesis of [Ru(2,2"-bipyridine),(5-amino-1,10-
phenanthroline)(PFs), (scheme 2.6). The desired complex was precipitated with
ammonium hexafluorophosphate (NH,PF) and purified by size exclusion

chromatography. The final product was analysed by UV-Vis and HPLC and obtained

in 78 % yield.

NHCO(CH;);COH

10

NHCO(CH,);CO,H

Scheme 2.6 Synthesis of [Ru(phen),phen”](PF¢),
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2.5 Synthesis of ruthenium bis(1.4.5.8-tetraazaphenanthrene)-5-(4-
carboxybutanamido )-1,10-phenanthroline dihexafluorophosphate.

The required ruthenium complex, ruthenium bis(1,4,5,8-tetraazaphenanthrene)
5-(4-carboxybutanamido)-1,10-phenanthroline (12) was obtained as its
dihexafluorophosphate salt by reaction of 5-(4-carboxybutanamido)-1,10-
phenanthroline (3) and ruthenium bis(1,4,5 ,8-tetraazaphenanthrene) dichloride (11).
[Ru(TAP),CL,] can be obtained by procedures reported by Sullivan ez al.'® and
Whitten ef al.' as described in section 2.4.

[Ru(TAP),phen’](PFe), (12) was synthesised by refluxing phen (3) and
[Ru(TAP),CL] (11) in an analogous manner described for [Ru(phen),phen'](PFs), in
section 2.4 based on the procedure reported by Meyer et al.' (scheme 2.7). The
desired complex was precipitated with ammonium hexafluorophosphate (NHPF)
and purified by size exclusion chromatography. The final product was analysed by

UV-vis and TLC and obtained in 36 % yield.
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NHCO(CH;);CO,H

NHCO(CH,);CO,H

(12)

Scheme 2.7 Synthesis of [Ru(T AP),phen’](PF¢),

2.6 Activation of [Ru(phen),phen’|(PF¢), and [Ru(TAP),phen"](PF¢), and
subsequent coupling of both complexes to 17mer oligodeoxynucleotide

Several different procedures have been reported for the formation of ruthenium
complex-oligodeoxynucleotide conjugates (Ru-ODNs). Schubert ez al.'® reported a
method using N-dimethylaminopropyl-N-ethylcarbodiimide (EDC) and N-
hydroxysuccinimide (NHS). Barton ef al."*' used dicyclohexylcarbodiimide (DCC)

and 1-hydroxybenzotriazole (HOBt) and Bannwarth ez al.'® used N,N,N',N'-



tetramethyl(succinimido Juronium tetrafluoroborate (TSU). In our hands the third
method using TSU was found to be the most favorable method of conjugation and
was the preferred method used for attaching the ruthenium complexes to an
oligodeoxynucleotide 17 bases long (17mer).

The activation of [Ru(phen),phen'|(PF), and [Ru(TAP),phen'](PFs), to their
corresponding N-hydroxysuccinimido esters and subsequent coupling to the 5'-end of
a hexylamino-modified oligodeoxynucleotide 17 bases in length was based on a
reported procedure by Bannwarth ez a/." in which ODNs of various lengths were
attached to ruthenium complexes bearing bathophenanthroline ligands after the
ruthenium complexes had been activated giving the corresponding N-
hydroxysuccinimido esters. The final conjugates were isolated by reverse-phase
HPLC. In our hands significant modifications of this basic procedure were necessary
due to the differences between the [Ru(phen),phen’](PF¢), and
[Ru(TAP),phen’](PFs), complexes and those used by Bannwarth ez al.

Bannwarth ez al. converted their ruthenium complex with one
bathophenanthroline ligand functionalised with a carboxylic acid to the corresponding
N-hydroxysuccinimido ester by treatment with N,N,N',N'-tetramethyl
(succinimido)uronium tetrafluoroborate (TSU) in the presence of the Hiinig base,
diisopropylethylamine (DIPEA). The DMF was subsequently removed and the
product was washed with ether and dried.

In our hands the ruthenium complex of choice (either [Ru(phen),phen’}(PF¢),
or [Ru(TAP),phen'](PFs), and DMF were added to a mixture of TSU and DIPEA

followed by reaction at room temperature. The resulting mixture was analysed by
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TLC and HPLC indicating that quantitative conversion of each ruthenium complex

into its corresponding N-hydroxysuccinimido ester (13) and (14) was achieved

(scheme 2.8).

i
4
10 12
2 & (10) 12)
N N..._'_'" L..", N,
Z N/ \ N
l NHCO(CH,);CO,H NHCO(CHy);CO,H
X i 8
=
0
Conversion of (CHYN_ Conversion of
[Ru(phen);phen’(PFe); Rl [Ru(TAP);phen |(PFs),
to its corresponding N- to its corresponding N-
hydroxysuccinimido (o) hydroxysuccinimido
ester TSU BF, ester
v v

Scheme 2.8 Conversion of [Ru(phen);phen’](PFs), and [Ru(TAP),phen’](PF¢), to the
corresponding N-hydroxysuccinimido esters.

19



The coupling reaction between the activated N-hydroxysuccinimido esters of

both complexes (13/14) and a presynthesised 17mer oligonucleotide (15) was

effected to give the corresponding ruthenium-oligonucleotide conjugate (16/17)

Feoee
&

(scheme 2.9). The 17mer oligonucleotide was synthesised using standard
phosphoramidite chemistry using an automated DNA synthesiser. A hexylamino
group was incorporated at the 5'-end of the 17mer oligonucleotide during solid-phase
synthesis to allow for ease of conjugation with the corresponding activated ruthenium
complex.

s)

3 GGTAGTTATTCCTTCTT.S
(CH,)s NH,

(13/14)

(where X = 1,10-phenanthroline
or 1,4,5,8-tetraazaphenanthrene)

0 (16/17)
NH CO (CH,); C ﬁ
“NH (CH,)— O—P— o_s :
L TTICTTCCTTATTGATGG
€]

Scheme 2.9 Synthesis of ruthenium-oligonucleotide
conjugates
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In coupling oligonucleotides of various lengths to ruthenium complexes,
Bannwarth et al.'”” used a DMF / dioxane / water solvent mixture to ensure all the
conjugation components were completely dissolved. Chloroform was then used to
remove the excess free ruthenium complex from the reaction mixture and the final
conjugated product was isolated using reverse-phase HPLC. In our hands the mixture
of activated complex for both ruthenium complexes was used without further
purification and added in a large excess, along with diisopropylamine, to the 17mer
oligonucleotide already dissolved in sterile water. After overnight reaction,
electroelution was used to remove the large excess of unconjugated ruthenium

complex, as both complexes were insoluble in chloroform.

2.7 Ruthenium-oligonucleotide conjugate purification and isolation

Separation by electroelution was based on the principle that the excess free
ruthenium complex and the ruthenium-oligonucleotide conjugates had different
charges and could be thus separated on this basis. The electroelution apparatus
consisted of a plastic cell containing three different compartments; the loading well,
the anodic well and the cathodic well (figure 2.1). The walls of each individual
compartment were comprised of semipermeable membranes. The cell itself was
placed into a buffer solution. The sample to be purified was transferred into the
loading well and the apparatus was hooked up to the anode and cathode of a power
supply i.e. an electric current was applied across the cell. It was expected that the
free ruthenium complex, being positively charged, would migrate towards the

cathode and be retained in the cathodic well. Any ruthenium-oligonucleotide
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conjugated species and any unreacted 17mer oligonucleotide, being negatively
charged, would be expected to migrate towards the anode and be retained in the

- anodic well. The semi-permeable membranes of the loading well allow free

migration of cations and anions upon application of a current, but the membranes

A

separating the anodic and cathodic wells from the rest of the cell are less permeable,
thus ensuring complete containment of any ruthenium-oligonucleotide conjugated

product in the anodic well without any further migration into the surrounding buffer

solution.
Loading Well
(-) Cathode Anode (+)
A A
Electroelution
Cell Buffer

Cathodic Well Anodic Well
Most permeable membranes allowing free migration of ions

Less permeable membranes ensuring containment of conjugate

Figure 2.1 Diagrammatic representation of electroelution apparatus
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The overnight conjugation reaction mixture for both complexes was added to
the loading well of the electroelution apparatus and an electric potential was applied.
After a period of time an orange / brown solution collected in the anodic well. The

contents of the anodic well were collected and as, in principle, this material would

contain any unconjugated 17mer oligonucleotide in addition to any ruthenium-

e ST |

oligonucleotide conjugate that was present, further purification was needed.

Polyacrylamide gel electrophoresis (PAGE) purification was used to separate the two

species.
Acrylamide gel poured between glass plates
------- Cathode (-)
< largest fragments
Upper buffer
reservoir
Direction of
electrophoresis
Glass NI T
plates
b} smallest fragments
Lower buffer
reservoir
Anode (+)

Figure 2.2 Diagrammatic representation of PAGE apparatus
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The unconjugated 17mer oligonucleotide and the ruthenium-oligonucleotide
conjugate for both complexes were separated on the basis of their differing molecular
weights using a 12 % acrylamide gel. The gel was poured between two glass plates
and placed in contact with upper and lower buffer reservoirs (figure 2.2). Both
species to be separated have an overall negative charge and would be expected to
migrate through the gel matrix towards the anode at the bottom upon application of
an electric potential. Any unconjugated ruthenium complex present in the sample to
be electrophoreised would be expected to remain in the loading well at the top of the
gel or to migrate slightly upwards towards the cathode due to the positive charge of
the free ruthenium complex. Smaller particles are capable of faster migration through
the gel matrix with the largest particles being retarded near the top of the gel. As the
ruthenium-oligonucleotide conjugate of each complex had a larger molecular weight
than the free 17mer oligonucleotide, it was expected that a higher slower-moving
band due to the ruthenium-oligonucleotide conjugate of each complex and a lower
faster-moving band due to the free 17mer oligonucleotide would be observed after a
period of time upon application of an electric potential.

Analysis of the electrophoreised gels for both complexes after conjugation
with the hexylamino-modified 17mer oligonucleotide was carried out using minimal
UV shadowing. In both conjugation experiments, the UV shadowing showed orange
bands of reduced mobility with respect to the lower free 17mer oligonucleotide band
that were attributed to the ruthenium-oligonucleotide conjugate of both complexes

(figure 2.3).



UUUUUUU] < voading wens

EH BB <4— Conjugated material
o EEEEE|

Free 17mer
oligonucleotide

4— Polyacrylamide gel

Figure 2.3 Diagrammatic representation of conjugation
experiment gel after UV shadowing

The bands attributed to the conjugated material were excised from the gel and the
final conjugated species was isolated from the gel matrix by further electroelution.
The excised bands were crushed and transferred to the loading well of the
electroelution apparatus and an electric potential was applied. The ruthenium-
oligonucleotide conjugate migrated as expected into the anodic well leaving the
polyacrylamide gel matrix behind in the loading well. Due to the relatively bulky
structure of polyacrylamide, it was unable to pass through the semipermeable
membranes of the loading well designed to allow free migration of cations and anions
and thus provided a convenient method of isolating the ruthenium-oligonucleotide

conjugates from the gel matrix.

85



: 2.8 Analysis of ruthenium-oligonucleotide conjugates

2.8.1 Conjugate 1: [Ru(phen),phen']-ODN

After isolation of the [Ru(phen),phen']-ODN conjugate (figure 2.5), analysis

was carried out by UV-vis spectroscopy and HPLC. Both the oligonucleotide and the

ruthenium complex absorb at 264 nm with only
the ruthenium complex absorbing in the visible
region at 450 nm (figure 2.4). Using the
extinction coefficient values for the free 17mer,
the free ruthenium complex and the linked
species, the efficiency of the coupling reaction
was calculated. The coupling reaction was

carried out twice giving yields of 7 % and 10 %

20UBqQI0SqY

TR s SR
R G S

respectively. HPLC analysis of the conjugate
showed one peak with a retention time of 13.01

min.

0
CH;,
N
¥ GeTAGTTATTCCTTCT N,KO
0

eo_1l>=o 0 0

(‘)\/\/\/\ N)l\/\/“\

H

Wavelength (nm)

Figure 2.4 UV-vis spectrum of
conjugate 1

N
H

Figure 2.5 Structure of [Ru(phen),phen’]-oligonucleotide conjugate 1
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.2 Conjugate 2: [Ru(TAP),phen’]-ODN

oligonucleotide and the ruthenium complex
ow absorption in the UV region at 267 nm
with the ruthenium complex absorbing in the

~ visible region with Amay at 415 nm and 470 nm
 (figure 2.6). As in section 2.8.1, the extinction

- coefficients of the species involved were used to

;. 2

"

i
¥
¢
%
&

~ calculate the efficiency of the reaction. The

” yield for the coupling reaction of the second
conjugate was calculated to be 15 %. HPLC
analysis of the conjugate showed one peak with a

retention time of 8.99 min.

o
CH;
N
¥ GGTAGTTATTCCTTCT, w/go

The second [Ru(TAP),phen']-ODN conjugate (figure 2.7) was also analysed

1
20UBQIOSqy

Cro0p -
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3 e e
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Wavelength (nm)

Figure 2.6 UV-vis spectrum of
conjugate 2

'
....
O

Figure 2.7 Structure of [Ru(TAP),phen’]-oligonucleotide conjugate 2
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3.1 Introduction

The target 34mer oligodeoxynucleotide (ODN) chosen for this work represents
the fusion section of the bcr / abl messenger RNA (mRNA) which is specific only to
cells affected by Chronic Myeloid Leukaemia (CML). The work discussed in this
chapter describes the photochemical targeting of the 34mer target using the
ruthenium-oligodeoxynucleotide conjugate, [Ru(phen),phen']-ODN (where phen =
1,10-phenanthroline and phen' = 5-(4-carboxybutanamido-1,10-phenanthroline) with
a view to site-specific cleavage of the target strand. With regard to in vivo
application of the work, cleavage of a mRNA strand will disrupt the normal
translational step of gene expression, in which the mRNA information is used to build
the corresponding cancer-causing proteins (oncoproteins), and thus down-regulating
the normal gene expression of the starting oncogene.

The results of photocleavage experiments of the target 34mer ODN using the
free ruthenium complex [Ru(phen);phen']** and the standard [Ru(phen)s]** complex
are described. The photocleavage of the 34mer target strand using the ruthenium-
ODN conjugate is investigated by addition of various reagents to study the
mechanism by which the ruthenium complex induces strand damage. The range of
oxidative damage is also studied with variant target strands in place of the parent
34mer target ODN in order to investigate the effect of gradually moving the target
guanine base further away from the ruthenium complex. The system is also studied
with a random sequence in place of the 34mer ODN target to ensure sequence
specificity of the ruthenium-conjugate for the 34mer target and not for induction of

photocleavage in random non-leukaemic related ODN sequences.
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32 Description of model system

The ultimate aim of this section of work was the site-specific photooxidative
induced cleavage in the parent 34mer target oligodeoxynucleotide (ODN)
representing the leukaemic mRNA using the previously synthesised
[Ru(phen),phen’]-ODN conjugate. This involved the design and optimisation of a
model in vitro Chronic Myeloid Leukaemia (CML) system representing the in vivo
situation where the ruthenium-ODN conjugate could be used as an antisense vector in
addition to the utilisation of the photochemical properties of the ruthenium complex
itself to specifically target a particular base in the target 34mer sequence. The
resulting photocleavage of the target sequence would, in vivo, cause disruption of
normal gene expression, therefore the mRNA would be unable to produce the
corresponding oncoproteins and in theory, the symptoms of CML would not be
manifested in the patient.

The model system used for this work consisted of a target 34mer ODN with a
sequence specific to the bcr / abl fusion section of CML mRNA and of the
ruthenium-ODN conjugate, [Ru(phen),phen’]-ODN (figure 3.1). I vivo, the target
strand is RNA, but for the purpose of the model system a single-stranded DNA
oligodeoxynucleotide of equivalent sequence was used. The ODN conjugated to the
ruthenium complex was 17 bases in length and was complementary to one section of
the target 34mer ODN. This was to ensure that upon hybridisation of the two
complementary regions, the ruthenium complex would be orientated in such a
position as to allow maximum induction of site-specific damage at the target base.

The design of the ruthenium—ODN conjugate also ensured that the 17mer would bind
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the leukaemic mRNA and not to any other random DNA sequence. This was
important in relation to the clinical application of the work, as the conjugate

only bind to and cleave the leukaemic mRNA and not any other nucleic acid

-TGACCATCAATAAGGAAGAAG2ICCCI‘TCAGCGGCC

GG TAGTTATTCC TTCT T 436nm
RuComplex
base damage

- g TGACCATCAATAAGGAAGAAG *ICCCTTCAGCGGCC

l piperidine treatment

2 TGACCATCAATAAGGAAGAA

l

PAGE analysis of cleavage products

l

Autoradiography and phosphoimagery

Figure 3.1 Model system of target 34mer and [Ru(phen),phen’]-ODN conjugate




The target base in the 34mer ODN target strand was a guanine residue situated 21

 bases from the 5'-end, referred to as G21. For all the work described in the following

chapters, bases are described in relation to their position from the 5'-end of the

- particular ODN sequence e.g. G32 would refer to a guanine residue 32 bases from the

. 5'end and T25 would refer to a thymine residue 25 bases from the 5'-end.

32.1 Hybridisation of complementary strand regions

Before each sample containing the target strand and the ruthenium-ODN
conjugate was irradiated, it was necessary to heat the samples to 80 °C for 5 minutes
and then allow them to cool slowly to room temperature. The initial high temperature
heating was carried out to ensure that any secondary structures present in the
oligodeoxynucleotide strands were removed, i.e. the complementary strand regions
are fully accessible for the subsequent hybridisation which takes place as each sample
cools to room temperature. This heating / cooling technique was used for all
experiments in which the sample contained a double-stranded region, including the
nonsense strand, variant strands and non-denaturing gel experiments. This technique
was not necessary for experiments containing the target 34mer ODN and
unconjugated ruthenium complexes. All samples were placed on ice for at least 30
minutes prior to irradiation and this was particularly important for the double-

stranded work where a low temperature was required to maintain duplex stability.
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322 Ionic strength conditions

The buffer salt concentration was also a consideration in the optimisation of

the system. A high salt concentration is known to encourage secondary structure

- formation e.g. hybridisation, hairpinning etc., and previous work carried out by this

research group had shown that a greater yield of photocleavage was obtained at high
salt concentration (10 mM potassium phosphate buffer / 100 mM NaCl) compared to
results at low salt concentration (10 mM potassium phosphate buffer)."”! Working in
a high salt environment also had the advantage of being closer to the actual

physiological salt concentration of approximately 150 mM, thus making the work

more applicable to biological systems.

32.3 Irradiation conditions

All samples containing either the free ruthenium complex or the ruthenium-
ODN conjugate were irradiated at 436 nm for varying periods of time. The
irradiations were carried out with a Pyrex™ glass filter in place to remove
wavelengths less than 330 nm, thus making it possible to selectively excite the
ruthenium complex in the presence of the nucleotides that absorb strongly at
approximately 260 nm. Some experiments were also carried out with a sodium nitrite
filter in place in addition to the Pyrex™ glass filter. Sodium nitrite removes
wavelengths less than 400 nm. In all irradiation experiments, the beam was initially
passed through a water filter to remove any excess heat generated during the course

of the experiments.
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3.2.4 Piperidine treatment

Cleavage of DNA as a result of nucleobase modification usually requires a
second chemical step to effect the strand scission. All nucleobases are acid-labile to
- some degree. In general, therefore, alkaline conditions are used because nucleobases
are relatively stable to alkaline conditions unless modification of the nucleobase has
occurred. Piperidine treatment (1M piperidine added to sample followed by heating
at 90°C for 30 minutes) will cleave DNA strands at points of .nucleobase
modification. Generally nucleobase oxidation will remove electron density from the
heterocycle making the modified nucleobase a better leaving group in order to form
an abasic site. The cleavage occurs as a phosphate elimination yielding the 3'
fragment of the original strand. A second phosphate elimination yields the 5'

fragment of the original strand terminating in a 3' phosphate (figure 3.2).

OR
OR OR I
| I 0=P—0O
O0=P—0O O=—P—0 e
| © it (o)
O, 0, 8)
o (B Q) _1MNR, H L?;'Rz
"_\ II-I </ —_—
N ! IO
(0]
| | 8 O=—P— 8
O=—P— 8 O=P— |
| OR'
OR' OR'
OR CI)R
(t IP— O t P— (0]
| © o ¥
0 O,
\
O—H T
OH ‘_) b NR.
} e NI 2
f\ r\NRZ ® 5 @
R'OPO,? ROPO;*
N
OR'

Figure 3.2 Mechanism of piperidine treatment at modified
nucleobase
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e DNA, all the phosphodiester linkages in RNA are subject to alkaline
ydrolysis due to the presence of the 2'-hydoxyl group (figure 3.3), therefore in order
reveal sites of nucleobase modification in RNA strands, milder reaction conditions

mployed, usually using aniline.

(I)R (I)R
O=P—O0 O=P—0O
!) 0 Base (I) 0 Base
(] (€]
——
+R'OH
Q 0 0
\ ~ P/
A L'—/o\ R PO e
(|) s R e
(€]

Figure 3.3 Hydrolysis of RNA under alkaline conditions

3.2.5 Analysis of cleavage products

Afier base treatment, the cleavage products were analysed by polyacrylamide
gel electrophoresis (PAGE). The target strands in all experiments were initially
radiolabeled at the 5'-end with y°’P and only cleavage products bearing a 5'-end label
were detectable. The results were visualised by autoradiography and quantified by
phosphoimagery. Cleavage sites were identified by comparison with control
experiments in which the target strand of choice was subjected to a G+A experiment
that induces cleavage only at purine sites in the target strand. Comparison of each

experiment with an equivalent G+A experiment allowed for rapid identification of
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cleavage sites. Details of PAGE, 5'-end labeling, G+A experiments, autoradiography

and phosphoimagery are discussed in chapter 5.

- 33 Photocleavage studies using free ruthenium complexes
Both free [Ru(phen);]** and [Ru(phen),phen'** were studied in irradiation

experiments with the target 34mer ODN and the resulting cleavage pattern analysed.
The expected sites of cleavage were guanines as they have the lowest oxidation
potential of all the bases. Previous work by this research group’®' using [Ru(phen)s]**
and a 24mer target ODN strand at a ratio of 10 : 1 ruthenium complex : ODN
fragment, showed guanine specific cleavage of the target 24mer strand with a
preference for the 5'-guanine of GG doublets. Higher cleavage yields were also
obtained when the experiments were carried out in a high salt buffer compared to

yields obtained in a low salt buffer.

3.3.1 Photocleavage of target 34mer ODN by [Ru(phen);]**

Irradiation experiments with [Ru(phen);]** and the target 34mer ODN were
initially carried out using a 10 : 1 ratio of ruthenium complex : ODN fragment under
both high and low salt conditions using a variety of irradiation times. Irradiation at
436 nm was followed by piperidine treatment unless stated otherwise. As found for
the 24mer target, results showed guanine-specific cleavage of the target 34mer ODN

with a preference for the 5'-guanine of the * G14G15 * doublet. The work was
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repeated with the ratio of ruthenium complex : ODN reduced from 10:1to 1: 1, and

a similar cleavage pattern was obtained (figure 3.4)

€—— 34mer

O3>
A L o

G2

G

05 emna i,

Irradiations carried out in 10 mM phosphate buffer / 100 mM NaCl; all samples
contain 1 : 1 ratio ruthenium : ODN. Lane1 G+A; Lane2 0 min; Lane3 2.5

min; Lane4 5 min; Lane5 10 min; Lane 6 20 min.

Figure 3.4 34mer ODN cleavage by [Ru(phen);]**

Experiments comparing the effect of high and low salt buffer conditions (figure 3.5
and 3.6) showed that a slightly higher yield of guanine specific cleavage was

observed under high salt conditions, with the maximum of cleavage observed, as



expected, at G14 ofthe G14G15 doublet (table 3.1).

34mer——%—> }\ ,
I |
| |
/\ G31 G21 g O15 G4 |
\

l! / v . i J

Figure 3.5 Phosphoimagery results for 34mer ODN with [Ru(phen);]*",
10 mM potassium phosphate buffer / 100 mM NaCl, 10 min irradiation.

| 631 G15 Gl4

G21 G18
;_,J

Figure 3.6 Phosphoimagery results for 34mer ODN with [Ru(phen)s]**,
10 mM potassium phosphate buffer, 10 min irradiation.

Position cleaved % cleavage under % cleavage under low
high salt conditions salt conditions
G31 3.3 ‘.7
G29 24 22
G21 2.0 23
G18 23 3.5
GI5 4.8 4.5
‘ Gl4 11 7.6

Table 3.1 Comparison of 34mer cleavage with [Ru(phen);}** under high
and low salt conditions
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3.3.2 Photocleavage of target 34mer ODN by [Ru(phen);phen’]**

The ability of the unconjugated ruthenium complex [Ru(phen),phen’ P to
induce photocleavage in the target 34mer ODN was also studied. Initial studies were
carried out at a 10:1 ratio of ruthenium complex : ODN fragment with the samples
being irradiated at 436 nm for a variety of irradiation times. Based on the previous
[Ru(phen)3]2+results with regard to ionic strength conditions, experiments were
carried out under high salt buffer conditions. All samples were piperidine treated
after irradiation to reveal sites of oxidative damage. As expected for this type of
ruthenium complex, irradiation at 436 nm induced guanine-specific cleavage in the
target 34mer strand, again with a preference for the 5'- guanine of the G14G15
doublet. Repetition of the work reducing the ratio of ruthenium complex : ODN from

10 : 1 to 1:1 showed the same cleavage trend in the target 34mer ODN (figure 3.7).

Irradiations carried out in 10 mM

34mer
phosphate buffer / 100 mM NaCl;
G29 : -
all samples contain 1:1 ratio
ruthenium : ODN. Lane 1 0 min;
G21 Lane 2 2.5 min; Lane 3 5 min;
G18 Lane 4 10 min; LaneS 20 min.
GI5
Gl4

Figure 3.7 34mer ODN cleavage by [Ru(phen),phen’ g
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3.4 Effect of various additions on the photocleavage of target 34mer ODN by

[Ru(phen);]"" and [Ru(phen),phen’]**

3.4.1 Effect of sodium azide (NaN;) and argon

As discussed in section 1.9, ruthenium complexes can induce base damage by
two main mechanisms referred to as type 1 and type 2 damage. As a type 2 pathway
involves the generation of singlet oxygen ('0,) from ground state oxygen, pathways
involving 'O, should show a reduction in base damage upon inclusion of a singlet
oxygen quencher, such as sodium azide (NaN3). Alternatively, carrying out
experiments under an atmosphere of argon will also decrease the amount of 'O,
damage due to the decrease in the amount of molecular oxygen initially available
from which 'O, can be generated.

The results of experiments that included NaN; and argon in addition to free
photosensitiser are shown below. The results with [Ru(phen);]** are shown in figure
3.8. Lanes 1 and 2 show the cleavage results of [Ru(phen);]** at a ratio of 1:1
ruthenium : ODN after 0 mins and 10mins irradiation respectively, with no additions.
Lane 3 shows the effect of the addition of azide and it was seen that guanine specific
cleavage was still achieved but the overall yield of cleavage was reduced. Lane 4
shows the effect of argon purging and again a large decrease in the overall yield of
guanine specific cleavage was observed. A similar trend was observed for
[Ru(phen),phen']** at a ratio of 1:1 ruthenium : ODN and the results are illustrated in
figure 3.9. Lanes 1 and 2 show the guanine specific cleavage of the target 34mer

ODN after 10 mins and 20 mins respectively. No cleavage was seen without



irradiation. Lanes 3 and 4 show the effect of azide and argon on the cleavage yield

after 10 mins irradiation. A large overall decrease in the guanine specific cleavage

was observed in both cases.

F 23 4

34mer
G29

G21

G18
G15
Gl14

All samples contain 1:1 ratio
[Ru(phen);]** : ODN. Irradiations
carried out in 10 mM phosphate
buffer / 100 mM NaCl; Lane1 0
min; Lane2 10 min; Lane3 10

min, NaN; Lane 4 10 min, argon.

Figure 3.8 Effect of azide and argon on 34mer ODN cleavage with

-2 9 4

34mer
G29

G21
Gl18

Gl15
Gl14

[Ru(phen);}**

All samples contain 1:1 ratio
[Ru(phen)phen' " : ODN.
Irradiations carried out in 10 mM
phosphate buffer / 100 mM NaCl;
Lane1l 10 min; Lane 2 20 min;
Lane 3 10 min, NaN; Lane 4

10 min, argon.

Figure 3.9 Effect of azide and argon on 34mer ODN cleavage with
[Ru(phen);phen']**
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3.4.2 Effect of D,0

As the lifetime of singlet oxygen is increased in D0, an increase in the
overall cleavage yield would be expected from a cleavage mechanism dependent on
singlet oxygen generation. The experiments with both [Ru(phen);]** and
[Ru(phen),phen’ ** were carried out in a D,0 buffer solution. Results showed a
moderate increase in the amount of guanine specific cleavage obtained, but these

results were not as consistent and clear as the results obtained with azide and argon.

34.3 Effect of ammonium persulfate

Ammonium persulfate (NH,),S,05) is an electron transfer agent known to
increase the yield of cleavage induced by ruthenium complexes. The persulfate anion

interacts with the excited state of the ruthenium complex generating the Ru(IlIl)
complex in addition to the radical anion SO,”, which is also a highly reactive species.

Ru(1Il) is a stronger oxidant than Ru(1I), thus a higher yield of cleavage is expected

(equation 3.1).

[Ru(phen);f™* + S$;0 —» [Ru(pheny]” + SO~ + SO&

Equation 3.1 Mechanism of action of ammonium persulfate

The effect of persulfate addition was investigated in both [Ru(phen);]** and
[Ru(phen),phen'** experiments. With both complexes, an increase in the overall

yield of guanine specific cleavage was observed. Figure 3.10 shows the
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phosphoimagery results for the 34mer ODN target with [Ru(phen),phen’]** with the
inclusion of persulfate and an irradiation time of 10mins. As expected, a greater
overall yield of guanine specific cleavage was achieved compared to an analogous
sample containing no persulfate. Figure 3.11 displays the difference in percentage
cleavage at guanine sites for target 34mer ODN damage by [Ru(phen),phen’** with

and without persulfate inclusion at comparable irradiation times.

Figure 3.10 Phosphoimagery results for 34mer ODN with
[Ru(phen),phen’]**, 10 mM potassium phosphate buffer / 100 mM NacCl, 10
min irradiation, S,0¢*

without
. S,05”

% Cleavage

. with $,04”

G31 G2 G211 G18 GI1S Gl14

Figure 3.11 Comparison of 34mer ODN cleavage by
[Ru(phen),phen'*“in presence and absence of persulfate
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3.5 Mechanism of base damage with free ruthenium complexes

The inclusion of a singlet oxygen quencher, sodium azide, showed a partial
reduction in the overall yield of guanine specific cleavage in the target 34mer ODN
by both free ruthenium complexes. A more substantial reduction was seen in the
overall cleavage by both complexes in experiments purged with argon initially and
maintained under an atmosphere of argon for the course of the irradiations, thus
inhibiting the initial generation of singlet oxygen. In addition to these results, the
results from the D,O experiments showed a slight increase in the overall cleavage,
possibly due to the increased lifetime of singlet oxygen in the D,0 environment. It
can be concluded that the mechanism by which [Ru(phen);]** and [Ru(phen),phen']**
cleaves the target 34mer ODN is dependent on 'O, production i.e. a type II
mechanism. A complete absence of cleavage was not observed for either the azide or
argon experiments and although this results seems to suggest some cleavage by a type
I mechanism, the result may have been due to traces of oxygen remaining in the

experimental samples.

3.6 Photocleavage of 34mer ODN target by [Ru(phen),phen’]-ODN conjugate
From the studies of the free ruthenium complex [Ru(phen),phen' 1>, it was
shown that the complex was capable of inducing guanine-specific cleavage in the
target 34mer ODN. The conjugate species, [Ru(phen),phen’]-ODN was synthesised
as described in chapter 2 by linking the free ruthenium complex to a 17mer ODN
with a sequence complementary to one section of the target 34mer ODN , with a view

to site-specific cleavage of the target 34mer ODN at G21.
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Initial work with the ruthenium-ODN conjugate was carried out in high salt
conditions (10 mM potassium phosphate buffer / 100 mM NaCl) using a ratio of 10:1
ruthenium conjugate : target 34mer ODN. High salt conditions were favoured as they
promote duplex formation, thus ensuring stable hybridisation between the 17mer
ODN of the ruthenium conjugate and its complementary region in the target 34mer
ODN. This was important in ensuring correct orientation of the ruthenium complex
in the model system in order to induce optimal site-specific cleavage at the G21
target. Irradiations were carried out at various times between 0 mins and 40 mins and
all samples were piperidine treated unless otherwise stated.

Results showed that optimal site-specific cleavage of the target 34mer ODN
was obtained after 20 mins irradiation. Further experiments were conducted using
reduced ratios of ruthenium conjugate : 34mer ODN target. Ratios of 5:1,2:1 and 1:1
were investigated and it was found that the 1:1 ratio experiment gave results
comparable to those of the 10:1 ratio experiments. Therefore all subsequent work
with the [Ru(phen),phen']-ODN conjugate was carried out at the reduced ratio of 1:1.

Lanes 1-6 in figure 3.12 show the G21 specific cleavage induced by the
[Ru(phen),phen’]-ODN conjugate with irradiation times of 0 min up to 20 mins using
a 1:1 ratio of ruthenium conjugate : target 34mer ODN fragment. An increase in G21
cleavage was observed upon increased irradiation times, with a maximum amount of
cleavage obtained after 20 mins (Lane 6). No cleavage was observed in the double-
stranded region of the 34mer ODN i.e. no G18, G15 or G14 cleavage. Additionally,
no cleavage was observed in the single-stranded region of the 34mer ODN other than

at the G21 target i.e. no cleavage was observed at the 3'-end guanines at G32, G31 or
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G29. The phosphoimagery results of selected lanes are shown in figure 3.13 with the

percentage cleavage of G21 at each irradiation time shown in table 3.2.

34mer

No single-strand
region damage

No double-strand
region damage

Irradiations carried out in 10 mM phosphate buffer / 100 mM NaCl; all

samples contain 1:1 ratio ruthenium conjugate : 34mer ODN. Lane1 0
min; Lane2 1| min; Lane3 2.5min; Lane4 5 min; Lane$S 10

min; Lane 6 20 min.

Figure 3.12 34mer ODN cleavage by [Ru(phen),phen’]-ODN
conjugate
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’ a) Lane 3

o 7 2.5 min

F 3
g g b) Lane 4
2 .
:', G21 5 min

[/‘ ¢) Lane 5
: iimer 10 min
G21
f. 34 d) Lane 6
///) (_mer G21 20 min
2 V
SR //}/h 4 R Y

Figure 3.13 Phosphoimagery results of 34mer ODN cleavage by
[Ru(phen),phen']-ODN after irradiation times of ) 2.5 min b) S min ¢)10
min and d) 20 min
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Irrﬂa@gqi):) Time % G21 Cleavage
0 0
1 29
25 3.6
& 43
10 7.4
20 10.6

Table 3.2 Percentage yield of G21 cleavage by [Ru(phen),phen’]-ODN
conjugate at different irradiation times

Due to the fact that irradiation times longer than 20 minutes did not result in
any further cleavage of the target 34mer ODN by the ruthenium-ODN conjugate, the
question of what was happening to the ruthenium-ODN conjugate at longer
irradiation times arose. Two possible theories for this observed cleavage “plateau”
include that the ruthenium-ODN conjugate may be cleaving itselfat longer irradiation
times i.e. the ruthenium complex may be capable of induction of photooxidative
damage in the 17mer ODN to which it is conjugated thus gradually decreasing the
amount of ruthenium-ODN conjugate available to damage the target 34mer ODN.
Secondly, the ruthenium complex itself may be destroyed or become detached from
the 17mer ODN, again reducing the amount of ruthenium-ODN conjugated species
available to induce site-specific damage in the target strand. This problem of'the

“leveling ofP’ of the cleavage efficiency of the ruthenium complex is addressed in

section 3.12.
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3.7 Effect of the presence of sodium nitrite filter

The effect of the presence of a sodium nitrite (NaNQ,) filter on the overall
ability of the ruthenium-ODN conjugate to induce site-specific cleavage in the target
34mer ODN was also investigated. Sodium nitrite removes wavelengths less than
400 nm and the beam from the lamp was passed through a solution of sodium nitrite
(1 M) before being directed onto the experimental sample of interest. The Pyrex™
glass filter, which removes wavelengths less than 330 nm, was also included in the
experimental setup.

The experiments were carried out under identical conditions to those described
in section 3.6, except for the presence of the sodium nitrite filter i.e. using a 1:1 ratio
of ruthenium conjugate : 34mer target ODN in high salt buffer conditions and
followed by piperidine treatment.

Analysis of the results showed that site-specific cleavage of the target 34mer
ODN at G21 was achieved, but that the overall yield was lower than experiments
conducted in the absence of the sodium nitrite filter. G21 site-specific cleavage was
induced by the [Ru(phen),phen']-ODN conjugate in experiments conducted with
irradiation times of 1 min up to 20 mins. Again an increase in G21 cleavage was seen
with increasing irradiation times up to a maximum amount of cleavage after 20 mins.
In a similar manner to the non-filtered experiment results, no cleavage was seen in the
single-stranded or double-stranded regions of the 34mer ODN target, apart from the
observed cleavage at G21.

The results of the filtered and non-filtered experiments are compared in figure

3.14. In the non-filtered experiment, the maximum yield of G21 cleavage induced by
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the ruthenium-ODN conjugate was 10.6 % after 20 mins. A maximum of 3.6 % was
obtained in an identical experiment under filtered conditions. The phosphoimagery
results after 20 mins irradiation are shown for the non-filtered and filtered

experiments in figures 3.15 and 3.16 respectively.

104 Filtered

- Non-filtered

% G21 Cleavage

0 1 25 8 10 20
Irradiation time (min)

Figure 3.14 Comparison of G21 cleavage in target 34mer
ODN by [Ru(phen),phen']-ODN in presence and absence of
sodium nitrite filter

% 34mer
/
- s G21
‘!//'2
2
7
AR /%. : = o «f\.

Figure 3.15 Phosphoimagery results for G21 specific cleavage of target
34mer ODN by [Ru(phen),phen’]-ODN after 20 mins irradiation in the
absence of sodium nitrite filter
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34mer

G21

Figure 3.16 Phosphoimagery results for G21 specific cleavage of target
34mer ODN by [Ru(phen),phen']-ODN after 20 mins irradiation in the
presence of sodium nitrite filter

It can be concluded that the wavelengths between 330 nm and 400 nm, which
are excluded in the filtered experiments, possibly play a role in the achievement of
higher yields of site-specific cleavage at G21 in the target 34mer ODN.
Alternatively, passing the beam through the sodium nitrite filter could possibly
remove some power from the beam thus resulting in the experimental samples being
irradiated with a weaker beam and explaining the overall weaker yield of G21

damage.

3.8 Non-denaturing gel work

Due to the nature of the model system used for the investigation of the
photooxidative damage of the 34mer ODN by the ruthenium-ODN conjugate, it was
necessary to confirm that hybridisation was occurring between the complementary
sections of the target 34mer ODN and the 17mer of the ruthenium-ODN conjugate

before the irradiation of the samples. Various samples were analysed using non-
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denaturing gels to verify duplex formation. Non-denaturing gels differ from the more
common denaturing-type gels used for analysis in the majority of the work described
in this thesis, by the fact that no urea is used in the preparation of the gel matrix and
no formamide is used in the preparation of the loading dye. As non-denaturing gels
are used solely for the detection of double-strand formation, urea and formamide are
excluded as both favour the denaturation of oligodeoxynucleotide strands, thus
suppressing base pairing in complementary sections. The gel itself was
electrophorised at a low voltage compared to denaturing gels as the heat generated by
electrophoresis can cause DNA denaturation. In addition, samples subject to non-
denaturing gel analysis were not irradiated or piperidine treated, as the pattern of
photooxidative damage in the target 34mer ODN was not being analysed in this case.
Only the target ODN strand was radiolabeled (section 5.9.1) i.e. had a

radioactive label attached at its 5'-end, therefore only the target strand and anything
bound to the target strand could be visualised by autoradiography. Subsequently, if
the ruthenium-ODN conjugate were bound to the target 34mer ODN, a band of
reduced mobility with respect to the free 34mer target band would be observed due to
the fact that a duplex structure would move at a slower rate through the gel matrix
compared to the free 34mer ODN target on its own.

Analysis of the non-denaturing gels, showed bands of reduced mobility for
samples containing both 34mer ODN target and [Ru(phen),phen’]-ODN conjugate
with respect to the free 34mer target. This indicated that successful hybridisation had

been achieved between the complementary sections of the duplex section after being
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subjected to the heating and slow-cooling technique discussed in section 3.2.1. The

results of this experiment are shown in figure 3.17.

Material of reduced
mobility

34mer

All samples contain 1:1 ratio ruthenium conjugate : 34mer ODN in 10
mM potassium phosphate buffer / 100 mM NaCl. Lane 1 34mer target
ODN; Lane 2 34mer target ODN and [Ru(phen),phen’']-ODN
conjugate.

Figure 3.17 Comparison of 34mer target / [Ru(phen),phen’]-ODN
duplex with free 34mer target on non-denaturing gel

Samples containing 34mer ODN target and complementary 17mer ODN were also
compared to the 34mer target / ruthenium-ODN conjugate samples, with both
showing bands of similar reduced mobility and indicating that the presence of the

ruthenium complex at the 3'-end of the complementary 17mer ODN did not reduce
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the stability of the duplex formed compared to the unconjugated system. Finally, as
expected, samples containing 34mer ODN target and the free ruthenium complexes

[Ru(phen);]** and [Ru(phen),phen’]** showed no bands of reduced mobility with

respect to the free 34mer target ODN.

39 Effect of various additions on the photocleavage of target 34mer ODN by

[Ru(phen),phen’]-ODN conjugate

The effect of the inclusion of various reagents in the experiments with the

ruthenium-ODN conjugate was studied in order to gain some understanding of the
cleavage mechanism by which the ruthenium-ODN conjugate induced damage in the
target 34mer ODN. Each experiment with a reagent was compared directly to a
control experiment containing no additions and the results were quantified by

phosphoimagery.

39.1 Effectof sodium azide (NaN;) and argon

As previously mentioned in section 3.4.1, azide can act as a singlet oxygen
quencher, thus its inclusion will decrease the amount of damage induced by a type Il
singlet oxygen dependent pathway. Argon purging during the course of an
experiment also reduces singlet oxygen generation and type II photooxidative
damage. The phosphoimaging results of experiments containing azide and carried
out under an atmosphere of argon are compared to the normal experiment in figure
3.18. All experiments were carried out in high salt conditions with a ratio of 1:1

ruthenium-ODN conjugate : target 34mer ODN with an irradiation time of 20 minutes
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followed by piperidine treatment of the samples. All experiments were carried out in
the absence of a sodium nitrite filter unless otherwise stated. Figure 3.18(a) shows
the normal experiment with no additions included. Guanine-specific cleavage at the
G21 target was achieved in a yield of 11.1%. Figure 3.18(b) shows the effect of
argon purging during the course of the experiment. A reduction in the G21 cleavage
to 8.4% was observed. With the inclusion of azide, no significant difference was
observed between the yield of G21 cleavage obtained in the pfesence and absence of
azide. This was in contrast to the effect of azide inclusion seen in experiments with

the free complex [Ru(phen),phen'J**.

Figure 3.18 Comparison of G21 cleavage in target 34mer ODN by

[Ru(phen),phen']-ODN conjugate a) with no additions and b) under argon
atmosphere
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39.2 Effect of D,O

Cleavage pathways dependent on singlet oxygen production should show an
enhancement in overall cleavage in D,O buffer due to the increase in the lifetime of
singlet oxygen. Figure 3.19 shows the comparison between the normal experiment
with no additions and of that carried out in D,O. The normal experiment (a) shows
11.1 % cleavage at G21, whereas the experiment carried out in DO (b) shows an

increase of G21 cleavage with an overall yield of 12.3 %.

Figure 3.19 Comparison of G21 cleavage in target 34mer ODN by
[Ru(phen),phen’]-ODN conjugate a) with no additions and b) in DO
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3.9.3 The role of singlet oxygen in guanine oxidation

The results of the experiments carried out in H,0, D,0, azide and argon are
summarized in figure 3.20. A decrease in G21 cleavage was seen in an atmosphere
of argon, thus inhibiting the initial generation of singlet oxygen from molecular
oxygen and an increase in G21 damage was also observed when the lifetime of
singlet oxygen was increased. (These experiments were repeated in the presence of a
sodium nitrite filter, and although the general trend of results was the same, the
overall G21 cleavage yields were significantly lower). From the effects of these
additions it can be concluded that damage at G21 proceeds via a type Il cleavage
mechanism or may possibly be induced by a Ru*" species. As observed for
experiments with the free photosensitiser, not all cleavage is eliminated upon removal
of singlet oxygen, suggesting there may have been some residual oxygen in the
samples. It was observed that the effect with the conjugate was very small compared

to the much more substantial decrease observed with the free photosensitiser.

% G21 Cleavage

H,0 DO Argon  Azide

Figure 3.20 Comparison of % G21 cleavage in target 34mer
ODN under normal conditions and with inclusion of additions
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3.9.4 Effect of ammonium persulfate

As mentioned in section 3.4.3, the electron transfer agent ammonium
persulfate ((NH4),5,05) can increase the yield of cleavage induced by a ruthenium
complex by generation of Ru(Ill). The ruthenium-ODN conjugate / target 34mer

ODN experiment was carried out in the presence and absence of persulfate and the

results are shown in figure 3.21.

Irradiations carried out in 10 mM phosphate buffer / 100 mM NaCl; all
samples contain 1:1 ratio ruthenium conjugate : 34mer ODN. Lane 1 0
min; Lane2 1 min; Lane3 2.5 min; Lane4 5 min; Lane 5
G+A Lane 6 0 min, S;05’; Lane7 2.5 min, S,0¢*; Lane8 5 min,
S;05*; Lane9 10 min, S;05”.

Figure 3.21 Comparison of 34mer target cleavage by [Ru(phen),phen’]-
ODN conjugate in presence and absence of persulfate
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Lanes 1-4 show the experiment in the absence of persulfate over a range of'irradiation
times up to 10 mins. Lanes 6-9 show the same experiments in the presence of
persulfate. Although lanes 7,8 and 9 show an increase in the amount of G21 cleavage
obtained in the presence of persulfate relative to the non-persulfate experiments, the
selectivity for only G21 decreases with increasing irradiation times. This was evident
in lane 9 where increased cleavage at G21 was observed compared to the G21
cleavage seen in lane 4, but cleavage was also seen at the 3'-end guanines (G32, G31,
G29) along with some cleavage at G18, G15 and G14. Figure 3.22 shows the
phosphoimaging results after 10 mins irradiation in the presence of persulfate.
Figure 3.23 shows the comparison between the phosphoimaging results after 10 mins
irradiation in the presence and absence of persulfate. It can be concluded that while

persulfate increases the overall yield of G21 cleavage, the G21 specificity decreases

with base damage being introduced at other guanine sites.

34mer

G32 G31 G21 G18 GI5Gl4

o
? £l

Figure 3.22 Phosphoimagery results for cleavage of target 34mer ODN by
[Ru(phen),phen'}<ODN after 10 mins irradiation in the presence of persulfate
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% Cleavage

G32 G31 G299 G2 G18 G15 Gl14

Figure 3.23 Comparison of % cleavage in target 34mer ODN by
[Ru(phen);phen’]-ODN in presence and absence of persulfate

3.9.5 Effect of desferrioxamine

The yield of cleavage at G21 in the target 34mer ODN by the ruthenium-ODN
conjugate was studied in the presence of desferrioxamine. Desferrioxamine is an
efficient Fe(Ill) (and transition metal) chelator. It was expected that metal chelation
in the system would reduce the amount of photooxidative damage induced by the
[Ru(phen),phen']-ODN conjugate. In fact a slight increase in G21 specific damage
was observed. This observed increase may be explained by the formation of
desferrioxamine radicals capable of generating a Ru(1II) species which in turn would

led to an increase in photooxidative damage.
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3.10 Nonsense strand work

As site-specific cleavage of only the leukaemic mRNA and not any other
nucleic acid sequence is of utmost importance from a biological point of view, a
34mer ODN target with a different base sequence was designed and experiments
were carried out between this new nonsense 34mer target and the ruthenium-ODN
conjugate. This was to ensure that the ruthenium-ODN conjugate would not be
capable of binding to random nucleic acid sequences and inducing photooxidative
damage in non-specified locations. The new nonsense sequence was designed so that
the guanines were in the same positions as the original 34mer ODN with the
remaining bases mixed up whilst keeping the overall base composition constant i.e.
the nonsense strand had the same percentage of each base as the original 34mer target

strand (figure 3.24).

Original 34mer ° TGACCATCAATAAGGAAGAAG*CCCTTCAGCGGCC *

Nonsense 34mer ° TGATACAACCACTGGCCGCTG*AACTACAGAGGCA *

Figure 3.24 Sequences of original 34mer target and nonsense strands

The results of experiments with the nonsense strand are shown in figure 3.25. Lane 1
is the G+A experiment of the nonsense strand. Lane 2 shows the result of irradiating
the nonsense strand for 20 mins in the presence of the ruthenium-ODN conjugate
under high salt conditions with a 1:1 ratio of ruthenium-ODN conjugate : nonsense

strand. No cleavage was seen at any guanine site indicating that the ruthenium-ODN
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conjugate was not capable of binding to the nonsense strand and inducing damage.

Lane 3 shows the result of irradiating the nonsense strand in the presence of free

[Ru(phen),phen’ * using the same experimental conditions as lane 2. As expected,

4 guanine-specific cleavage of the nonsense strand was achieved with a preference for
the 5'-guanaine of the * G15G14 * doublet. Lane 4 is a control lane with no

~ photosensitiser present.

All samples containing 1:1 ratio
nonsense strand: photosensitiser.
Irradiations carried out in 10 mM
phosphate buffer / 100 mM NacCl
for 20 mins. Lane 1 G+A; Lane
Z ruthenium-ODN; Lane 3
[Ru(phen),phen']**; Lane 4

nonsense strand only.

Figure 3.25 Results of nonsense strand experiments in presence of
ruthenium-ODN conjugate and free [Ru(phen),phen']**
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To confirm that the ruthenium-ODN conjugate was not binding to the nonsense
strand, the results of the experiment were analysed on a non-denaturing gel. No band
of reduced mobility with respect to the nonsense strand ODN band was observed,
showing that hybridisation between the nonsense strand and the 17mer ODN of the
ruthenium-ODN conjugate did not occur.

The combined results of the denaturing and non-denaturing gel work in
relation to the nonsense strand showed that the ruthenium-ODN conjugate is specific
only for the leukaemic mRNA sequence and is not capable of inducing damage in

random nucleic acid sequences.

3.11 Variant strand work

In order to fully investigate the range of oxidative damage in the model
system, it was decided to replace the target 34mer ODN with a range of variant target
strands in which the guanine target at position 21 was moved in increments away
from the photosensitiser. Six variant strands were designed; the first with no G21
target and the remaining five with the G21 target moved 1, 2, 3, 4 and 6 bases
towards the 3'-end of the target sequence. The variant strands were designated as
variants 1-6 respectively. The sequence of the region complementary to the 17mer
ODN of the ruthenium-ODN conjugate remained unchanged, thus allowing normal
duplex formation between the new variant strands and the ruthenium-ODN conjugate

(figure 3.26).
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Variant 1 (no G21) ° TGACCATCAATAAGGAAGAATCCCTTCAGCGGCC?

- Variant 2 ¥ TGACCATCAATAAGGAAGAACGZCCTTCAGCGGCC *
Variant 3 * TGACCATCAATAAGGAAGAACCG®CTTCAGCGGCC *
Variant 4 * TGACCATCAATAAGGAAGAACCCGH*TTCAGCGGCC *
Variant 5 *TGACCATCAATAAGGAAGAACCCTG*TCAGCGGCC?
Variant 6 *TGACCATCAATAAGGAAGAACCCTTCGY AGCGGCC *

Figure 3.26 Sequences of variant strands 1-6 with region complementary to
17mer ODN of ruthenium-ODN conjugate shown in red.

It had been expected that photooxidative damage at the target guanine would
eventually cease as it was moved out towards the 3'-end of the variant strands. In
fact, unexpectedly, the main damage observed was mainly at the 3'-end guanines.
The results of the gel work are shown in figure 3.27 with the G+A experiment for
each variant strand shown in alternate lanes. The phosphoimaging results of
experiments with the variant strands are shown in figure 3.28 with the quantitative
results of cleavage at each guanine site shown in table 3.3.

In figure 3.27, the original 34mer ODN target showed G21 cleavage
consistent with previous similar experiments (lane 2). Variant 1 showed no cleavage

at position 21 as expected as the guanine at this position was replaced with a thymine.
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leavage was seen mainly at G32 with a small amount of G29 damage (lane 4).
Variant 2 showed strong cleavage at G32 and G31 with no damage observed at the
expected G22 site (lane 6). Variant 3 showed the most dramatic result with strong
cleavage observed at G32 and no cleavage seen at the expected G23 site (lane 8).
Variant 4 showed cleavage at G32 and G29 with no damage at the expected G24 site
: (lane 10). Variants 5 and 6 showed a small amount of damage at their target bases
(G25 and G27 respectively), but most damage was observed at G32 and G29 (lanes

12 and 14). No double-strand damage was observed with any of the variants.

s 5 6 7 8 9 10 11 12 13 14

All irradiations carried out in 10 mM potassium phosphate buffer / 100
mM NaCl for 20 mins with 1:1 ratio of ruthenium-ODN conjugate: variant
strand. Lane1 G+A 34mer; Lane2 34mer; Lane3 G+A Variant |;
Lane 4 Variant 1; Lane5 G+A Variant2; Lane 6 Variant2; Lane
7 G+A Variant 3; Lane 8 Variant3; Lane9 G+A Variant4; Lane
10 Variant4; Lane 11 G+A Variant 5; Lane 12 Variant5; Lane 13
G+A Variant 6; Lane 14 Variant 6.

Figure 3.27 Results of experiments with variants 1-6 in the presence of
[Ru(phen),phen’']-ODN conjugate
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MATERIAL
G2 34mer SLGRCCCTITCAGPCGGRCc?
i
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G32 G2» Var 1 S~TCCCTTCAGY¥CGHG2eCc?
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Var2| S.CGRCCTTCA GP®CGG2CC?

i i
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G2 Y& -CCGPCTTCAGYCGHAG2CCH
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G332
v

NHPVar3 S~-TAGBTTTCA G®CGYGZCC?
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Figure 3.28 Phosphoimaging results for variants 1-6. Arrows indicate the
site and extent of base damage.
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Target % Cleavage at Guanines

34mer G21 (6.8)
Variant 1 G32 (3.8), G29 (1.4)
Variant 2 G32 (7.0), G31 (7.2)
Variant 3 G32 (9.5)
Variant 4 G32(2.9)

Variant 5 | 32 (24),G29 (1.9), G25 (3.9)

Variant 6 | 932 2.1),G29 (2.2), G27 (0.4)

Table 3.3 Percentage cleavage by [Ru(phen),phen']-ODN conjugate at
guanine sites in variant strands 1-6

It became clear that under the high salt experimental conditions used, the variant
strands were capable of hairpinning i.e. self-complementary binding within a strand,
thus protecting the target guanine and bringing the 3'-end guanines within close
proximity of the ruthenium complex. The various possible hairpin conformations and
their relative stability as calculated from their free energy of formation (section 1.2.1)
was examined for each variant to gain some insight into the observed cleavage
pattern. Figure 3.30 shows the variant strand sequences with the underlined regions
indicating complementary regions within each strand that may bind to form hairpin
structures. It was also noted that the site-specific cleavage observed at G21 in the
original target 34mer sequence could be encouraged by the hairpin structure shown in

figure 3.29, which has a free energy of formation of approximately —1.7 keal/mol.
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This hairpin structure seems to expose G21 to damage by the photosensitiser, whilst

protecting the other guanine residues.

T

AG = -1.7 kecal/mol

GA dout:;::zanded G?cc C T T
C GG¢g C
GA

Variant 1 (no G21)

Variant 2

Variant 3

Variant 4

Variant 5

Variant 6

Figure 3.29 Original 34mer hairpin structure

* TGACCATCAATAAGGAAGAATCCCTTCAGCGGCC *

S TGACCATCAATAAGGAAGAACGECCTTCAGCGGCC?

S TGACCATCAATAAGGAAGAACCGECTTCAGCGGCC?

NG ACCATCAATAAGGAAGAACCCGHTTCAGCGGCC Y

* TGACCATCAATAAGGAAGAACCCTG*TCAGCGGCC?

S TGACCATCAATAAGGAAGAACCCTTCGY AGCGGCC?

Figure 3.30 Sequences of variant strands 1-6 with complementary regions
within each strand underlined and double-stranded region shown in red

In order to form a hairpin structure, energy must be released with the amount

of energy released determining how stable the hairpin will be. Ofall the variant

strands, the proposed hairpin in variant 3 has the lowest free energy of formation
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(approximately —3.9kcal / mol). This hairpin seems to “protect” the G23 target and

expose G32 to damage by the photosensitiser, thus explaining the observed cleavage

pattern (figure 3.31).

TGA doul:le-.stranded ole G23C T i
gl 2GGC G
AG = -3.9 kcal/mol CC AL

Figure 3.31 Variant 3 hairpin structure

Two different hairpin conformations are possible for variant 2 with free energy of
formation values of —1.0kcal / mol and —0.5kcal / mol respectively. The cleavage
pattern observed with variant 2 can be explained by the more favourable hairpin
structure in which the system seems to be orientated in such a way so as to expose
G32 and G31 to photooxidative damage with no damage observed at G22 (figure

332).

TGA double-:fstranded C Gzz C CT
region 31G C G T
32G AC
AG = -1.0 kcal/mol g

Figure 3.32 Variant 2 hairpin structure

For variant 4, the free energy of formation of the proposed hairpin structure is

approximately -0.9kcal / mol. In the hairpinned conformation, the 3'-end guanines
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are brought in close proximity to the ruthenium complex, thus being consistent with

the observed 3'-end cleavage with no damage observed at the G24 target (figure

3.33).
TGA doull).le-.stranded ccC G24 T T
% b 2GGC C
C Ga
AG = -0.9 kcal/mol C

Figure 3.33 Variant 4 hairpin structure

Free energy calculations of possible hairpins in variant 1 showed that no stable
hairpin structures are formed. No target guanine is present in variant 1 and the
observed 3'-end cleavage at G32 and G29 may be due to the 3'-end portion of the
variant strand forming occasional unstable base pairs between complementary bases
(e.g. C22:G31 and C23:G32), thus bringing the 3'-end guanines close enough to the
ruthenium complex to induce base damage. Free energy calculations of possible
hairpins in variants 5 and 6 also showed that no stable hairpin structures are formed.
Variants 5 and 6 show the most general 3’-end guanine cleavage indicating that, like
variant 1, formation of unstable base pairs alternating with a fully “open” structure
may explain the more general trend in the observed guanine photooxidative damage.
As variant 3 seemed to form the most stable hairpin structure, it was decided
to design a new variant 3 target strand that would be unlikely to hairpin and to
analyse the cleavage induced by the ruthenium-ODN conjugate. This new variant 3

ODN was referred to as non-hairpinning (NHP) variant 3 (figure 3.34).
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Old Variant3 > TGACCATCAATAAGGAAGAACCG®CTTCAGCGGCC ®

NHP Variant 3 * TGACCATCAATAAGGAAGAATAGETTTCAGCGGCC

Figure 3.34 Sequences of original variant 3 and non-hairpinning variant 3.

As previously mentioned, the ruthenium-ODN conjugate induced a relatively large
amount of cleavage (9.5 %) in the original variant 3 target ODN at G32. Repetition
of this work substituting the new non-hairpinning variant 3 for the original variant 3
showed a large decrease in the amount of cleavage observed at G32 from 9.5 % to 2.9
%. The phosphoimaging data for this experiment is shown in figure 3.28. A stable
hairpin conformation was unlikely to form in the non-hairpinning variant 3 target but
still no cleavage was observed at the target G23 despite the fact that in this new
system it should have been exposed for damage. The results indicated that the
ruthenium complex was unable to induce damage in a target guanine two bases
removed from the original G21 target suggesting that the ruthenium complex was
only capable of inducing damage in its immediate vicinity.

The variant strand work was also carried out with the sodium nitrite filter in
place during the irradiations. As with the previous experiments, the presence of the

filter resulted in the same general cleavage pattern for the variant strands but with an

overall decrease in cleavage yields (table 3.4).

130



AR

Target % Cleavage at Guanines
Variant 1 G32 (3.8) (2), G29 (1.4) (0.5)
Variant 2 G32(7.0) (4.1),G31 (7.2)
Variant 3 G32(9.5)(6.2)

NHP

Variant 3 G32(2.9)(1.6)
Variant 4 G32(2.9) (1.4)
Nidant's G32 (2.4) (0.5), G29 (1.9) (0.2), G25 (3.9) (0.7)
Nariant G32 (2.1) (0.5), G29 (2.2) (0.3), G27 (0.4)

Table 3.4 Comparison of cleavage yields seen in variant strands in
presence and absence of sodium nitrite filter. Filtered results shown in red

3.12 3'-end labeling

As mentioned in section 3.6, the cleavage efficiency of the [Ru(phen);phen’]-
ODN conjugate seemed to level off after a certain period of time, with no increase in
G21 specific cleavage being observed after approximately 20 mins irradiation. In
order to investigate what was happening to the ruthenium-ODN conjugate during the
course of the irradiation experiments, it was necessary to 3'-end label the conjugate
with the radioisotope **P. The details of 3'-end labeling are discussed in section
5.9.2. In all the experiments discussed so far, the target strand was 5'-end labeled
with the radioisotope P, therefore only that damage induced in the target strand was
detectable by autoradiography. In order to “see” the effect of irradiation on the

[Ru(phen),phen']-ODN conjugate and to assess its relative stability during the course
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of the irradiations, experiments were repeated with the 3'-end labeled conjugate in the
presence of unlabeled 34mer ODN target.

Initially experiments were carried out in which the [Ru(phen),phen’]-ODN
conjugate was irradiated in the absence of any target strand. Phosphoimaging of the
PAGE results showed that after 0 mins irradiation, 16 % ofthe conjugate was
damaged relative to the parent conjugate band, indicating the conjugate stock sample
might have degraded somewhat during storage. Irradiation of the free conjugate for
10 mins and 20 mins showed that 18.3 % and 19 % respectively of the conjugate was
damaged relative to the undamaged parent conjugate. In the presence of the target
34mer ODN, the experiments were repeated for irradiation times of 0, 10 and 20
mins. After 0 mins irradiation, 15.9 % of the conjugate was damaged, again
indicative of degradation of the stock sample over time, and consistent with the
results observed in the absence of target 34mer ODN. After 10 mins irradiation, the
overall conjugate damage increased to 17.7 % and this figure increased to 23.2 %
after 20 mins irradiation. The results of the ruthenium-ODN conjugate damage in the

presence and absence of target 34mer ODN are summarized in figure 3.35.

absence
of 34mer
target

presence
of 34mer

target

% Cleavage

0 mins 10 mins 20 mins

Figure 3.35 Comparison of damage induced in [Ru(phen),phen’}-
ODN conjugate in absence and presence of target 34mer ODN
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The relatively large amount of damage induced in the ruthenium-ODN
conjugate itself during the course of the irradiations may explain why the cleavage
efficiency of the system levels off as the irradiation time increases. As the amount of
intact ruthenium-ODN conjugate seems to decrease during the course of the
experiments, it seems probable that the ruthenium complex may be capable of
cleaving the 17mer ODN to which it is conjugated. Alternatively, ifa gradual
degradation of'the stock solution of ruthenium-ODN conjugate had resulted in an
increase in the amount of free ruthenium complex, base modification at guanines in
the 17mer ODN may have been induced during sample handling and thus revealed
after piperidine treatment.

The results of the 3'-end labeled experiment with the [Ru(phen);phen']-ODN
conjugate were compared to that of a second ruthenium-ODN conjugate which had
been previously shown to induce a much greater amount of G21 specific cleavage in
the target 34mer ODN strand. This ruthenium-ODN conjugate, synthesised by C.
Crean, " differed from the [Ru(phen),phen']-ODN conjugate in that the phen” ligand
was replaced by the 4'-methyl-2,2"-bipyridine-4-carboxylic acid ligand, which after
conjugation with a hexylamino modified 17mer, produced a shorter linker strand
joining the complex to the 17mer ODN (figure 3.36).

The second ruthenium-ODN conjugate was 3'-end labeled and irradiated in
the presence and absence of target 34mer ODN. In an absence of irradiation, 10.6 %
of the conjugate was damaged, indicating some degradation of the stock sample over

time. After 20 mins irradiation in the absence of target 34mer ODN, 25 % ofthe
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conjugate was damaged. In the presence of the target 34mer ODN, 11.2 % of the

conjugate was damaged.

I g ki
OLIGONUCLEOTIDE— P— O
(0] H |
" B N
"Ru (phen),
i
s l (phen = 1,10-phenanthroline)

Figure 3.36 Structure of ruthenium-ODN conjugate with shorter linker chain'™

Relative to the [Ru(phen),phen']-ODN conjugate, much less of the second
ruthenium-ODN conjugate was damaged after 20 mins irradiation in the presence of
the unlabeled 34mer ODN target (only 11.2 % compared to 23.2 %). This result was
consistent with the increased yield of cleavage observed at G21 for the second
ruthenium-ODN conjugate. A possible explanation for these results may be that the
shorter linker chain in the second conjugate may have been more stable to
degradation during the course of the irradiations, thus resulting in a system capable of
higher yields of guanine specific cleavage due to a higher overall level of ruthenium-

ODN conjugate in the experimental samples.
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3.13 Conclusions

Irradiation of the target 34mer ODN in the presence of the free
photosensitisers showed guanine-specific cleavage with a preference for the 5'-
guanine of the G14G15” doublet. A slightly higher overall yield of cleavage was
observed in high salt conditions compared with low salt conditions. Experiments
investigating the effect of azide and argon showed a significant decrease in guanine-
specific cleavage. Inclusion of persulfate increased the overall yield of cleavage. The
ability of the free complexes to cleave the target strand seemed to be dependent on
'0, production and was concluded to involve mainly type II cleavage. Traces of
oxygen in the experimental samples may explain why all cleavage was not
suppressed.

Irradiation of the target 34mer ODN in the presence of the Ru-ODN conjugate
revealed site-specific cleavage at the G21 target. Inclusion of azide and argon
showed a small effect in reduction of cleavage compared to the free photosensitisers.
This effect may be attributed to an inability to suppress 'O, production in the
immediate locality of the photosensitiser in the more enclosed conjugate system.
Inclusion of persulfate showed an increase in G21 cleavage, but in addition to a loss
of site-specificity, due possibly to generation of the sulfate radical anion. Non-
denaturing gel analysis confirmed duplex formation between the target strand and the
Ru-ODN conjugate. Nonsense strand work showed no tendency for the Ru-ODN
conjugate to bind to random ODN sequences. Variant strand work, to investigate the
range of oxidative damage, revealed 3'-end cleavage in the variant strands. This was

attributed to hairpinning in the variant strands. Experiments with non-hairpinning
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variant 3 showed the ruthenium complex was only capable of inducing damage in its
localised vicinity. 3'-end labeling experiments showed some degradation of the
conjugate in the absence of irradiation, with a slight increase in damage observed
with increasing irradiation times. This conjugate damage may explain why no
increase in G21 cleavage is observed with increasing irradiation times.

In conclusion, site-specific cleavage of the target 34mer ODN representing the
leukaemic mRNA using the Ru-ODN conjugate was achieved in the model system. It
was decided to extend this work to a conjugate system capable of forming crosslinks
with the target strand. In vivo, forming crosslinks between the mRNA sequence and

the antisense vector would again achieve the overall aim of down-regulation of

leukaemic mRNA expression.
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CHAPTER 4

Interaction between
[Ru(TAP),;phen’]-ODN conjugate and
target 34mer



4.1 Introduction

The work in this chapter describes the phétochemical targeting of the same
34mer ODN target used in chapter 3, the sequence of which represents the fusion
section of the ber / abl mRNA specific only to CML cells. The 34mer ODN is
targeted using the ruthenium-oligodeoxynucleotide conjugate, [Ru(TAP),phen’]-
ODN, where TAP = 14,5 8-tetraazaphenanthrene and phen’ = 5-(4-
carboxybutanamido-1,10-phenanthroline), with a view to indﬁction of photoadduct
formation between the ruthenium complex and the target strand. Photoadduct
formation will result in a covalent linkage between the two species, therefore from an
in vivo point of view, the leukaemic mRNA will become covalently bound to the
ruthenium-ODN conjugate. As a result, translation of the mRNA into the
corresponding CML oncoproteins will be disrupted and down-regulation of the
normal gene expression of the starting oncogene achieved.

The results of photoadduct experiments with the target 34mer ODN using the
free ruthenium complexes [Ru(TAP),phen'** and [Ru(TAP);]** are described. The
effect of the addition of various reagents on the ability of the ruthenium-ODN
conjugate to induce photoadduct formation was also investigated to study the
mechanism of photoadduct formation. The variant strands studied in chapter 3 were
also investigated in relation to the [Ru(TAP),phen’]-ODN conjugate system in order
to investigate the effect of moving the target guanine in increments away from the
ruthenium complex. In addition, an investigation of the effect of exchanging the

target 34mer ODN target for a random DNA sequence was carried out to ensure that
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the ruthenium-ODN conjugate was unable to form photoadducts with DNA

sequences unrelated to the target sequence of choice.

4.2 Description of model system

The ultimate aim of this section of work was site-specific photoadduct formation
between the target 34mer ODN and the previously synthesised ruthenium-ODN
conjugate, [Ru(TAP),phen']-ODN. The model system designed to achieve this aim
was similar to the system described in section 3.2 in the sense that the in vitro CML
system representing the in vivo system was designed so that the ruthenium-ODN
conjugate could be used as an antisense vector in addition to the utilisation of the
photochemical properties of the ruthenium complex in order to inhibit translation of
the leukaemic mRNA and down-regulate gene expression of the starting oncogene.

The model system for this work consisted of the target 34mer ODN representing
the leukaemic mRNA and the ruthenium-ODN conjugate, [Ru(T AP);phen’]-ODN
(figure 4.1). The ruthenium complex was conjugated to a 17mer ODN
complementary to one section of the target 34mer ODN to ensure that upon
hybridisation of the two complementary regions, the ruthenium complex would be
orientated in such a way as to optimise site-specific photoadduct formation between
the ruthenium complex and the target base in the 34mer ODN strand. Again the

target base in this second system was a guanine 21 bases from the 5'-end of the 34mer

ODN target (G21).
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TGACCATCAATAAGGAAGAAG? CCCTTCAGCGGCC

GGTAGTTATTCCTTCT T Y 436nm

RuComplex

adduct formation

TGACCATCAATAAGGAAGAAG? CCCTTCAGCGGC

GGTAGTTATTCCTTCT T

PAGE analysis of cleavage products

Autoradiography and phosphoimagery

Figure 4.1 Model system of target 34mer and [Ru(TAP),phen’]-ODN conjugate
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4.2.1 Hybridisation of complementary strand regions
Prior to all irradiation experiments, samples containing the target strand and

the [Ru(TAP),phen’]-ODN conjugate were allowed to hybridise as described in

section 3.2.1.

4.2.2 Ionic strength conditions

As with the previous ruthenium-ODN conjugate work, the buffer salt
concentration was a consideration in the optimisation of the second ruthenium-ODN
conjugate system. Previous work carried out by this research group in relation to
photoadduct formation between free ruthenium complexes and target
oligodeoxynucleotides were initially carried out under high salt conditions but
subsequently changed to low salt conditions. Greater photoadduct yields were
obtained under the latter conditions, with the results being attributed to an increase in
the binding efficiency of the free ruthenium complexes in an environment of reduced
electrostatic potential.'®: '*. With regard to the work described in this chapter,
preliminary studies of photoadduct formation with the free ruthenium complexes
were carried out at low salt conditions (10 mM potassium phosphate buffer).
Subsequent experiments with the [Ru(TAP),phen’]-ODN conjugate were carried out
under both low salt and high salt (10 mM potassium phosphate buffer / 100 mM
NaCl) conditions, as the ionic strength was of importance in ensuring optimal
hybridisation between the target strand and 17mer ODN of the ruthenium conjugate.

Comparison of results under both ionic conditions are discussed in the subsequent

sections.
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4.2.3 Irradiation conditions

All irradiation work was carried out as described in section 3.2.3.

4.2.4 Analysis of photoadduct formation

After the irradiation of samples, the formation of photoadducts was analysed
by polyacrylamide gel electrophoresis (PAGE). Photoadduct formation involved the
formation of a covalent linkage between the guanine of interest (G21) on the target
strand and the [Ru(TAP),phen']-ODN conjugate thus forming a species of higher
molecular weight than the target strand alone. As this target strand was initially
radiolabeled at the 5'-end with y*’P, only the target strand alone or the target strand
attached to another species was detectable upon analysis. After polyacrylamide gel
electrophoresis, a photoadduct is expected to appear as a band of reduced mobility
with respect to the parent 34mer band. Generally samples where photoadduct
production was expected were not subjected to piperidine treatment, although a small
number of experiments were conducted where base treatment was included to see the
effect of piperidine treatment on the photoadduct stability and to reveal any additional
sites of photooxidative damage. The theory behind piperidine treatment is discussed
fully in section 3.2.4. All experiments involving photoadduct formation between the
ruthenium-ODN conjugate and target strand of choice were visualised by
autoradiography and quantified by phosphoimagery. Details of 5-end labeling,

autoradiography and phosphoimagery are discussed in chapter 5.
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4.3 Photoadduct formation using free ruthenium complexes
The free ruthenium complexes [Ru(TAP),phen'J** and [Ru(TAP);]** (where

TAP = 1,4,5,8-tetraazaphenanthrene and phen'= 5-(4-carboxybutanamido-1,10-
phenanthroline) were studied in irradiation experiments with the target 34mer ODN
with a view to analysis of photoadduct formation between the ruthenium complexes
and the target strand. As mentioned in section 1.11.2, ruthenium complexes bearing
two or more n-deficient ligands such as TAP are oxidising enough in their excited
state to abstract electrons from guanines, as guanine has the lowest oxidation
potential of all the bases. The resulting guanine radical cation and reduced ruthenium
complex combine to give the final photoadduct product. Previous work by this
research group'® using [Ru(TAP);]** and a target 24mer ODN with a 10:1 ratio of
ruthenium complex : ODN target in low salt buffer conditions showed evidence of
photoadduct formation. Photoadducts were detected as bands of reduced mobility
with respect to the parent band after PAGE and autoradiography. Higher yields of
photoadduct formation were obtained under low salt conditions compared with

experiments carried out under high salt conditions.

43.1 Photoadduct formation between target 34mer ODN and
[Ru(TAP),phen’]** and target 34mer ODN and [Ru(TAP);]**

Initially irradiation experiments between [Ru(T AP)phen'T** and the target
34mer ODN were carried out using a 10:1 ratio of ruthenium complex : target ODN
fragment under low salt conditions using a range of irradiation times up to 20

minutes. Irradiation at 436 nm was not followed by piperidine treatment unless
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otherwise stated. The initial results were not as clearly defined as the photoadducts
previously observed with other ruthenium complexes bearing n-deficient ligands and
the 24mer ODN target. Control lanes containing the 34mer target and
[Ru(TAP),phen'J* in the absence of any irradiation showed a band identical to that
observed for the 34mer ODN target alone in the absence of irradiation. This result
indicated that neither photoadduct formation or target strand cleavage occurred in the
absence of irradiation. For the remaining experiments carried out using a variety of
irradiation times, no clearly defined photoadduct band was observed above the parent
band attributed to the target 34mer ODN, but streaking above the parent band was
evident. This streaking effect was not evident in the absence of irradiation. This
material above the parent band was due to a species of reduced mobility with respect
to the 34mer ODN target and was tentatively attributed to photoadduct formation
between the target 34mer ODN and the free [Ru(TAP),phen'** complex.

In order to improve the photoadduct formation between the free
[Ru(TAP),phen' " complex and the target 34mer ODN, the experimental conditions
were varied in an effort to “fine tune” the system and achieve optimal results. The
experiments with the free [Ru(T AP),phen'** complex were repeated under both high
salt and low salt experimental conditions using longer irradiation times of up to 60
minutes. No significant improvement on the photoadduct resolution was achieved,
again with only streaking above the target 34mer ODN band being observed. No
streaking was observed above the target 34mer ODN band in the presence of the free

ruthenium complex in the absence of irradiation or with the target 34mer ODN alone

in the presence of irradiation.
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Concentration changes were also made with a view to optimisation of
photoadduct resolution. In order to ensure that a sufficient excess of ruthenium
complex was present in each sample to be irradiated, the target 34mer ODN was
diluted by a factor of ten prior to sample preparation. Irradiation experiments were
carried out over a range of irradiation times in the presence of free
[Ru(TAP),phen’** complex under low salt conditions. The free ruthenium complex
was used at two different concentrations i.e. samples were taken from 1x10*M and
1x10°° M stock solutions of the free complex. In the original undiluted experiments,
samples of the free ruthenium complex taken from 1x10*M and 1x10™ M stock
solutions corresponded to ratios of ruthenium complex : ODN fragment of 10:1 and
1:1 respectively. Again, analysis of the results showed only streaking above the
target 34mer ODN band was evident. As previously stated, this streaked material of
reduced mobility was attributed to photoadduct formation and was not present in the
absence of irradiation. The phosphoimagery results of experiments carried out using
the diluted target 34mer ODN and free ruthenium complex from stock solutions of
1x10“*M and 1x10°M are shown in figures 4.2 and 4.3 respectively.

Figure 4.2(a) shows the result of the diluted 34mer ODN target in the
presence of the free [Ru(TAP),phen']** complex in the absence of irradiation. One
sharp peak due to the 34mer ODN target is evident with no material of reduced
mobility present. Figure 4.2(b) shows the result of the same experiment after 20
mins irradiation. The 34mer ODN peak is no longer as well defined, with an obvious

shoulder tailing off from the parent 34mer peak. This “shoulder” corresponds to the

streaking pattern evident after autoradiography.
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Figure 4.2 Phosphoimaging results for diluted 34mer ODN with
[Ru(TAP),phen']** (1x10™ M stock solution), 10 mM potassium
phosphate buffer after (a) 0 min irradiation and (b) 20 mins irradiation.

Figure 4.3(a) shows the result of the 34mer ODN diluted target in the presence of
free [Ru(TAP),phen’]** complex from a 1x10”° M stock solution in the absence of
any irradiation. Again, one sharp peak due to the 34mer ODN target is evident with
no material of reduced mobility present. Figure 4.3(b) shows the result of the same
experiment after 20 mins irradiation. Like the previous set of experiments, the 34mer

peak is no longer as well defined with a slight shoulder evident corresponding to
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material of reduced mobility seen as streaking in the autoradiography results. In this
second set of experiments, using the reduced concentration of free ruthenium

complex, the amount of material of reduced mobility is less than in the experiments
where the higher concentration of free ruthenium complex was used. Based on this

observation, the higher concentration stock solution of [Ru(TAP),phen']** was used

for the remainder of the experiments in this section.

@ |
(b)
Slight 34mer
broadening TR
of parent
peak

\

Figure 4.3 Phosphoimaging results for diluted 34mer ODN with
[Ru(TAP),phen’]** (1x10”° M stock solution), 10 mM potassium
phosphate buffer after (a) 0 min irradiation and (b) 20 mins irradiation.
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Experiments were then carried out in which different concentrations of the target
34mer ODN was used. In addition to the one in ten dilution of the target 34mer
ODN, samples were prepared containing target 34mer ODN at dilution factors of one
in five and two in five (referring to one or two parts 34mer ODN in five parts water).
The 1x10™* M stock solution of the free ruthenium complex was included in each
experiment. Irradiations over a range of times showed no improvement in
photoadduct resolution with streaking evident above the target 34mer ODN band in
each case. Reduction of the target 34mer ODN concentration did not seem to greatly
affect the final result in comparison to experiments carried out with the undiluted
34mer ODN. Experiments were thus continued with the undiluted 34mer ODN stock
solution.

At this stage, a direct comparison of the system with a [Ru(TAP);]** standard
was carried out. [Ru(TAP):J*" had previously been shown to form distinguishable
photoadducts with a 24mer ODN target under low salt conditions using the same
concentration of target strand and free ruthenium complex as used in this section of
the work. The work with the target 34mer ODN was repeated in the presence of the
[Ru(TAP);]** complex and directly compared to results with the [Ru(TAP);,phen’]**
complex.

Figure 4.4 shows the results of experiments with the target 34mer ODN in the
presence of the [Ru(TAP);]** complex with irradiation times of up to 10 mins. Lane
1 shows the result after 0 mins irradiation and as the time was increased, some
material of reduced mobility was observed above the target 34mer ODN. No distinct

photoadduct band was observed, but the material of reduced mobility that was not
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present in the absence of illumination was indicative of photoadduct formation. The
phosphoimaging results for lanes 1, 6 and 7 are shown in figure 4.5. The material of

reduced mobility observed is seen as a broadening of the parent 34mer ODN peak.

material of

/ reduced mobility

34mer

No double strand
region damage

Irradiations carried out in 10 mM phosphate buffer with a 10:1 ratio of
[Ru(TAP)3]2+:target 34mer ODN. Lane1l O min; Lane2 15 sec; Lane3

30sec; Lane 4 |1 min; Lane5 2.5min; Lane6 5min; Lane7 10 min.

Figure 4.4 34mer target ODN in presence of [Ru(TAP);]**
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Figure 4.5 Phosphoimaging results for 34mer ODN with [Ru(TAP);}**
(1x10* M stock solution), 10 mM potassium phosphate buffer after (a) 0
min irradiation, (b) 5 mins irradiation and (c) 10 mins irradiation
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Figure 4.6 shows the results of experiments with the target 34mer ODN in the
presence of the [Ru(TAP),phen']** complex with irradiation times of up to 10 mins.
Lane 1 shows the result after 0 mins irradiation and as the time was increased, some
material of reduced mobility was observed as streaking above the target 34mer ODN.
The phosphoimaging results for lanes 1, 6 and 7 are shown in figure 4.7. The

material of reduced mobility observed is seen as a broadening of the parent 34mer

ODN peak.

streaking

SEa

S =+ 34mer

No double strand
region damage

Irradiations carried out in 10 mM phosphate buffer with a 10:1 ratio of
[Ru(TAP)phen "' : target 34mer ODN. Lane 1 0 min; Lame2 15 sec; Lane

3 30sec; Lane 4 1 min; Lane5 2.5min; Lane6 Smin; Lane7 10 min.

Figure 4.6 34mer target ODN in presence of [Ru(TAP),phen' *
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Figure 4.7 Phosphoimaging results for 34mer ODN with [Ru(TAP),phen’ ]?*
(1x10™* M stock solution), 10 mM potassium phosphate buffer after (a) 0 min

irradiation, (b) 5 mins irradiation and (¢) 10 mins irradiation
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Although distinct photoadducts were not isolated for either of the free
ruthenium complexes, the material of reduced mobility observed above the target
34mer bands after irradiation was indicative of photoadduct formation. The results
were slightly better defined for the more oxidising [Ru(TAP);]** standard and the
presence of the phen’ ligand in the [Ru(TAP),phen'** complex as a negatively
charged species under the experimental conditions, thus reducing interaction with the

target ODN sequence, may also have contributed to the final result.

4.4 Photoadduct formation between 34mer ODN target and [Ru(TAP),phen’]-
ODN conjugate

The ruthenium-oligodeoxynucleotide (ODN) conjugate, [Ru(T AP),phen']-
ODN, was synthesised as described in chapter 2 by conjugation of the free ruthenium
complex, [Ru(T AP)zphen‘]2+, to a 17mer ODN with a sequence complementary to
one section of the 34mer ODN target strand. The overall aim was site-specific
photoadduct formation between the ruthenium complex and the target G21 on the
34mer ODN strand.

Based on previous work by this research group with free photoadduct forming
ruthenium complexes, initial work with the [Ru(TAP),phen’]-ODN conjugate was
carried out in low salt conditions (10 mM potassium phosphate buffer) using a 10:1
ratio of ruthenium-ODN conjugate : target 34mer ODN. An important consideration
with the model system was to ensure that optimal hybridisation would occur between
the 17mer ODN and the complementary region of the target 34mer ODN so as to

allow optimal interaction between the ruthenium complex and the G21 target on the
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34mer ODN strand. As this duplex formation is favoured under high salt conditions
(10 mM potassium phosphate buffer / 100 mM NaCl), the work was also carried out
under high salt conditions to investigate any significant differences caused by the
differing ionic strength conditions. Samples were irradiated at various times between
0 mins and 40 mins and were not piperidine treated unless otherwise stated.

Preliminary experiments carried out under both high and low salt conditions
showed that photoadduct formation with the target 34mer ODN was obtained after
very short irradiation times (approximately 1 minute). No photoadduct formation
was observed in an absence of irradiation. Photoadducts were identified as bands of
reduced mobility with respect to the parent 34mer band as described in figure 4.8.
After irradiation, a cross-linked species was formed between the ruthenium conjugate
and the target guanine base (figure 4.8(a)). When the sample was analysed on a
denaturing polyacrylamide gel, base pairing between the 17mer ODN and its
complementary sequence on the target 34mer ODN was suppressed leaving a cross-
linked species that migrated through the gel matrix at a slower rate than the target
34mer ODN on its own (figure 4.8(b)).

Differing ionic strengths did affect the yield of photoadduct formation with an
approximately 11 % drop in photoadduct formation in high salt conditions. Therefore
considering these results, all subsequent experiments were carried out under low salt
conditions, as was favoured by previous research with free ruthenium complexes'*.
Experiments were then carried out using a reduced ratio of ruthenium-ODN conjugate

: target 34mer ODN of 1:1. Results with this new 1: 1 ratio gave results comparable
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to those obtained in the 10:1 ratio experiments, therefore all subsequent work with the

[Ru(TAP),phen’]-ODN conjugate was carried out at the reduced 1:1 ratio.

* TGACCATCAATAAGGAAGAAG? CCCTTCAGCGGCC *

GGTAGTTATTCCTTCTT ~ R¢ (@)

Denaturing gel analysis

> TGACCATCAATAAGGAAGAAG?'CCCTTCAGCGGCC ¥

Ru

(b) crosslinked species
of reduced mobility

Figure 4.8 Diagrammatic representation of cross-linked ruthenium-conjugate /
target 34mer ODN species before (a) and after (b) denaturing gel analysis

Lanes 1-6 in figure 4.9 show the results of experiments in which the target

34mer ODN was irradiated in the presence of the [Ru(TAP),phen’]-ODN conjugate

with irradiation times of 0 mins up to 10 mins using a 1:1 ratio of ruthenium-ODN

conjugate : target 34mer ODN. No adduct was observed in lane 1 in an absence of
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irradiation. Adduct formation was observed in lanes 2-6 upon increasing irradiation
times. No photoadduct was observed in lane 7 which contained only 34mer ODN
target that was irradiated for 10 mins. Only one photoadduct was observed in lanes
2-6, suggesting that the ruthenium complex only forms crosslinks at one position on

the target 34mer ODN i.e. at the G21 target. No double strand region strand damage

was observed other than background cleavage.

<— Photoadduct

S odAnmier

No double-strand
region damage

Irradiations carried out in 10 mM phosphate buffer with a 1:1 ratio of
[Ru(TAP),phen']-ODN : target 34mer ODN. Lanme 1 0 min; Lame 2 1 min;

Lane3 2 min; Lane 4 4 min; LaneS5 8 min; Lane 6 10min; Lane 7

34mer only, 10min.

Figure 4.9 Photoadduct formation between 34mer ODN and [Ru(TAP),phen’]-ODN
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The phosphoimagery results oflanes 1 and 6 are shown in figure 4.10. As previously
stated, no photoadduct formation was observed in an absence of irradiation and
figure 4.10(a) consisted only of one peak due to the target 34mer ODN alone.
Figure 4.10(b) shows the result after 10 mins irradiation in the presence of the
[Ru(TAP),phen’]-ODN conjugate. In addition to the parent 34mer ODN peak, a
second peak due to photoadduct formation was also present. The overall yield of

photoadduct formation in this case was 5.3 %.

34mer @
—_—
34mer (b)
Adduct

l

Figure 4.10 Phosphoimagery results of 34mer ODN in presence of
[Ru(TAP),phen']-ODN conjugate after a) 0 mins irradiation and b) 10
mins irradiation.
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In an analogous manner to the photocleavage results observed with the
[Ru(phen),phen’]-ODN conjugate, increasing irradiation times did not result in an
increase of photoadduct formation, suggesting that the photoadduct formation ceases
after a certain period of time. This observed “plateau” of activity by the
[Ru(TAP),phen’]-ODN conjugate may possibly be explained by one of two main
theories, similar to those proposed for the [Ru(phen),phen']-ODN conjugate
discussed in section 3.6. The [Ru(T AP),phen']-ODN conjugate may form
photoadducts with itself i.e. the ruthenium complex may be capable of abstracting
electrons from guanines on the 17mer ODN to which it is conjugated, thus reducing
the amount of ruthenium-ODN conjugate available for photoadduct formation with
the target 34mer ODN. Alternatively, the ruthenium complex may become detached
from the 17mer ODN or may be destroyed, again reducing the amount of
[Ru(TAP)phen’]-ODN conjugate available for photoadduct formation. The relative
inefficiency of photoadduct formation with the ruthenium-ODN conjugate is

addressed in more detail in section 4.11.

4.5 Piperidine treatment

A number of experiments were subjected to piperidine treatment to assess the
stability of the photoadducts after base treatment. Results showed no decrease in the
overall yield of photoadduct formation. The only difference was the introduction of a
small amount of guanine-specific cleavage in the target 34mer ODN strand. As the

photoadduct was not affected by base treatment, it was concluded that the small
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amount of cleavage observed upon piperidine treatment revealed sites of modified

base damage within the target 34mer ODN afier irradiation.

4.6 Effect of the presence of sodium nitrite filter

The effect of the presence of a sodium nitrite (NaNO,) filter on the overall
ability of the [Ru(T AP),phen’]-ODN conjugate to form photoadducts with the G21
target in the parent 34mer ODN strand was also investigated. As discussed in section
3.7, the beam used to irradiate the experimental samples was initially passed through
a sodium nitrite filter.

The experiments were repeated under identical conditions to those described in
section 4.4 with the inclusion of the sodium nitrite filter in the experimental setup i.e.
using a 1:1 ratio of ruthenium-ODN conjugate : 34mer ODN target in low salt
conditions with no piperidine treatment.

Analysis of the results showed that in both filtered and non-filtered conditions,
photoadduct formation with the target 34mer ODN was achieved but with a slightly
lower yield of photoadduct under filtered conditions. The results of the filtered and
non-filtered experiments after 10 mins irradiation are compared in figure 4.11.

The wavelengths between 330 nm an 400 nm which are excluded by the
inclusion of a sodium nitrite filter in addition to the Pyrex™ glass filter already
present, may possibly play a part in achievement of higher yields of photoadduct

formation between G21 in the target 34mer ODN strand and the ruthenium complex.

Alternatively, passing the beam through the sodium nitrite filter will remove power
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from the beam thus causing the experimental samples to be irradiated with a weaker

beam and explaining the slightly lower yield of photoadduct formation.

Non-filtered

Filtered

% Photoadduct formation

0 10

Irradiation time (min)

Figure 4.11 Comparison of yields of photoadduct formation
between target 34mer and [Ru(TAP),phen’]-ODN conjugate in
presence and absence of sodium nitrite filter.

4.7 Non-denaturing gel work

Due to the nature of the model system used for the investigation of the
photoadduct formation between the [Ru(T AP),phen’]-ODN conjugate and the target
34mer ODN, confirmation of hybridisation between the 17mer of the ruthenium-
ODN conjugate and its complementary sequence on the target 34mer ODN before
sample irradiation was necessary. Different samples were analysed using non-

denaturing gels to verify duplex formation. Non-denaturing gels are discussed in

detail in section 3.8.
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Samples containing the target 34mer ODN and the [Ru(TAP),phen’ ]-ODN
conjugate were allowed to hybridise in the normal way and were subsequently
analysed on a non-denaturing gel. Bands of reduced mobility with respect to the
target 34mer ODN band were observed for samples containing both the target 34mer
ODN and the ruthenium-ODN conjugate. The result indicated successful
hybridisation between the complementary duplex region thus ensuring correct
orientation of the ruthenium complex in order for photoadduct formation with the

G21 target to occur. The results are shown in figure 4.12.

Material of reduced
mobility

All samples in 10 mM potassium phosphate buffer and samples with
ruthenium conjugate contain 1:1 ratio of ruthenium-ODN conjugate :
target 34mer ODN. Lane 1 34mer ODN; Lane 2 34mer target and
[Ru(TAP),phen’ ]-ODN conjugate.

Figure 4.12 Comparison of 34mer target / [Ru(TAP),phen’ ]-ODN
duplex with free 34mer target on non-denaturing gel.
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Lane 1 shows the target 34mer ODN alone and lane 2 shows the 34mer ODN target
in the presence of [Ru(TAP),phen']-ODN conjugate with the area of reduced
mobility above the parent 34mer band indicative of duplex formation. Figure 4.13
shows the phosphoimaging results for lanes 1 and 2. Figure 4.13(a) shows only one
peak representing the target 34mer ODN alone. Figure 4.13(b) shows the target
34mer in the presence of the ruthenium conjugate. The peak adjacent to the parent

34mer peak indicated hybridisation between the complementary regions.

| (a)

§ 34mer

Figure 4.13 Phosphoimagery results comparing non-denaturing results of
a) 34mer target ODN only and b) 34mer target ODN in presence of
[Ru(TAP),phen']-ODN conjugate.
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Samples containing 34mer ODN target and complementary 17mer ODN were also
compared to the 34mer target / [Ru(T AP),phen']-ODN conjugate samples. Non-
denaturing gel analysis showed bands of similar reduced mobility for both samples
indicating that the presence of the ruthenium complex at the 3'-end of the 17mer

ODN did not reduce the stability of the duplex formed compared to the unconjugated

system.

4.8 Effect of various additions on photoadduct formation between target 34mer

ODN and [Ru(TAP),phen'|-ODN conjugate

The effect of inclusion of various reagents in the experiments with the

[Ru(TAP),phen]-ODN conjugate was studied in order to gain an understanding of
the mechanism by which photoadduct formation occurred between the ruthenium
complex and G21 in the target 34mer ODN. Experiments with various additions
were compared directly to a control experiment containing no addition. Results were

analysed by PAGE and quantified by phosphoimagery.

48.1 Effect of sodium azide (NaN;) and argon

As previously mentioned in section 1.9, adduct formation is thought to occur
via a type I electron transfer pathway which is not dependent on singlet oxygen
production. Inclusion of sodium azide, a singlet oxygen quencher, will decrease the
amount of damage induced by a type Il singlet oxygen dependent pathway. Likewise,
argon purging during the course of an experiment will reduce the amount of

molecular oxygen available in the experimental sample and localised environment
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from which singlet oxygen can be generated, thus reducing the amount of type II
damage occurring. The phosphoimagery results of experiments containing azide and
carried out under an atmosphere of argon are compared to the normal experiment in
figure 4.14. All experiments were carried out in low salt conditions with a 1:1 ratio
of [Ru(TAP),phen’]-ODN conjugate : target 34mer ODN with an irradiation time of

10 mins. Samples were not piperidine treated and irradiations were carried out in the

absence of a sodium nitrite filter.

Adduct (a)

Adduct

.

e

Figure 4.14 Phosphoimagery results comparing photoadduct formation
with target 34mer ODN and [Ru(TAP),phen’]-ODN conjugate a) with no
additions b) with azide and c) under argon atmosphere
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Figure 4.14(a) shows photoadduct formation between the target 34mer ODN and the
[Ru(TAP),phen’]-ODN conjugate in the absence of any additions. A 5.5 % overall
yield of photoadduct was achieved. Figure 4.14(b) shows the same experiment in
the presence of sodium azide. A decrease in the overall yield to 4.4 % photoadduct
formation was observed. Figure 4.14(c) shows the effect of argon purging during the
course of the experiment with a further decrease in photoadduct formation to 3 %.

Repetition of these experiments produced similar results.

48.2 Effect of D;O

A D;O environment increases the lifetime of singlet oxygen, therefore a
pathway dependent on singlet oxygen production should show an enhancement in
overall damage when the experiment is carried out in D,0 buffer. Figure 4.15 shows
the comparison between an experiment with target 34mer ODN and
[Ru(TAP),phen']-ODN conjugate carried out in the absence and presence of D,O.
Figure 4.15(a) shows the normal experiment in the absence of D,O with a 5.5 %
overall yield of photoadduct formation. This figure drops to give an overall yield of

4.4 % photoadduct formation when the experiment is carried out in D,0 as shown in

figure 4.15(b).
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Adduct 34mer @

Adduct
1

Figure 4.15 Phosphoimagery results comparing photoadduct formation
with target 34mer ODN and [Ru(T AP),phen']-ODN conjugate a) with no
additions and b) in the presence of D,O

48.3 Mechanism of photoadduct formation

The results of the experiments carried out in H,0, D,0, azide and with argon

purging are summarized in figure 4.16. Photoadduct formation (type I damage)

involves electron transfer from guanine to the ruthenium complex generating the

radical cation of the base, and experiments involving azide and argon purging would

not be expected to have as significant an effect as compared with a type Il pathway.

A reduction in photoadduct formation was observed in both cases, with a larger

decrease evident with argon. Azide may have been able to quench the excited state of

the ruthenium complex. The majority of photoadduct formation was not suppressed,
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indicating a type I mechanism was the major reaction. A decrease in photoadduct
formation was observed in D,Q i.e. less photoadduct production occurred when the
lifetime of 'O, was increased. As previously stated, type Il damage may occur in
conjunction with type I damage and it would be expected that the overall damage
should increase in D;0. As the majority of damage seemed to occur by a type I
pathway, increasing the lifetime of localised 'O, may possibly interfere with the type
L electron transfer mechanism, thus explaining the observed reduction in photoadduct
formation. It can be concluded that base modification in the presence of the
[Ru(TAP)phen’]-ODN conjugate occurred predominantly by a type I reaction

mechanism.

% Photoadduct formation

H;0 Azide Argon D,0

Figure 4.16 Comparison of photoadduct formation with target 34mer
ODN and [Ru(TAP),phen’ ]-ODN conjugate with no additions and in
presence of azide, argon and D,O
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4.8.4 Effect of ammonium persulfate

As mentioned in section 3.4.3, the inclusion of the electron transfer agent
ammonium persulfate (NH,),S,05) can generate a Ru(Ill) species from the Ru(Il)
complex. The Ru(Ill) species is a stronger oxidant than Ru(ll), and in the case of
photoadduct formation, should abstract an electron more readily from guanine, thus

increasing the overall yield of photoadduct formation. The reactive SO4” species is

also generated and may also induce damage. Inclusion of ammonium persulfate in

the sample of target 34mer ODN and [Ru(T AP),phen']-ODN showed an increase in

photoadduct formation from 5.5 % to 6.5 % (figure 4.17).

4.8.5 Effect of desferrioxamine

The yield of photoadduct formation between the target 34mer ODN and the
[Ru(TAP),phen’]-ODN conjugate was studied in the presence of desferrioxamine.
As mentioned in section 3.9.5, desferrioxamine is an efficient Fe(II) (and transition
metal) chelator. It was expected that metal chelation in the system would result in a
significant decrease in photoadduct formation i.e. less ruthenium complex would be
available for photoadduct formation with the target 34mer ODN. In fact a significant
increase in the overall photoadduct yield from 5.5 % to 7.9 % was observed (figure
4.17). The phosphoimagery results of the experiment in the absence of
desferrioxamine (a) and in the presence of desferrioxamine (b) are shown in figure
4.18. The observed increase in photoadduct formation may be explained by the
formation of desferrioxamine radicals capable of generating the Ru(III) species which

in turn would lead to an increase in photoadduct formation.
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% Photoadduct formation

No additions  Persulfate DF

Figure 4.17 Comparison of photoadduct formation with target 34mer
ODN and [Ru(TAP);phen']-ODN conjugate with no additions and in
presence of persulfate and desferrioxamine (DF)

(@)

Adduct 2

| |

1
Adduct 34mer

|

Figure 4.18 Phosphoimagery results comparing photoadduct formation

with target 34mer ODN and [Ru(TAP);phen’ ]-ODN conjugate a) with no
additions and b) in the presence of desferrioxamine
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4.9 Nonsense strand work

As mentioned in section 3.10, only phototargeting of the target 34mer ODN
representing the leukaemic mRNA, and not of random nucleic acid sequences, was
desired. From a biological point of view, interference with translation or
transcription of random nucleic acids can result in undesired non-specific effects in
addition to the down-regulation of the desired oncogene gene expression. In relation
to the [Ru(TAP),phen’]-ODN conjugate work, it was necessary to ensure that the
conjugate was not capable of binding to random nucleic acid sequences, thus ensuring
that crosslinks would not form between the ruthenium complex of the conjugate and
random guanine residues.

The nonsense strand used in this set of experiments was that designed to
investigate the binding specificity of the [Ru(phen),phen']-ODN conjugate. As
before, the guanines in the nonsense strand were in the same positions as the original
34mer ODN with the remaining bases mixed up whilst keeping the overall base
composition constant. The sequences of the original 34mer ODN target and the
nonsense strand are shown in figure 3.24.

The results of experiments with the nonsense strand are shown in figure 4.19.
Lane 1 shows the PAGE analysis of a sample containing the nonsense strand in the
presence of the [Ru(TAP),phen’]-ODN conjugate at a ratio of 1:1 under low salt
conditions with no irradiation. Lane 2 shows the result of the same experiment after
10 mins irradiation. No band of reduced mobility with respect to the parent 34mer

nonsense strand was observed after irradiation, showing that the ruthenium-ODN
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conjugate was not capable of binding to the nonsense strand and forming a

photoadduct with the G21 target base.

No
photoadduct
formation

Nonsense strand

No double
strand region
damage

All samples containing 1:1
ratio nonsense strand :
ruthenium conjugate in 10
mM potassium phosphate
buffer.  Lane 1 0 min
irradiation; Lane 2 10 mins

irradiation.

Figure 4.19 Results of nonsense strand experiments in presence of
[Ru(TAP),phen']-ODN conjugate

The phosphoimagery results for this experiment are shown in figure 4.20. Lanes |

and 2 are shown in figure 4.20(a) and figure 4.20(b) respectively. Only one peak

due to the presence of the nonsense strand was evident in each case with no peak

characteristic of photoadduct formation evident in (b) after 10 mins irradiation.
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Nonsense (a)
strand

—_—

Nonsense (b)
strand

—_—

Figure 4.20 Phosphoimagery results of nonsense strand experiments in the
presence of [Ru(TAP),phen']-ODN conjugate a) with no irradiation and b)
after 10 mins irradiation

To confirm that the [Ru(TAP),phen’]-ODN conjugate was not binding to the
nonsense strand, the results of this experiment were also analysed on a non-
denaturing gel. No material of reduced mobility with respect to the parent nonsense
ODN was observed. The results of the denaturing and non-denaturing gel work
showed that the 17mer ODN of the ruthenium-ODN conjugate was not capable of
binding to the nonsense strand therefore it can be concluded that the

[Ru(TAP),phen']-ODN conjugate is specific only for the target 34mer ODN
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representing the leukaemic mRNA sequence and is not capable of photoadduct

formation with guanines in random nucleic acid sequences.

4.10 Variant strand work

In section 3.11, a range of variant target strands were studied in relation to the
[Ru(phen),phen’]-ODN conjugate system in order to investigate the range of
oxidative damage in the model system. Six variant strands were designed, the first
with no G21 target and the remainders with the G21 target moved 1, 2, 3,4 and 6
bases towards the 3'-end of the target 34mer ODN strand. The region complementary
to the 17mer ODN of the [Ru(TAP),phen']-ODN conjugate remained unchanged.
The sequences of the six variant strands with the region complementary to the 17mer
ODN highlighted in red are shown in figure 3.26.

The same six variant strands were again studied in relation to the
[Ru(TAP)phen']-ODN conjugate system to fully investigate the range of
photoadduct formation as the target guanine base was moved towards the 3'-end of
the target 34mer ODN. Originally it had been expected that photoadduct formation
would cease as the target base was moved away in increments from its original place
at position 21 in the target 34mer ODN. But subsequent analysis with the
[Ru(phen),phen']-ODN system had shown that the variant strands were capable of
hairpinning resulting in the majority of photooxidative damage taking place at the 3'-
end guanines of the target strand. A detailed description of the possible hairpin

conformations of each of the variant strands and calculations of their free energies of

formation is discussed in section 3.11.
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A difference between the [Ru(phen),phen’]-ODN and [Ru(TAP),phen']-ODN
conjugate systems was the ionic strength of the experimental samples. In the
[Ru(phen),phen’]-ODN conjugate system, the high salt experimental conditions
seemed to strongly favour variant strand hairpinning. The [Ru(TAP),phen’]-ODN
conjugate experiments were carried out under low salt experimental conditions, but
after PAGE analysis of the conjugate in the presence of each of the variant strands, a
similar hairpinning pattern to that observed in section 3.11 seemed to explain the

observed results. The results of the [Ru(TAP),phen']-ODN conjugate experiments

with each of the variant strands is shown in figure 4.21.

T Sy 5 6 7

< slower adduct

< faster adduct

All irradiations carried out in 10 mM potassium phosphate buffer for 10 mins
with 1:1 ratio of [Ru(TAP)phen’]-ODN conjugate : target strand. Lane 1
original target 34mer; Lane 2 Variant I; Lane 3 Variant 2; Lane 4
Variant 3; LaneS Variant4; Lane6 Variant5; Lane7 Variant6.

Figure 4.21 Results of experiments with variants 1-6 in the presence
of [Ru(TAP),phen’]-ODN
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Lane 1 showed one band of reduced mobility with respect to the parent band which
was attributed to the photoadduct formed between the ruthenium-ODN conjugate and
the original target 34mer ODN. A control lane in which the original target 34mer
ODN was irradiated in the absence of the ruthenium-ODN conjugate showed no
evidence of photoadduct formation (result not shown). Lane 2 showed the result with
variant 1 (no G21 target) in which no photoadduct was formed. This result was
consistent with the absence of the guanine target at position 21 in the target strand.
Lane 3 showed the result with variant 2 (G22 target) in which two photoadducts were
evident. The slower of the two photoadducts was at approximately the same level as
that observed for the ruthenium-ODN conjugate in the presence of the original 34mer
ODN. The second faster photoadduct was situated below this slower moving
photoadduct. Lane 4 showed the result with variant 3 (G23 target) in which one
photoadduct was formed at a lower level than that in the original target 34mer ODN
system. Lane 5 showed the result with variant 4 (G24 target) in which one lower
photoadduct band was evident. Lane 6 showed the result with variant 5 (G25 target)
in which only one lower photoadduct band was evident. Similarly, lane 7 showed the
result with variant 6 (G27 target) in which only one lower photoadduct band was
observed.

The phosphoimagery results of the photoadducts formed with the variant
strands showed that for variants 3-6, a similar yield of photoadduct formation was
achieved compared with the results obtained for the original 34mer ODN target. For
variant 2, the faster photoadduct band also had a similar yield of photoadduct

formation to the original 34mer ODN system. The yield of adduct formation in the
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slower band observed with variant 2 was roughly one third that seen for the faster
adduct band.

In order to fully understand the PAGE results observed with the variant
strands, the possible hairpinning conformations were studied in conjugation with the
free energy of formation values calculated in section 3.11. The complementary
regions within each variant strand are shown underlined in figure 3.30.

In the original experiment with the target 34mer ODN strand, denaturing gel
analysis of photoadduct formation (figure 4.8) produced a cross-linked species

(figure 4.22) that moved at a relatively slow rate through the gel matrix. This was

seen as the photoadduct band in lane 1 of figure 4.21.

¥ TGACCATCAATAAGGAAGAAG?'CCCTTCAGCGGCC ¥

Ru

Figure 4.22 Crosslinked species formed between original 34mer
ODN and [Ru(TAP),phen’]-ODN conjugate

175



The polyacrylamide gel matrix can be thought of as a series of beads or pores through
which nucleic acid fragments migrate, with smaller fragments migrating at a quicker
rate through the gel matrix. Following this logic, an unmodified nucleic acid strand
should migrate at a faster rate than a crosslinked species that would be sterically
hindered. The greater the extent of crosslinking, the slower the fragment would move
through the gel matrix. The relative speed of migration of three fragments

crosslinked to different degrees in comparison to the unmodified strand and their

positions on a denaturing gel is shown in figure 4.23.

slowest moving fragment

\ "

Tl

/\_/7/

Ry
oL
"«

/\_/\ fastest moving fragment

Figure 423 Comparison of mobility of crosslinked fragment through
denaturing gel matrix
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The proposed hairpin structure in variant 3 has the lowest free energy of
formation of all the variant strands ;.e. it should form the most stable hairpin
structure. The hairpin structure seems to expose G32 at the 3'-end of the strand to
interaction with the [Ru(TAP),phen']-ODN conjugate. Photoadduct formation
between the ruthenium complex and G32 followed by denaturing gel analysis would
form the crosslinked species illustrated in figure 4.24. This species is less sterically
hindered than the G21 crosslinked species seen with the original 34mer ODN. And
would be expected to move more quickly through the gel matrix. Therefore
photoadduct formation between G32 in variant 3 and the ruthenium-ODN conjugate

would explain the faster moving photoadduct observed in lane 4 of figure 4.21.

s TGACCATCAATAAGGAAGAA cccEe Ty
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Figure 4.24 Crosslinked species formed with variant 3



Variant 2 has two possible hairpin conformations, the first of which is slightly
energetically more favourable than the second. In the first and more stable
conformation, G32 is exposed for photoadduct formation with the ruthenium
complex. The crosslinked species formed after denaturing gel analysis is illustrated in
figure 4.25. Again, this species is sterically less hindered than the G21 crosslinked
species of the original system and would be expected to migrate through the gel
matrix at a faster rate. The faster moving (lower) photoadduct in lane 3 can be

attributed to photoadduct formation between G32 and the ruthenium—ODN conjugate.
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Figure 4.25 Faster crosslinked species formed with variant 2

178



The second slightly less stable hairpin conformation seems to expose G22 to
photoadduct formation in preference to G32. Denaturing gel analysis would produce
the species shown in figure 4.26. This more sterically hindered crosslinked species
would be expected to move at a slower rate through the gel matrix, approximately
equivalent to the original G21 crosslinked species. This photoadduct can be
attributed to the slower moving band seen in the lane 3 variant 2 experiment. Also as
formation of this slower adduct is energetically less favourable than photoadduct
formation with G32, it would be expected that more G32 photoadduct would be

formed. This was seen from the phosphoimagery results where approximately two-

thirds less photoadduct was formed with position G22.
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Figure 4.26 Slower crosslinked species formed with variant 2
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Variant 4 forms a relatively stable hairpin structure in which G32 seems to be
exposed for photoadduct formation with the ruthenium-ODN conjugate. The
crosslinked species formed after denaturing gel analysis is illustrated in figure 4.27.
As with variant 3 and the faster moving band of variant 2, this species is more likely
to move quickly through the gel matrix relative to the original G21 crosslinked
species. The faster moving band observed in lane 5 can be attributed to photoadduct

formation between G32 in variant 4 and the ruthenium-ODN conjugate.
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Figure 4.27 Faster crosslinked species formed with variant 4
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Analysis of variants 5 and 6 showed that, based on free energy calculations, no stable
hairpin conformations are formed. Analysis of the results showed that in both cases,
photoadduct formation occurred producing a faster moving photoadduct species.
Based on results from the other variant strands, adduct formation between the
ruthenium-ODN conjugate and variants 5 and 6 seemed to be occurring at the 3'-end
of the variant strands. Unstable base pairs between complementary base doublets in
the sequences (figure 3.29) may have brought the 3'-end of the variant strands in
close enough proximity with the photosensitiser to allow photoadduct formation to
occur, thus explaining the appearance of photoadduct bands for both variant 5 and 6
after PAGE analysis. Free energy calculations with variant 1 showed that no stable
hairpin conformations were capable of formation. The PAGE results showed that no
slower photoadduct was formed with variant 1 due to the absence ofa G21 target.
Similarly, no faster photoadduct species was formed indicating that the 3'-end of
variant 1 was not capable of close enough interaction with the ruthenium-ODN
conjugate in order for photoadduct formation to occur.

Variant 3 formed the most stable hairpin structure and as discussed in section
3.11, a non-hairpinning version of variant 3 was designed in order to investigate the
range of photooxidative damage of the ruthenium-ODN conjugate without the
consideration of hairpinning. The sequences of this non-hairpinning (NHP) variant 3
and of the original variant 3 are shown in figure 3.33.

As previously mentioned, the [Ru(TAP),phen’]-ODN conjugate seemed to

form a photoadduct with G32 of original variant 3. Repetition of the work
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substituting the new non-hairpinning variant 3 for the original variant 3 showed no

evidence of hairpin formation. The results of the work are shown in figure 4.28.

Irradiations carried out in 10 mM
potassium phosphate buffer with a
1;1 ratio of [Ru(TAP),phen’]-ODN :
NHP variant 3 strand. Lane 1 0

mins; Lane2 10 mins.

Figure 4.28 Results of experiments with non-hairpinning variant 3 in
the presence of [Ru(TAP),phen']-ODN conjugate

As a stable hairpin conformation was unlikely to form in the non-hairpinning variant
3 strand, the G23 target should be exposed for interaction with the ruthenium
complex of the [Ru(TAP),phen’]-ODN conjugate. From the PAGE analysis it was
seen that no photoadduct was formed indicating that the [Ru(TAP),phen’}-ODN
conjugate was only capable of photoadduct formation with a target guanine in its

immediate vicinity.
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4.11 3'-end labeling

As discussed in section 4.4, the efficiency of photoadduct formation between
the [Ru(TAP);phen’J-ODN conjugate and the target strands seemed to level off after
a certain period of time with no increase in photoadduct formation observed with
increasing irradiation times. In order to investigate what was happening to the
[Ru(TAP),phen’}-ODN conjugate during the course of the irradiation experiments,
the conjugate was labeled at its 3'-end with the radioisotope >?P. The subsequent
experiments were carried out in the presence of unlabeled target 34mer ODN,
therefore only the ruthenium-ODN conjugate and any conjugate modification would
be detected after autoradiography. The details of the 3'-end labeling experiment are
given in section 5.9.2.

Initially experiments were carried out in which the [Ru(TAP),phen']-ODN
conjugate was irradiated in the absence of any target 34mer ODN strand. Irradiation
times of 0, 10 and 20 mins were used. Analysis of the results showed that all three
experiments produced a parent band due to the ruthenium-ODN conjugate that
showed pronounced streaking. This streaking could be attributed to material of
reduced mobility above the ruthenium-ODN conjugate band. The streaking was
evident even in an absence of irradiation, indicating that the ruthenium-ODN
conjugate may have been able to form photoadducts with itself during the course of
sample preparation. If the conjugate formed a photoadduct with the 17mer ODN,
subsequent analysis on a denaturing gel would form a cross-linked species that would
migrate at a slower rate than the ruthenium-ODN conjugate alone, thus producing an

area of reduced mobility above the parent ruthenium-ODN conjugate band.
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The experiments were repeated in the presence of the unlabeled 34mer ODN
target at irradiation times of 0, 10 and 20 mins. In the absence of irradiation, an area
of reduced mobility with respect to the parent conjugate band was observed. This
may suggest that the ruthenium-ODN conjugate was capable of forming photoadducts
with itself during the course of sample preparation, thus reducing the amount of
conjugate available in the experimental sample for photoadduct formation with the
target 34mer ODN. Irradiation times of 10 and 20 minutes again showed this area of
reduced mobility above the parent band in conjunction to a higher band, similar to the
photoadduct band observed in the 5'end labeled experiments. This higher band was
consistent with photoadduct formation between the ruthenium-ODN conjugate and
G21 of'the target 34mer ODN strand.

The relatively low efficiency of photoadduct formation between the
[Ru(TAP),phen’]-ODN conjugate and the target 34mer ODN may be explained by
the fact that photoadduct formation within the conjugate itself would reduce the
amount of conjugate available to form photoadducts with G21 target. If only a small
percentage of the [Ru(TAP),phen']-ODN conjugate was available for photoadduct
formation with the target 34mer strand, only a small overall yield of adduct formation

with the G21 target would be observed.

4.12 Conclusions
Irradiation of the target 34mer ODN in the presence of the free photosensitisers
showed material of reduced mobility with respect to the parent 34mer band and was

attributed to photoadduct formation. More defined results were observed for the
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more oxidising [Ru(TAP);]** standard compared with the [Ru(T AP),phen’]**
complex. In addition to its weaker oxidising ability, the presence of the phen’ ligand
in the latter complex as a negatively charged species under the experimental
conditions, may also have reduced optimal interaction with the target 34mer ODN.

Irradiation of the target in the presence of the Ru-ODN conjugate showed site-
specific photoadduct formation with G21 in the target strand. This was observed as a
band of reduced mobility with respect to the parent 34mer band. No photoadduct
formation was observed in an absence of irradiation. It was observed that
photoadduct formation reached a maximum after approximately 20 minutes
irradiation, after which time it leveled off. Inclusion of azide and argon showed a
small decrease in photoadduct formation. It was concluded that the mechanism
occurred mainly by a type I pathway. Increased photoadduct formation was observed
in the presence of persulfate.

Non-denaturing gel analysis confirmed duplex formation between the Ru-ODN
conjugate and the target strand. Nonsense strand work showed the conjugate
hybridised specifically with its complementary region on the target strand and not
with random ODN sequences. Variant strand work, to investigate the range of
photoadduct formation, revealed 3'-end photoadduct formation in the variant strands
due to hairpinning conformations. Experiments with non-hairpinning variant 3
showed the conjugate was only capable of photoadduct formation with the target
strand in its immediate vicinity. 3'-end labeling experiments suggested that the
conjugate may have been able to form photoadducts with itself, thus reducing the

amount of free conjugate available in experiments with the target strand and possibly
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5.1 Apparatus

5.1.1  Spectroscopic measurements

'HNMR and °C NMR spectra were recorded using 300 MHz (Bruker) and 400 MHz
(Bruker) instruments.

Absorption spectra were recorded using Unicam UV-4 and Shimadzu UV-2401
spectrometers.

Infra Red measurements were recorded using Genesis Il FTIR and Perkin Elmer
paragon 1000 spectrometers.

Mass spectrometry measurements were recorded using Micromass LCT electrospray
TOF spectrometer, Shimadzu LC-10AD solvent delivery module, Micromass, Mass

Lynx software.

5.1.2 HPLC

High performance liquid chromatography (HPLC) was carried out using Shimadzu
SCL-10A (PDA detector, shimadzu class software) and Perkin Elmer series 2000LC
pump (Perkin Elmer 235C diode array detector, Perkin Elmer Turbochrom 4.1
software). Nucleosil C18 RP 10um 250 x 4 mm column, Supelco inc., Sigma

Aldrich.

5.13 Instruments
Uncorrected melting points were recorded on a Griffin melting point apparatus.
Bench centrifuge; MSE micro-centaur and Centrifuge 5415D.

Bench vortex; Super Mixer (Cat. No.1291, Lab-line Instruments Inc.)
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Experimental solutions were made up using accurate calibrated micropipettes
(Gilson, P20, P200 and P1000).

Dry block, Multi-Block Heater, Lab Line Instruments Inc. Model No. 2050-1

ODN samples and stocks were lyophilised (to remove solvent or reduce volume)
using a Savant Speedvac Concentrator (Stratech Scientific London) that was attached
to a vacuum pump.

Electrophoresis sequencing system obtained from Life Technologies Inc. USA.
Polyacrylamide gel electrophoresis (PAGE) was carried out using a power supply
unit (Chandos E. 36, Joe Walsh Scientific, Dublin or EC 3000-90 power supply).
Combs and spacers were obtained from Gibco BRL apparatus, Life Technologies
Inc., USA.

Electroelution was carried out using a Biotrap (Schleicher and Schuell) electroelution

apparatus (details described in section 2.7)

5.1.4  Autoradiography
X-ray films (Curix, 100NIF, 35 x 43 cm, Agfa Ltd. and Hyperfilm™ MP, 35 x 43
cm, Amersham pharmacia biotech) were developed using a Fuji RG2 X-ray film

processor.

5.1.5 Phosphoimagery

Phosphoimagery was carried out using a Fujifilm FLA-3000 phosphoimager.
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5.1.6 Light source
Samples were irradiated using a 500W mercury lamp or 100W fibreoptic lamp.
Isoing Pyrex™ glass filter was used to remove wavelengths less the 330 nm. Sodium

nitrite filter was used to remove wavelengths less than 400 nm.

5.2 Reagents

All reagents used in the synthesis of the ruthenium complexes were obtained from
Sigma Aldrich and used without further purification unless otherwise stated.

The reagents used to prepare the buffers, salt solutions and polyacrylamide gels were
purchased from Sigma, Aldrich or Merck and used without further purification.

¥ P ATP (5000 Ci/ mmol) and *?P ATP (5000 Ci / mmol) were purchased from
Amersham International plc.

Polynucleotide kinase (PNK) enzyme and buffer were purchased from Bio Labs, New
England.

Terminal deoxynucleotidyl transferase (TdT) enzyme and buffer were purchased

from Promega.

53 Solutions and buffers'®

53.1 Solvents

Reagent grade solvents obtained from Riedel-de Haen were used for the synthesis of
the ruthenium complexes. The solvents used in the coupling reactions were extra

pure and purchased from Aldrich in their anhydrous form. Spectroscopic grade
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solvents purchased from Riedel-de Haen were used for HPLC and mass spectroscopy.

Water used for HPLC was filtered using the milli-pore filtration system prior to use.

5.3.2 Water

Singly distilled water autoclaved prior to use was used for all the

oligodeoxynucleotide work.

5.3.3 Buffers

Potassium phosphate buffer (100 mM)

Potassium phosphate buffer (100 mM) was prepared by addition of K;HPO;4 (1 M,
61.5 ml) and KH,PO, (1 M, 38.5 ml) with pH adjustment to 7.0. Autoclaved water

was used to make both solutions.

NaCl solution (500 mM)
Sodium chloride salt solution (500 mM) was prepared by dissolving NaCl (14.61g) in

autoclaved water (500 ml).

High salt buffer
8 ul buffer sample (12.5 mM potassium phosphate buffer / 125 mM NaCl)
Potassium phosphate buffer (125 pl, 100 mM), NaCl (250 ul, 500 mM) and water

(625 pl).

7 wl buffer sample (14.29 mM potassium phosphate buffer / 142.9 mM NaCl)
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Potassium phosphate buffer (142.9 p1, 100 mM), NaCl (285.8 pl, 500 mM) and water

(571.3 p).

Low salt buffer

8 ul buffer sample (12.5 mM potassium phosphate buffer)

Potassium phosphate buffer (125 ul) and water (1 ml).

7 yl buffer sample (14.29 mM potassium phosphate buffer)

Potassium phosphate buffer (142.9 ul) and water (1 ml).

TBE buffer (Tris-borate / EDTA)
A 10 X stock of TBE buffer was prepared by addition of Trizma base
(trisfhydroxymethylJaminomethane, 99 %, 54 g), boric acid (27.5 g) , EDTA (0.372

g) and autoclaved water (500 ml). Common working dilutions were 1 X and 5 X.

5.4  Synthesis of ligands

5.4.1 5-Amino-1,10-phenanthroline ' g

Method A

5-Nitro-1,10-phenanthroline (1) (200 mg, 0.89 mmol), hydrazine monohydrate (200
mg, 3.99 mmol), activated charcoal'** (267 mg) and absolute ethanol (700 mg) were
refluxed for 2 hours under an atmosphere of nitrogen. The resulting black solution
was filtered on celite and the yellow/orange filtrate was collected. The residue on the

filter was washed several times with absolute ethanol. The combined filtrate was

evaporated under reduced pressure to give 5-amino-1,10-phenanthroline (2) as a
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yellow powder (110 mg, 63 %), mp 259 °C, (lit'* 259 °C-260 °C); TLC analysis
(ALO; plates, 99:1 CH,Cl,: MeOH) showed an Rf value of 0.3 for (2);

viax(Nujol)/em™ 3400 cm™ (NH); ESI MS: caled 195, found [M + H'] 196.

Use of graphite instead of activated charcoal in the above method, as described by

Han et al.', also afforded the desired 5-amino-1,10-phenanthroline (2), but in lower

yield (45 %).

Method B'*

A mixture of 5-nitro-1,10-phenanthroline (1) (100 mg, 0.44 mmol) and powdered
tin(Il) chloride dihydrate (400 mg, 1.77 mmol) in absolute ethanol (6 ml) was
ultrasonicated at room temperature for 2 hours. The reaction mixture changed from
an orange colour to a dark orange/red colour during the period of ultrasonication. The
reaction mixture was added to distilled water (50 ml), rendered alkaline with aqueous
ammonia, and extracted with dichloromethane (2 x 25 ml). The yellowish organic
layer was dried with sodium sulfate and filtered. The filtrate was evaporated under
reduced pressure to give S-amino-1,10-phenanthroline (2) (60 mg, 69 %) as a yellow

powder identical on TLC and IR with the product obtained in method A above.

5.4.2 5-4-Carboxybutanamido)-1,10-phenanthroline (3)'*°
5-Amino-1,10-phenanthroline (2) (517 mg, 2.65 mmol) was dissolved in distilled
anhydrous pyridine (25 ml). The reaction vessel was flushed with nitrogen before

addition of the pyridine. The reaction mixture was stirred and heated to 70 °C and
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glutaric anhydride (612 mg, 4.34 mmol) was added. The reaction mixture was then
heated to 100 °C. After I hour, further glutaric anhydride (306 mg, 2.17 mmol) was
added and heating was continued at 100 °C. After 2 hours, a third portion of glutaric
anhydride (612 mg, 4.34 mmol) was added and heating was continued for one more
hour (3 hours in total). The reaction mixture was allowed to cool and then
concentrated under vacuum to approximately 5 ml. Acetonitrile (135 ml) was added,
the solution was stirred at room temperature for 2 hours, and the resulting precipitate
collected by suction filtration and purified by elution chromatography on a silica
column with a 1:1 MeOH: H,0 solution containing a few drops of ethanol. 5-(4-
Carboxybutanamido)-1,10-phenanthroline (3) (300 mg, 37 %), mp 200 °C, was
collected as an off-white powder and showed on TLC as a single spot (Rfvalue of
0.6; silica plates, 1:1:2 H;O: DMF: NH,CI (2 M)); 8y (400 MHz; DMSO-dj) 1.87
(2H, q,J 7.03, 6.03, CH,CH,CH,), 2.14 (2H, t,J 6.5, CH,C00), 2.55 (2H, t,J 7.03,
CH,CON), 4.3 (1H, brs, OH), 7.71 (1H, dd, J 8.03, 4.01, C(8)H ), 7.78 (1H, dd, J
8.53,4.01,C(3)H), 8.37 (1H, s, C(6)H), 8.41 (1H, d, J 8.03, C(7)H), 891 (1H,d,J
8.53,C(4)H), 8.99 (1H,d, J 3.01,C(9H), 9.1 (1H, d, J 4.02, C(2)H), 11.67 (1H, br s,

NH).

5.4.3 6-Nitroquinoxaline 5"

4-Nitro-1,2-phenylenediamine (4) (1g, 6.53 mmoles) and glyoxal (40 %, 2.1 ml,
17.24 mmoles) were added to acetonitrile (21 ml) and stirred at 50 °C for 12 hours.
The reaction was allowed to cool to room temperature. Water (8.3 ml) was added to

the reaction mixture precipitating a brown solid (1.02 g, 89 %), mp 177 °C it'" 175
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°C- 177 °C). TLC analysis (silica plates, 70:30 ethyl acetate: hexane) showed an Rf
value of 0.53 for (5); 31 (400 MHz; DMSO-ds) 8.37 (1H, d,.J2.52, C(8)H ), 8.59
(1H,dd, J2.52, C(7)H), 8.93 (1H, d, 7 2.52, C(5)H ), 9.17 (2H, s, C@)H, CB3)H ). 8¢
(100 MHz; ds-DMSO0) 123.25 (s, C(5)), 125.54 (s, C(7)), 131.28 (s, C(8)), 140.97 (s,

C(4a)), 144.62 (s, C(8a)), 147.57 (s, C(3)), 148.04 (s, C(2)), 148.76 (s, C(6)).

5.4.4 5-Amino-6-nitroquinoxaline ()%’

6-Nitroquinoxaline (5) (0.5 g, 2.86 mmol) and powdered hydroxylamine
hydrochloride (1.19 g, 17.16 mmol) in ethanol (29 ml) was stirred on ice and cooled
to 0 °C. A solution of potassium hydroxide (2.34 g) in ethanol (11.4 ml) was added
dropwise over 1 hour resulting in a dark brown reaction mixture. The solution was
stirred at room temperature (90 mins), poured onto ice (145 g) and refrigerated (24
hrs). The precipitated yellow/ brown solid was dissolved in acetone, adsorbed onto
silica and purified by elution chromatography on a silica column using 100 %
chloroform. 5-amino-6-nitroquinoxaline (6) was collected as a yellow solid (181 mg,
33.5 %), mp 235-237 °C (1it'® 235 °C). TLC analysis (silica plates, 100 % CHCl;)
gave an Rfvalue of 0.6 for (6); 8y (400 MHz; DMSO-dg) 7.19 (1H, d, J 10, C(8)H ),
8.30 (1H, d,J 10, C(7)H), 8.49 ( brs,NH,), 8.94 (1H, d, J 2, C(3)H), 9.10 (1H, d, J 2,

C(2)H).
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5.4.5 5, 6- Diaminoquinoxaline (7)'¥’

To a stirred solution of 5-amino-6-nitroquinoxaline (6) (50 mg, 0.26 mmol) and Pd/C
(10 %, 16 mg) in ethanol (6 ml), hydrazine monohydrate (98 %, 230 ul) was added
and the reaction was heated to 60 °C. The reaction was followed by TLC (silica
plates, 100 % CHCL) until all of (6) had disappeared. The reaction mixture was
filtered through celite to remove the catalyst and the red/orange filtrate was
evaporated under vacuum. The resulting solid was recrystallised from toluene
producing red needles (40 mg, 96 %), mp 142-143 °C (lit"? 144-145 °C); &y (400
MHz; DMSO-dg) 8.59 (1H, d,J 2, C(2)H), 8.51 (1H, d, J 2, C(3)H), 7.27 (1H, d, J

9.0, C(7)H), 7.2 (1H, d, J 9, C(8)H), 5.24 (br s, NH,), 5.13 (br s, NH,).

5.4.6 1,4,5,8-Tetraazaphenanthrene (8)'%

5,6-Diaminoquinoxaline (7) (9.4 mg, 0.06 mmol) and glyoxal (bisulfite adduct, 17
mg, 0.06 mmol) were dissolved in distilled water (800 pul) and heated under reflux for
2 hours. The solution was then made basic with a potassium hydroxide/ water
solution and the product was extracted with chloroform and evaporated down
producing an off-white solid (7 mg, 30 %), mp 240-242 °C (1it'**242 °C); 8y (400
MHz; DMSO-d;) 9.22 (2H, d,J 2, C(6)H, C(3)H), 9.19 (2H, d, J 2, C(7)H, C(2)H),

8.35 (2H, s, C(9)H, C(10)H).
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5.5 Synthesis of ruthenium complexes
5.5.1 Ruthenium bis(1,10-phenanthroline)-5-(4-carboxybutanamido)-1,10-

phenanthroline dihexaﬂuorophosphate (10)162

A 10 % molar excess of 5-(4-carboxybutanamido)-1,10-phenanthroline (3) (100 mg,
0.32 mmol) dissolved in hot absolute ethanol (30 ml) was added to a hot solution of
Ru(phen),Cl.Hz0 (156 mg, 0.29 mmol) in water (20 ml). The solution was stirred
and deaerated with argon for 20 minutes and then refluxed for 3 hours under argon.
A 5-fold molar excess of NH4(PFs), (264 mg, 1.62 mmol) dissolved in a little
distilled water was added to produce an orange/ brown precipitate. The solution was
allowed to cool somewhat and the most of the ethanol was then removed by rotary
evaporation. The remaining mixture was filtered and the resulting solid dried under
vacuum to give crude ruthenium bis(1,10-phenanthroline) 5-(4-carboxybutanamido)-
1,10-phenanthroline dihexafluorophosphate (10) (244 mg, 78 %) which was purified
using size exclusion chromatography on a Sephadex LH20 column (45¢m x 2.5cm)
eluting with methanol. TLC analysis (silica plates,1:1:2 H0: DMF: NH,C1 (2 M))
gave an Rf'value 0f 0.27 for (10); Apax(CH;CN)/nm 262 and 450 nm; HPLC

analysis (70:30 H,O: CH3;CN, 1.5ml/min, semiprep reverse phase C18 column)

showed a single peak with a retention time 0f 2.04 mins.
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5.5.2 Ruthenium bis(1, 4, 5 ,8-tetraazaphenanthrene)-5-(4-
carboxybutanamido)-1,10-phenanthroline dihexafluorophosphate (12)'®

A 10% molar excess of 5-(4-carboxybutanamido)-1,10-phenanthroline (3) (10 mg,
0.032 mmol) dissolved in hot absolute ethanol (3 ml) with a few drops of distilled
water was added to a hot solution of Ru(TAP),Cl, (15 mg, 0.028 mmol) in water (2
ml). The solution was stirred and deaerated with argon for 20 minutes and then
refluxed for 3 hours under argon. A 5-fold molar excess of NH4PF¢ (26.4 mg, 0.162
mmol) dissolved in a little distilled water was added to produce a brown/ orange
precipitate. The solution was allowed to cool somewhat and then the total reaction
volume was reduced by about halfand the ruthenium bis(1, 4, 5, 8-
tetraazaphenanthrene) 5-(4-carboxybutanamido)-1,10-phenanthroline
dihexafluorophosphate (12) was collected (11.4 mg, 36 %) and purified using size
exclusion chromatography on a Sephadex LH20 column (45 ¢cm x 2.5 ¢m) eluting
with methanol. TLC analysis (silica plates,1:1:2 H,0: DMF: NH4Cl (2 M)) gave an Rf

value of 0.38 for (12); Amax(CH;CN)/nm 267,415 and 470 nm.

5.6 Ruthenium complex activation
5.6.1 Activation of [Ru(phen),phen’](PF), (10) to give the corresponding N-

hydroxysuccinimido ester (13)'¢

Anhydrous DMF (600 ul) and [Ru(phen);phen'](PF¢), (10) (35 mg, 0.03 mmol) were
added to a 2 ml Eppendorf ™. The mixture was vortexed for 1 minute and then
centrifuged. N, N, N, N'-tetramethyl(succinimido)uronium tetrafluoroborate (TSU)

(15 mg, 0.05 mmol) and diisopropylethylamine (DIPEA) (11 pl, 0.06 mmol) were
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added to a second Eppendorf™ and this mixture was also vortexed for 1 minute and
centrifuged. The contents ofthe first Eppendorf ™ were added to the second
Eppendorf™ and the entire mixture was vortexed for 1 minute, centrifuged and
finally placed on a shaker in the dark at room temperature for 2 hours. TLC analysis
(silica plates, 1:1:2 DMF: H,0: NH,CI (2 M)) gave an Rf value of 0.36 for (13); Amax
(CH3CN)/nm 262 and 450 nm; HPLC analysis (70:30 H,0: CH3;CN, 1.5ml/min,

analytical reverse phase C18 column) gave one peak with a retention time of 4.80

min.

5.6.2 Activation of [Ru(TAP);phen’](PF), (13) to give the corresponding N-

hydroxysuccinimido ester (14)'®

The activation was carried out as in section 5.6.1 using the following reactant
quantities; [Ru(TAP),phen’](PFs), (11.4 mg, 0.011 mol), anhydrous DMF (250 pl),
TSU (5 mg, 0.02 mmol) and DIPEA (7ul). TLC analysis (silica plates, 1:1:22 DMF:
H,0: NH,C1 (2 M)) gave an Rf value 0f 0.53 for (14); Amax (CH3;CN) nm 267, 415

and 470 nm.

5.7 Coupling reactions

Coupling of the N-hydroxysuccinimido ester (13) and (14) to the 17mer (15).
The coupling reactions were carried out in the lab of Prof. R. J. H. Davies in the
School of Biology and Biochemistry, Queen’s University, Belfast. The ODN (15)
(15 odu, 9.98 x 10® mol) was dissolved in water (30 ul). This was achieved by

vortexing and heating (65 °C, 1 minute) until everything was fully dissolved. The
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solution was centrifuged. The activated ruthenium complex (100 pl, 5 x 10 mol)
and diisopropylethylamine (DIPEA) (6.8 ul, 0.04 mmol) were added to the ODN
solution and the entire mixture was vortexed, centrifuged and shaken overnight in the
dark at room temperature. Water (120 pl) was added to the reaction mixture followed
by electroelution (130 V, 45 mins). The orange solution collected from the anodic
well was extracted with 1ml of 1-butanol for every 100 pl of solution present. (The 1-
butanol was added, the solution was vortexed and centrifuged and the supernatant
removed). The orange pellet that remained was lyophilised. The loading solution (22
ul, 90 % formamide loading solution, 10 % TBE buffer) was added to the lyophilised
sample and the reaction products were loaded onto a polyacrylamide gel (12 %) for
PAGE analysis. Electrophoresis (260 V, 1.5 hours) followed by UV shadowing
showed orange bands of reduced mobility with respect to the free 17mer band. These
orange bands were excised from the gel and electroeluted to remove any conjugated
species (16 / 17) from the gel itself. The orange solution from the anodic well was
extracted with 1- butanol and dried down; A (H;0)/nm 264 and 450 nm (16); Amax
(H0)/nm 267,415 and 470 nm (17). HPLC analysis of conjugate 1 (16) (85:15 —
95:5 H,0; CH;CN, 1.5ml/min, C18 analytical reverse phase column) gave one peak
with a retention time of 13.01 min. HPLC analysis of conjugate 2 (17) (95:5 -
70:30 H,0; CHiCN, 1.5ml/min, C18 analytical reverse phase column) gave one peak
with a retention time of 8.99 min. The coupling reaction between (13) and (15) was
carried out twice giving percentage yields of 7 % and 10 % respectively for conjugate
1 (16). The coupling reaction between (14) and (15) gave conjugate 2 (17) in 15 %

yield.
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5.8 Oligodeoxynucleotide s nthesis

The oligodeoxynucleotide strands were synthesised by Clarke Stevenson, Queen’s
University, Belfast. The 34mer and 17mer oligodeoxynucleotides were synthesised
using standard phosphoramidite chemistry on an Applied Biosystems 391 DNA
synthesiser and the variant strands were synthesised on a Beckman Oligo 1000M
DNA synthesiser. A primary aminohexyl group was incorporated onto the 5-end of
the 17mer using 5'-AminoModifier phosphoramidite (Glen Research). All the ODNs
were cleaved and deprotected in concentrated ammonia (28 %). The 17mer was
initially purified by Reverse Phase Cartridge technique prior to ruthenium complex
conjugation. All other ODNs were purified by denaturing (7 M urea) PAGE, detected
with minimal UV shadowing and eluted by electroelution (Schleicher and Schuell

BioTrap system) followed by 1-butanol concentration and ethanol precipitation.

5.9 Radiolabeling experiments
5.9.1 5'-end labeling '

The oligodeoxynucleotides were synthesised without a phosphate group at their 5'
termini and therefore could be labeled by the transfer of the y*2P from y*’P[ATP]
using the enzyme bacteriophage T4 polynucleotide kinase (PNK).

The ODN (5 pul of 5 pm stock), radioactive isotope (y°°P[ATP], 2ul, specific activity
5000ci / mmol), PNK buffer (10 X, 2 ul) and autoclaved water (9 ul) were placed in a
sterile Eppendorf ™ and vortexed. The PNK enzyme (20 units, 2 ul) was added and
the tube was tapped to mix the contents as vortexing denatures the enzyme. The

Eppendorf ™ was incubated at 37 °C for 40 mins and then at 68 °C for 20 mins. The

200



radiolabeled ODNs were then precipitated with ethanol to separate them from
unincorporated y*P[ATP]. Ammonium acetate (3 M, 100 pl) and cold ethanol (98
%, 400 pl) were added to the reaction mixture which was then vortexed and stored at
~20 °C for 20 mins, followed by centrifugation for 20 mins and removal of the
supernatant. Ethanol (80 %, 1 ml) was added to the pellet. Again, the sample was
stored at—20 °C for 20 mins, centrifuged for 20 mins followed by removal of the
supernatant. The pellet was lyophilised (approximately 2 hrs) and then suspended in

the appropriate amount of autoclaved water to give the correct ODN concentration for

the irradiation work.

5.9.2 3'-end labeling'®

The oligodeoxynucleotides were synthesised without a phosphate group at their 3'
termini and therefore could be labeled by the transfer of the o’P from o’ P[ATP]
using the enzyme terminal deoxynucleotidyl transferase (TdT).

The ODN (5 pul of 5 pm stock), radioactive isotope (*?P[ATP], 2pul, specific activity
5000ci / mmol), PNK buffer (5 X, 4 pl) and autoclaved water (7 ul) were placed in a
sterile Eppendorf ™ and vortexed. The PNK enzyme (20 units, 2 pl) was added and
the tube was tapped to mix the contents as vortexing denatures the enzyme. The
Eppendorf ™ was incubated at 37 °C for 75 mins and then at 68 °C for 20 mins. The
radiolabeled ODNs were then precipitated with ethanol to separate them from
unincorporated a’?P[ATP]. Ammonium acetate (3 M, 100 pl) and cold ethanol (98
%, 400 ul) were added to the reaction mixture which was then vortexed and stored at

~20 °C for 20 mins, followed by centrifugation for 20 mins and removal of the
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supernatant. Ethanol (80 %, | m]) was added to the pellet. Again, the sample was
stored at ~20 °C for 20 mins, centrifuged for 20 mins followed by removal of the
supernatant. The pellet was lyophilised (approximately 2 hrs) and the suspended in

the appropriate amount of autoclaved water to give the correct ODN concentration for

the irradiation work.

5.10 Sample preparation
5.10.1 5'-end labeled work

Each sample was made up in a sterile Eppendorf ™, with the addition of the

appropriate buffer, to give a final volume of 10 pl. The samples contained the

following;

) Radiolabeled target 34mer strand (or variant strand)

(1 pl of 1x10° M stock solution).

2. Photosensitiser (Ruthenium-ODN conjugates or free ruthenium complexes)

(1 pul of 1x10° M stock solution).

3. High salt buffer (10 mM potassium phosphate buffer / 100 mM NaCl) or low

salt buffer (10 mM potassium phosphate buffer) (8 ul).
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Variations
4.1 Sodium azide (NaN;)
1 pl of 1x10™ M stock solution was added to the radiolabeled target (1pl) and

photosensitiser (1ul) along with 7 pl of the appropriate buffer.

42 Ammonium persulfate (NH,),S,05
1 ul of 1x10 M stock solution was added to the radiolabeled target (1p1) and

photosensitiser (1pl) along with 7 pl of the appropriate buffer.

43 DO
For experiments in which the effect of D,O was investigated, the experimental
buffer was prepared using D,O in place of H,O prior to sample preparation.

Each experimental sample was prepared as normal using the D,O buffer.

4.4 Argon
For experiments in which the effect of argon was investigated, the
experimental sample was purged with argon before and during the course of

the irradiations.

4.5 Desferrioxamine

1 ul of 100 uM stock solution was added to the radiolabeled target (1pul) and

photosensitiser (1) along with 7 pl of the appropriate buffer.
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5.10.2 3'-end labeled work
Each sample was made up in a sterile Eppendorf ™, with the addition of the

appropriate buffer, to give a final volume of 10 pl. The samples contained the

following;

1. Radiolabeled ruthenium-ODN conjugate

(1 pl of 1x10° M stock solution).

y > Target 34mer ODN strand

(1 pl of 1x10° M stock solution).

3 High salt buffer (10 mM potassium phosphate buffer / 100 mM NaCl) or low

salt buffer (10 mM potassium phosphate buffer) (8 pl).

5.11 Experimental setup

To each Eppendorf ™, the appropriate combination from section 5.10 was added. All
samples were then vortexed and centrifuged. Samples containing double-strand
experiments were heated at 80 °C for Smins and then allowed to cool slowly to room
temperature (typically 2-3hours). All samples were placed on ice for one hour prior
to irradiation. Irradiations were carried out on ice, using an isoing Pyrex™ glass

filter or sodium nitrite (1M) filter. All samples were lyophilised after irradiation.
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5.12 Piperidine treatment

Following irradiation, base modifications in the target strand were cleaved by
piperidine treatment. Piperidine (1 M, 15 ul) was added to the appropriate samples,
which were then vortexed and centrifuged. Samples were then heated at 90 °C for 35

mins, centrifuged and lyophilised for approximately 1 hour.

5.13 G + A experiment

The G + A experiment was included as a control experiment in all gels. The reaction
cleaves oligodeoxynucleotides at guanines and adenines only, thus allowing the sites
of cleavage in other samples to be identified. Radiolabeled ODN (2 pl), formic acid
(98 %, 3 pul) and potassium phosphate buffer (10 mM, 5 ul) were added to a sterile
Eppendorf ™, vortexed vigorously, centrifuged and heated at 37 °C for 20 mins.

The samples were then lyophilised. Piperidine (1 M, 10 ul) was added to the

samples, which were then heated at 90 °C for 35 mins, centrifuged and lyophilised.

At this stage, autoclaved water (20 pl) was added to all the samples (normal and G +
A), which were subsequently vortexed, centrifuged and lyophilised for approximately

2 hours

5.14 Polyvacrylamide gel electrophoresis (PAGE)
5.14.1 Denaturing gel

Denaturing gels are polymerized in the presence of urea, which suppresses base

pairing in nucleic acids. A 20 % acrylamide gel was used to separate
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oligodeoxynucleotides less than 100 bases long'® and was prepared by mixing urea
(1.5 g), 30 % acrylamide stock (37.5 ml), 10 X TBE buffer (7.5 ml) and autoclaved
water (7.5 ml). The 30 % acrylamide stock solution consisted of acrylamide (190 g),
N, N-methylenebisacrylamide (10 g) and autoclaved water (500 ml). Ammonium
persulfate (10 %, 450 pl) and N, N, N', N'-tetramethylenediamine (TEMED, 35 pl)
were added just before the gel was poured. The glass plates, spacers and comb were
washed with warm soapy water and ethanol. The sides of the plates to be in contact
with the gel were silated with a few drops of dimethyldichlorosilane. The two plates
were taped together with the spacers in place. The gel was poured using a 50 ml
plastic syringe, with the plates at an angle of approximately 20 °. The comb was
inserted and the gel was allowed to set for approximately 2 hours.. Following
removal of the comb, the gel was placed on the rig, and using 1 X TBE buffer, was
pre-electrophoreised for 1 hour at 50-60 W. The loading dye was prepared (80 %
formamide in water, 0.25 % bromophenol blue and 0.25 % xylene cyanol) and 6 pl
was added to each sample, including the G + A sample. Samples were vortexed,
centrifuged and loaded onto the gel. The gel was electrophoreised for approximately

2 hours at 50-60 W.

5.14.2 Non-denaturing gel

Non-denaturing gels were used solely for the detection of duplex formation. They did
not contain urea or formamide, which would suppress base pairing, therefore samples
to be analysed in this manner were not irradiated or piperidine treated. The samples

were placed in sterile Eppendorfs ™ with the volumes of radiolabeled target,
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photosensitiser and buffer being the same as for the denaturing work. The double-
stranded samples were heated to 80 °C for 5 mins and allowed to cool slowly to room
temperature (2-3 hours). Autoclaved water (20 ul) was added to each sample and
then all samples were lyophilised for approximately 2 hours. The 20 % acrylamide
non-denaturing gel was prepared by mixing 30 % acrylamide stock solution (66.6
ml), 5 X TBE (20 ml) and autoclaved water (12.7 ml). Ammonium persulfate (10 %,
700 pl) and N, N, N, N'-tetramethylenediamine (TEMED, 35 pl) were added just
before the gel was poured. The gel apparatus was prepared and the gel was poured as
described for the denaturing gel. After removal of the comb, the gel was pre-
electrophoreised for 1 hour at 15-17 W (important to use low voltage as heat can
denature DNA). A glycerol-based loading-dye was prepared (30 % glycerol in water,
0.25 % bromophenol blue and 0.25 % xylene cyanol) and 6 pul was added to each
sample that was then loaded onto the gel. This gel was run for approximately 8 hours

at 15-17 W.

5.15 Autoradiography

After the period of electrophoresis, the denaturing and non-denaturing gels were
removed from the glass plates, covered in Clingfilm™ and placed in a cassette with
an intensifying shield (which amplifies the level of radioactivity). An x-ray film was
added to the cassette in a darkroom and the cassette was placed at —70 °C to activate
the intensifying screen. The films were exposed for an appropriate period of time
depending on the age of the radiolabeled material. The films were then developed in

a dark room using an automatic developer (Fugi RG2 X-ray film processor).
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5.16 Phosphoimagegv_

Polyacrylamide gels containing radiolabeled material analysed by autoradiography
were subsequently quantified by phosphoimagery. In phosphoimagery, radioisotopic
samples are exposed to storage phosphor screens. The screens are subsequently
“read” using a rapid pulsed laser scanner, and the data is then digitized for display
and analysis. Phosphoimagers have a greater sensitivity to radioisotopes compared

with x-ray films with only 1 /20 of the exposure time required for data analysis.
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Conclusions and future work

The work discussed in this thesis has shown it was possible to successfully
synthesise and purify ruthenium-oligodeoxynucleotide (ODN) conjugates with
different attached ligands. The ruthenium-ODN conjugates were shown subsequently
to be successful as photochemical targeting agents in a model Chronic Myeloid
Leukaemia (CML) system.

In the first system studied, the [Ru(phen),phen']-ODN conjugate was shown
to induce site-specific base damage at the G21 target in the target 34mer ODN strand
leading to cleavage of the target strand. The use of additives in this model system to
investigate the role of singlet oxygen showed a small decrease in cleavage relative to
the large decrease observed in experiments with the free photosensitisers. The more
enclosed conjugate system may have contributed to an inability to suppress 'O,
production in the immediate vicinity of the photosensitiser. It was concluded that the
observed cleavage was result of type II cleavage. A complete absence of cleavage
was not observed by the use of additives and may have been due to traces of oxygen
remaining in the experimental samples. In the second system studied, the
[Ru(TAP)phen']-ODN conjugate was shown to form photoadducts with the target
guanine residue in the target strand. Inclusion of various additives in the experiments
indicated that photoadduct formation occurred mainly by a type I reaction pathway.

Variant strand work indicated that in both systems, the site-specific
phototargeting was localised i.e. the ruthenium complexes only seemed capable of

inducing short-range damage. 3'-end labeling of the conjugates indicated damage of
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the conjugates during the course of the experiments, thus explaining the relatively
poor efficiency of the systems.

Future work in this area of research would involve optimisation of the model
system and application to an in vivo system. Site-specific photochemical targeting
has been demonstrated, but an increase in the overall yields of photocleavage and
photoadduct formation would be necessary in order to achieve an optimal therapeutic
effect. Exploration of other ruthenium-ODN conjugates with different attached
ligands and linker chain lengths may possibly reveal a more efficient system. In
relation to improving photoadduct formation, synthesis of the complex with a 4'-
methyl-2,2"-bipyridine-4-carboxylic acid ligand (phen ) in place of the phen’ ligand,
resulting in a shorter linker chain between the complex and the 17mer ODN, may
increase the efficiency of the system. The [Ru(phen),phen’']-ODN conjugate
synthesised by C. Crean,'™ has been shown to significantly improve the yield of site-
specific cleavage in the target strand compared to the [Ru(phen),phen']-ODN
conjugate.

The introduction of the ruthenium-ODN conjugates into CML cell lines to
assess their therapeutic application remains the overall aim of work of this nature, but
due to the problems previously discussed in relation to degradation of antisense
vectors by internal cellular components, the possibility of conjugation of the
ruthenium complexes to modified oligodeoxynucleotides would need to be explored.
This work would need to be carried out in close conjugation with a biological
research group in order to obtain a conjugate capable of interrupting the leukaemic

mRNA expression whilst also capable of withstanding an in vivo environment.
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