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                                                      ABSTRACT 

 

INVESTIGATIONS OF THE MECHANISM OF DNA CLEAVAGE 

USING RUTHENIUM POLYPYRIDYL COMPLEXES 

 

Publication No. ______ 

 

Fiona Ongeri, M.S. 

The University of Texas at Arlington, 2007 

 

Supervising Professor:  Prof. Frederick MacDonnell  

 

We have synthesized a ruthenium complex, [(phen)2Ru(tatpp)Ru(phen)2]4+ 

(P4+), which has been shown to undergo various redox and protonation steps to form 

different species that can be monitored by UV-Vis spectroscopy.  In Chapter 2, the 

photochemistry of P4+ in the presence and absence of DNA was studied.  It was 

hypothesized that the lifetime of the excited state (t1/2) of P4+, P*, would be extended in 

the presence of DNA.  However, studies conducted showed that the lifetime of P* was 

diminished in the presence of DNA as compared to P4+ alone.  

Experiments have also shown that P4+ is capable of damaging DNA both in the 

presence and absence of oxygen.  This damage is potentiated under anaerobic 



 v

conditions.  In Chapter 3, we uncovered the chemical species responsible for damaging 

plasmid DNA as the doubly reduced, doubly protonted H2P4+ species and a carbon-

based radical species.    
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CHAPTER 1 

INTRODUCTION 

1.1 Metals used as DNA cleaving agents 

According to the American Cancer Society, cancer is the second leading cause 

of death in the United States.  For this reason, over the past 40 years, there has been a 

vast interest in development of efficient anticancer drugs that possess minimal side 

effects.  Cancer is a class of diseases in which there is uncontrolled cell division. 

Malignant tumor cells can spread directly into adjacent tissue or indirectly by metatasis. 

Once these cancerous cells spread, they are difficult to treat. 

 Transition metal complexes have been of interest in the field of cancer research. 

This is mainly due to the fact that they exhibit unique spectral and electrochemical 

signatures, as well as the ability of their ligands to be modulated to DNA binding and 

cleaving abilities.  The most popular metal analogues on the market today are those that 

contain Platinum and Ruthenium.  Other metal analogues containing Copper, Iron and 

Chromium are still under development. 

 

1.2 Platinum complexes 

To date, cisplatin (cis-diamminedichloro-platinum (II)) is one of the most 

successful anticancer drugs in the market (Figure 1.1).  Cisplatin as an anticancer drug, 

was first in the 1960�s by Rosenberg and co-workers.1  Cisplatin is one of the most 
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commonly used cytotoxic agents in the treatment solid malignant tumors such as those 

found in the head and neck, lungs, ovary, bladder and testicles.2,3  Although treatment 

with cisplatin is often effective, serious side-effects such as nausea, nephrotoxicity, 

neurotoxicity and ototoxicity occur often.4  In addition, cisplatin, which is administered 

intravenously, has limited solubility in aqueous solution.5  This has lead to intensive 

efforts in developing newer platinum drugs that will show similar efficiency of cisplatin 

but exhibit less toxicity. 

The first successful development of a cisplatin analogue was carboplatin (cis-

diammine(1,1-cyclobutanedicarboxylato)platinum (II)) (Figure 1.1). Cisplatin and 

carboplatin have similar structures except for the fact that the unidentate chloride 

ligands found in cisplatin are replaced by a chelating cyclobutanedicarboxylate.  This 

carboxylate moiety helps in the increasing the drugs solubility in water.6  Even though 

carboplatin has been found to be less potent than cisplatin, it has less cytotoxic effects 

while still showing a similar spectrum of activity. 

Oxaliplatin, (trans-1,2-diamminocyclohexaneoxalaplatinum (II)) is another 

analogue of cisplatin (Figure 1.1).  This compound lacks the cross resistance found in 

some cisplatin resistant models due to the 1,2-diaminocyclobutane ligand (DACH).5 

Oxaliplatin has received clinical approval in France for the treatment of colorectal 

cancer.7,8 

 

 



 

 3

Pt

Cl

H3N

H3N

Cl  

                                                                                           

Cisplatin 

 

                 

Pt

O

H3N

H3N

O

C

C

O

O

Pt
O

O

OH2
N

N
H2 O

 

Carboplatin                                                  Oxaliplatin 

 

                                  Figure 1.1 Platinum based anticancer drugs. 

 

1.3 Ruthenium complexes 

Over the past several years, the interaction of polypyridyl Ru (II) complexes 

with DNA has been the focus of several research works. Ru (II) polypyridyl complexes 

are of particular interest due to a combination of stability, ease of construction, chirality 
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and opto-electronic properties.9  Barton and coworkers  were one of the first groups to 

explore the interactions of positively charged transition metal complexes with DNA and 

note their use under physiological conditions.10  Keppler and other researchers observed 

that certain Ru (II) complexes exhibit high anti-tumor activity.11 

1.3.1 Binding studies of some ruthenium complexes 

Ruthenium (II) polypydiryl classes of metallointercalators have received 

particular attention due to their luminescence characteristics and strong DNA binding 

affinities.  The binding of Ru (II) complexes to DNA is sensitive to shape, size, chirality 

and hydrophobic character.9 

The binding studies of ruthenium based monomers have been extensively 

studied.  One of the earliest binding studies for a ruthenium monomer was conducted on 

enatiomeric [Ru(phen)3]2+ (Figure 1.2) and  was  shown to have a binding constant of  

103 M−1.12,13  It has also been proposed that the cationic [Ru(phen)3]2+ complexes can 

bind to DNA via three non-covalent modes namely; electrostatically, hydrophobically 

binding to the minor groove or by partial intercalation of the phenanthroline ligand into 

DNA.9  However, works by Ericksson et al. proposed that both the ∆ and the Λ 

[Ru(phen)3]2+  bind to DNA only via intercalative fashion in the minor groove.14 

The binding studies for [Ru(bpy)2dppz]2+ with DNA have been conducted 

showing that extension of the bridging ligand increases the binding constant to ~106  

M−1.  These complexes have expansive aromatic surface areas that show high affinity 

for DNA.15  Interestingly, these complexes do not luminescence in aqueous solution, 

however when bound to DNA, luminescence brightly.  On the basis of NMR studies 
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conducted by Dupureur and Barton, these complexes have been found to intercalate into 

the major groove resulting in DNA damage.16,17  The binding geometry of these 

complexes has yet to be firmly defined.  

Further studies conducted by Lincoln and co-workers on [Ru2(phen)4(bis-

dppz)]4+ have found that the addition of a second ruthenium center further increases the 

interaction between the metal compound and DNA hence the binding constant increases 

to ~108 M−1. 

Overall Ru (II) complexes have been shown to be good DNA-adducts that can be used 

as potential anticancer chemotherapeutic agents.   

 

N
N

Ru

N
N

N

N

2+ 2+

N
N

N
N
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N N

N
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Ru(phen)3                                                                                           Ru(bpy)2dppz 

Figure 1.2 Structures of cationic ruthenium complexes,  [Ru(phen)3]2+ (phen = 1,10-
phenathroline) and [Ru(bpy)2dppz]2+ (bpy = 2,2� bipyridyl dipyrido [3,2-a:2',3'-c] 
phenazine.  
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1.3.2 Ruthenium based anticancer agents 

Among all the ruthenium-based anticancer agents, Ruthenium-DMSO 

complexes are believed to show the greatest potential as anticancer agents due to their 

selectivity for solid tumor metastases and low toxicity in vivo.18  Antimetastatic activity 

of Ruthenium-DMSO complexes was first discovered in the early 1980�s with cis and 

trans [RuCl2(DMSO)4].  However, these complexes showed poor solubility.  This led to   

further investigations of ruthenium complexes that would exhibit greater solubility. 

Keppler et. al. synthesized ImH[RuCl4Im2], a new series of Ru (III) derivatives 

containing heterocyclic ligands.  These compounds were shown to have anticancer 

activity in model colon-rectal tumors in carcinogen treated rats.11  Based on these 

results, Sava investigated two Ru (III) derivatives namely, Na[trans-RuCl4(DMSO)Im] 

NAMI (Figure 1.3) and mer-RuCl3(DMSO)2Im.  These complexes were tested against 

various solid metastasizing tumors in mice and were found to be active in Lewis lung 

carcinomas, B16 melanomas and MCa mammary carcinomas.  In addition, NAMI has 

also been shown not to induce any liver, kidney or lung toxicity. 19 

 Replacement of Na+ with ImH+ yielded [H2Im][trans-RuCl4(DMSO)Im], 

NAMI-A (Figure 1.3).  NAMI-A is almost identical to NAMI as far as anti-matastatic 

activity but is more stable in air and has no free sulfoxide in crystalline structure. 

NAMI-A has successfully completed Phase I clinical trials. 
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Figure 1.3 Potential Ruthenium complexes used to treat tumor metastases. 

 

It is thought that the architecture and mechanism of the NAMI-A DNA adduct 

formation may differ from that of cisplatin.  NAMI-A complexes are known to alter the 

ratio between certain matrix metalloproteins (e.g. MMP-2) and their inhibitors, TIMP�s 

(e.g. TIMP-2) thereby increasing the extracellular matrix components in the tissue 

parenchyma and surrounding tumor blood vessels, which prevents the spread of the 

tumor cells into surrounding tissue.  However, the exact mechanism as to how this 

process occurs has yet to be fully established. 20-22 
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1.4 Mechanisms of DNA cleavage 

Most prospective metal-based drugs on the market require dioxygen to bring 

about DNA damage.  Even fewer have been shown to induce damage via carbon 

centered radicals.  We will take brief look as to how DNA damage is brought about via 

these two pathways. 

1.4.1 Reactive oxygen species (ROS) 

McCord and Fridovich were the first to discover that the enzyme superoxide 

dismutase is able to dismutate superoxide anion to form oxygen and hydrogen 

peroxide.23 These ROS have been found to interact directly with DNA or DNA 

components via singlet oxygen species (O2
�−) and hydroxide radicals (.OH). Under 

aerobic conditions, react with oxygen to produce O2
�− (E = ~0.9 V vs. NHE).24  

However, several works in literature have shown that O2
�−  radicals cannot induce DNA  

damage.25  These O2
�− can react with H+ to generate H2O2 which in turn can react with 

more O2
�−  to generate more .OH via Harber-Weiss reactions.  The redox potential for 

.OH radicals is E = ~2.4 V vs. NHE.  Since the redox potential for .OH is high, .OH can 

oxidize DNA, resulting in DNA damage.  

ROS induce oxidative stress.  In vivo, radicals are thought to be produced via 

two main pathways.  The first is via the exposure of living organisms to ionizing 

radiation (γ radiolysis) leading to the hemolytic fission of oxygen-hydrogen bonds in 

water thereby producing an .OH.  The second way is through the generation of .OH 

through Fenton reactions (Figure 1.4).  These reactions usually involve a ferrous ion 
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which acts as a catalyst in the presence of hydrogen peroxide.  The hydrogen peroxide 

is broken down into a hydroxide ion and a hydroxyl free radical.  

 

O2

Fe(III)

Fe(II)

.OH

H2O2

O2
-

 

Figure 1.4 Schematic diagram showing iron conversion to hydroxyl radicals. 

 
It has been shown that DNA .OH radicals induce DNA damage via hydrogen 

abstraction from the sugar moiety hence forming sugar radicals.26  Schraufstatter and 

coworkers were the first to show that exposure of H2O2 to P388 D1 cells resulted in an 

increase in 8-hydroxyguanine (8-OH-Gua).27  Later, Floyd et al. was able to prove that 

the major product formed by .OH DNA damage was 8-OH-Gua suggesting that .OH 

radicals are involved in the attack of purine bases.28 

Three major intermediates that result from .OH radical attack has been 

identified (Figure 1.5).  The chemical fates of these intermediates have been extensively 

studied. Adduct 1 and 2 revert back to guanine by gaining an electron via thiols 

generated in the cells.  Adduct 3 (8-OH-Gua) leads to the formation of 7,8-dihydro-8-

oxoguanine or can gain an electron and a proton forming 2,6-diamino-5-formamido-4-

hydroxypyrimidine (FAPy-G) which eventually lead to DNA damage.29-31  
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Figure 1.5 Schematic representation for the reaction of guanine with hydroxyl radicals. 
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1.4.2   Carbon centered radicals 

The study of DNA damage by carbon-centered radicals began with the 

discovery of enediyne antibiotics.  Since then, several works have been published on 

this subject.  A good example is works by Kashinge and co-workers that showed 

through EPR studies that carbon radicals generated from dihydropyrazines are effective 

in causing DNA cleavage.32 

There are two ways carbon centered radicals can be formed in vivo.  One is 

under conditions of high oxidative stress and the other is by abnormal metabolism of 

carbohydrates and amino acids brought about by genetic disorders. 

It is thought that alkyl radicals are able to abstract hydrogen atoms from the 

sugar moiety in nucleotides leading to alkylation and consequently DNA damage. 

Maeda and coworkers demonstrated that carbon radicals induced DNA damage by 

attacking guanine and adenine bases of DNA forming 8-alkylpurines which can 

ultimately lead to DNA damage (Figure 1.6).33  
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Figure 1.6 Schematic representation of carbon centered metabolites where R represents 
a carbon radical. 
 

1.5 Scope of the thesis 

Previously, our laboratory has shown that [(phen)2Ru(tatpp)Ru(phen)2] +4(P4+)  

can damage DNA under both aerobic an anaerobic conditions.  What makes P4+ unique 

is the fact that we see enhanced cleavage under anaerobic conditions compared to that 

of aerobic conditions. 

Chapter 2 examines the photochemistry of P4+ in the presence and absence of 

DNA at different pH ranging from pH 6.0 � 11.0, and also examines the effect of DNA 

binding to the length of the excited state, P*.  In the second half of Chapter 2, we 

examine the effect of photo irradiating P4+ in the presence of DNA and observing any 

change in the DNA cleavage.  
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Chapter 3 discusses the effect of both oxygen and carbon radicals on our 

system.  In the presence of oxygen, we observe that ROS do not play a role in the DNA 

cleavage mechanism.  Under hypoxic conditions, complete quenching of our system in 

the presence of a carbon radical quencher was observed.  We postulate that a carbon 

based radical species of P4+ may be responsible for the enhanced cleavage seen under 

anaerobic conditions. 
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CHAPTER 2 

PHOTOCHEMISTRY OF [Ru2(phen)4(tatpp)]Cl4(P4+) 
IN PRESENCE AND ABSENCE OF DNA 

2.1 Introduction 

Over the past several years, studies on the interaction of polypyridyl Ru (II) 

complexes with DNA have been the focus of several research works. Ru (II) 

polypyridyl complexes are of particular interest due to a combination of stability, ease 

of construction, chirality and electronic properties.10,34,35 

 The dinuclear ruthenium complex, [(phen)2Ru(tatpp)Ru(phen)2] +4 (P4+), where 

phen is 1,10 phenathroline and tatpp is 9,11,20,22-tetraaza,tetrapyrido[3,2,-a:2�3-

c:3�,2�-l:2��3��-n]-pentacene, has been synthesized in our laboratory.  A ladder scheme 

has been constructed with the redox and protonation states of the tatpp bridging ligand 

in complex P4+ (scheme 1) with a corresponding shorthanded notation (P4+, P3+, H2P4+ 

etc).  The electron�transfer processes are presented vertically while protonation/ 

deprotonation processes are presented horizontally. 36 

     The seven distinct species in this ladder scheme have been generated 

chemically or electrochemically and have been characterized by UV-Vis spectroscopy 

(Figure 2.1).37 
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Scheme 1: Schematic diagram showing different redox and protonation steps of P4+. 

 

The species show characteristic Ru-phen (dπ-π*) MLCT transitions at ~440 nm 

and unique LC transitions at longer wavelengths.  The absorption spectra for the singly 

and doubly reduced species, P3+ and P2+ are shown in Figure 2.1a and are characterized 

by LC transitions that occur at long wavelengths (855 and 970 nm for P3+ and 635 and 

685 nm for P2+).  The absorption spectra for the protonated products are shown in 

Figure 2.1 b.  Protonation of P3+ gives HP3+ and is characterized by a new peak at 715 

nm in the spectrum of P3+ with a blue shift of the other LC bands to 655 nm and 608 

nm.  Addition of another proton yields H2P4+ in which the LC transition appears as a 

new peak at 580 nm.  H2P4+ can be further reduced to H2P2+. 
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Figure 2.1: Top half: Absorption spectra of P4+after addition of 1.0 molar equiv of 
cobaltocene (dashed line, P3+) and 2.0 molar equiv of cobaltocene (dotted line, P3+) in 
degassed acetonitrile. Bottom half: Absorption spectra of P3+ after addition of 1.0 equiv 
of TFA (solid line, HP4+) degassed acetonitrile.  
      

The photochemistry of P4+ at different pH�s has been studied in water (Figure 

2.2).38  At pH 11.0, visible irradiation of P4+ results in the appearance of two absorption 

peaks at 970 and 860 nm which correspond to the formation of P3+ (Figure 2.2a1). As 

these absorption bands begin to decrease in intensity, we see the formation of two new 

peaks at 635 and 725 nm which correspond to the formation of HP3+and P2+ 

respectively (Figure 2.2a2).  When decreasing the pH to 8.5, the formation of non-

protonated P3+ is observed as the first photoreduced product and HP3+ is the dominant 
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protonated species with some residual amount of P2+still being formed but not the 

extent as that observed in pH 11.0 (Figure 2.2 b1 and b2).   

At pH ~7.0, minor amounts of P3+ is initially formed as observed by its 

characteristic band at 970 nm.  As the band at 970 nm continues to increase in intensity, 

the formation of a new peak at 580 nm is observed, which is consistent with the 

formation of H2P4+ (Figure 2.2c). 

       

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2: Evolution of the visible spectrum of 16 µM of P4+ in water with 0.25 M of 
TEOA during photolysis at four different pH values: pH 11 (a1 and a2), pH 8.5 (b1 and 
b2), and pH 7.0 (c) and pH 6.0 (d).  
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The multi-electron reduction under photochemical conditions of complex P4+ at 

pH ≥ 6.0 occurs according to equations (1) and (2) with the rate being expressed by 

equation (3)  

 

 P4+ + hν  →  P*                             (1) 

P* + TEOA  →  P3+
 + TEOA +         (2) 

Rate 2   =   k [P*] [TEOA]              (3) 

As the lifetime (t1/2) of P* increases, its probability of reacting with TEOA increases 

and therefore the reaction rate increases as would be expected by the rate law (rxn. 3).  

It was found that the t1/2 of P* is approximately 1.3 µs in dichloromethane, 4.5 ns in 

acetonitrile and less than 1 ns in water.39  It will be worthy to compare the 

photochemistry of P4+ free vs. P4+ intercalated into DNA.  Would the t1/2 of P* be 

longer when it is intercalated into DNA? Would the bound form of P4+ be protected 

from the solvent and experience a more hydrophobic environment that induces a longer 

t1/2 of its excited state? We hypothesize that the t1/2 will be longer for the complex 

intercalated into DNA. This is because the bound form of P4+ will be protected from the 

solvent and experience a more hydrophobic environment like that experienced in 

dichloromethane.  We hypothesize that P* will be stabilized in a more hydrophobic 

environment and will therefore exhibit a longer t1/2.  We thus expect to see a faster 

photochemically reduction of P4+ to P3+ in the presence of DNA than for P4+ alone in 

solution.  
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2.1.1 Photocleavage of nucleic acids 

Interactions of ruthenium polypyridyl complexes with DNA have been 

extensively studied over the past few years.  Their unique binding properties as well as 

their photoactivity make them suitable candidates as DNA site-specific photocleavers.40 

Works by Barton et al. and Kelly et. al. have shown that simple ruthenium based 

compounds such as [Ru(bpy)3]2+ and [Ru(phen)3]2+ (Figure 2.3) are effective in bringing 

about significant damage to calf thymus DNA in as little 15 seconds.40,41  These 

compounds are thought to initiate DNA cleavage via singlet oxygen species generated 

from the photoirradiation of the complexes.  Interestingly, works carried out by Kelly et 

al. show that [Ru(terpy)2]2+ (Figure 2.3) is incapable of bringing about damage to calf 

thymus DNA.40  O�Reilly, Kelly and Kirsch-De Mesmaeker linked two ruthenium 

monomers and found that these complexes exhibited ~100 fold enhancement in 

photonicking of supercoiled DNA (Figure 2.3).42  This suggests that ligands do play a 

significant role when it comes to DNA photocleavers.  

Most works on ruthenium complexes, such as those carried out by Barton on co-

workers on ruthenium based complexes show that oxygen and light irradiation is 

essential for appreciable DNA cleavage. 43 

 In the first half of chapter, we will investigate the rate of the photochemical 

reduction of P4+ in the presence and absence of DNA as a function of pH.  We will 

examine the t1/2 of P* by measuring the time it takes for the peaks associated with P3+ to  

increase in intensity the presence and absence of DNA and try to observe and if this t1/2  



 

 20

is extended in this protected environment.  In the second half of the chapter, we will 

examine the effect of white light on DNA damage. 
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Figure 2.3 Some common Ru (II) photocleaving agents. 

                                        

2.2 Results and discussion 

2.2.1 Photoreduction of P4+ in the presence and absence of DNA at different pH 

As shown in Figure 2.4a, the absorption spectrum of P4+ (16 µM) in aqueous 

buffered solution containing TEOA (0.10 M) as it is irradiated with visible light (λ > 

330 nm) at pH 11.0.   At pH 11.0, in the absence of DNA, we observe a small amount 

of P3+ is formed prior to irradiation which is denoted by the black line.  We associate 
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this to the thermal formation of P3+. Upon further irradiation, (Figure 2.4b) longer 

wavelength peaks at 855 and 965 nm begin to decrease in intensity as peaks at 715 nm 

and 655 nm with a shoulder at 608 nm begin to increase in intensity. The second 

photoproduct can be assigned as a mixture of singly protonated, singly reduced HP3+ 

and the non-protonated P2+.  

When the same experiment was performed in the presence of DNA (P4+:DNA 

ratio is 1:12), similar changes are observed although the process was slower overall. 

Upon irradiation, the two long wavelength peaks (855 and 965 nm) associated with P3+  

increase in intensity (Figure 2.4c).  Interestingly, these peaks do not increase in intensity 

to the same extent as observed in the absence of DNA.  As the long wavelength peaks 

associated with P3+ began to decrease in intensity, we see the formation of new peaks at 

approximately at 655 and 715 nm and a shoulder at 608 nm.  Due to the similarity of the 

spectrum of P4+ in the absence of DNA, these peaks are assigned to HP3+ and non 

protonated P2+.  Their intensity is ca. 35-40% of that without DNA.  Importantly, the 

time required for the full formation of P3+ was only 30 sec in buffered solution as 

compared to solutions containing excess DNA (DNA bp/P4+ ratio, 12:1) that took 120 

sec.  
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Figure 2.4: Absorption spectra of P4+ (16 µM) and TEOA (0.1 M) in the presence and 
absence of DNA (0.54 mM) at pH 11.0 (a) growth of P3+ in water, (b) growth of HP3+ 
and P2+ in water, (c) growth of P3+ with DNA, (d) growth of P3+ and P2+ with DNA.  
UV cutoff filter (< 360 nm), distance between light source and sample = 3 cm, at 18 oC. 
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Figure 2.5 shows the time plots for the different rates of formation of P3+ in the 

presence and absence of DNA.  As shown in Figure 2.5, the time taken for the 

formation of P3+ is significantly slower in the presence of DNA as compared to that in 

the absence of DNA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Rate of formation of P3+ in the presence and absence of DNA at pH 11.0. 

 

At pH 8.5, in the absence of DNA, no thermal reaction with TEOA is observed. 

Upon irradiation, the two long wavelength peaks (855 and 965 nm) associated with P3+ 

(Figure 2.6a) increase in intensity with an additional peak appearing simultaneously at 

1.0

0.8

0.6

0.4

0.2

Ab
so

rb
an

ce

120100806040200
Time (sec)

P4+ + DNA

P4+

1.0

0.8

0.6

0.4

0.2

Ab
so

rb
an

ce

120100806040200
Time (sec)

P4+ + DNA

P4+



 

 24

580 nm.  As the long wavelength peaks associated with P3+ reach a maximum and begin 

to decrease in intensity, the additional peak at 580 nm increases in the peak intensity 

indicating conversion to H2P4+ (Figure 2.6b).  The formation of a shoulder at 715 nm 

indicates that a small portion of HP3+ is also formed in this photoreaction.  

In the presence of DNA, at pH 8.5, upon irradiation, we once again see the 

formation of the peaks associated with P3+ (Figure 2.6a).  Interestingly, the peak 

associated with P3+ never increases in intensity to the full extent as in pH 11.0 and 

continues to grow throughout the experiment.  This could be attributed to the fact that 

P3+ may somehow be reacting with the DNA through a process that is not well 

understood at this time.  The appearance of a new peak at approximately 655 nm is also 

observed which remains to be investigated (Figure 2.6d).  The time taken for the 

formation of P3+ was considerably longer in the presence of DNA (∼ 17 min) compared 

to that in just solution (∼ 30 sec). The fact that we see a much longer time for the 

formation of P3+ in the presence of DNA could be attributed to the formation of 

dimmers of P3+ (scheme 2).  These dimmers can aggregate and further protect P*, hence 

we see a longer t1/2 as compared to pH 11.0.  These dimmers may then undergo multiple 

reduction and protonaion states to form H2P4+. 
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Figure 2.6: Absorption spectra of P4+ (16 µM) and TEOA (0.1 M) in the presence and 
absence of DNA (0.54 mM) at pH 8.5. (a) growth of P3+ in water, (b) growth of H2P4+ 
in water, (c) growth of P3+ with DNA, (d) growth of unidentified species with DNA.  
UV cutoff filter (< 360 nm), distance between light source and sample = 3 cm, at 18 oC. 
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Scheme 2: Proposed model for the formation of P3+ dimmers and their       
                              conversion to H2P4+. 
 
 

At pH 7.0, in the absence of DNA (Figure 2.7a), only a small amount of P3+ is 

formed and the broad absorption at 580 nm begins to appear immediately, which is 

indicative of the formation of H2P4+.  Interestingly, this peak never increases in 

intensity to the same extent as that seen at pH 8.5, suggesting that there is direct 

photoreduction of P4+ (eq. 4) hence that is why we see the formation of P4+ and H2P4+ 

only. 

P4+ + 2e- + 2H+ → H2P4+                                 (4) 
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                 Figure 2.7: Absorption spectra of P4+ (16 µM) and TEOA (0.1 M)  
                 at pH 7.0. (a) in buffer (b) in the presence of DNA (P4+: DNA ratio is 1:12).  
                 UV cutoff filter (< 360 nm), distance between light source and sample = 3 
                 cm, at 18 oC. 
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Notably, at pH 7.0 in the presence of DNA, none of the photoproducts are observed 

suggesting that complex P4+ intercalated into DNA is photochemically inactive at this 

pH.  

At pH 6.0, in the absence of DNA, there is no trace of P3+ being formed.  At 

shorter wavelengths, we do observe the growth of a broad peak that appears at 580 nm 

which is associated with H2P4+.  However, this peak never increases in intensity to the 

same extent as that observed at the higher pHs.   

In the presence of DNA at pH 6.0, no photoproducts are observed. There are 

several possibilities as to why H2P4+does not fully form at lower pH.  One possibility is 

pH induced aggregation which can alter the photophysical behavior. Another possibility 

is the TEOA reducing agent is unable to deliver two electrons simultaneously to support 

reaction (4). 

 Contrary to our initial hypothesis, complex P4+ bound to DNA takes a longer 

time to photochemically reduce to P3+.  In order to explain the results, we have 

considered the possibility that perhaps [P*] is not really decreased upon binding to 

DNA but that the number of interactions between P*-DNA (intercalated into DNA) and 

TEOA is much lower than in the case that free P*.  When P* is intercalated into a big 

molecule such as DNA, forming P*-DNA, the probability of successful interactions 

between P*-DNA and TEOA is expected to be much lower than in the absence of DNA 

where the free P* can easily interactions with TEOA, and hence the photochemistry 

behaves as if P*-DNA would have a shorter t1/2 than free P*.  This is because the 

second order rate constant (eq. 3) is proportional to the sum of the diffusion coefficients 
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of the two species intervening in the reaction (TEOA and P*-DNA or TEOA and free 

P*).  The diffusion coefficient of P*-DNA (taken as that of DNA alone) is at least two 

order of magnitude smaller than that of free P*; and hence the reaction rate is smaller 

for P*-DNA than for free P*.   

2.2.2 The effect of photoirradiation of P4+on DNA damage  

As has been demonstrated in literature, most ruthenium polypyridyl complexes 

show enhanced DNA damage in the presence of light.  In the second half of this 

chapter, we wish to investigate the effect of white light on the cleavage abilities of our 

complex P4+. 

There are three main topological forms that plasmid DNA can exist as the 

supercoiled form (Form I), the circular form (Form II) and the linear form, (From III). 

Single strand (ss) cleavage also know as nicking coverts supercoiled (form I) to circular 

DNA (Form II).  Double-strand (ds) cleavage converts supercoiled DNA to linear DNA 

(Form III).  The employed method used to detect the three forms of DNA fragments is 

agarose gel electophoresis.  The gels are stained with ethidum bromide and visualized 

under UV light (Figure 2.8).  

 The cleavage ability of our complex P4+ under normal room light irradiation 

has been extensively studied both under aerobic and anaerobic conditions.  It has been 

found that P4+ in the presence of a reducing agent such as glutathione (GSH) can induce 

ss breaks thereby converting supercoiled DNA into circular DNA under aerobic 

conditions.  Interestingly enough, under anaerobic conditions, we observe the complete 
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conversion of supercoiled DNA into circular DNA showing that DNA cleavage of P4+ is 

enhanced in the absence of oxygen.44   
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Figure 2.8: Topoisomers of plasmid DNA and how these three forms can be tracked 
using agarose gel electrophoresis. 
 

    2.2.3 Effect of white light on the DNA cleavage ability of P4+ in the presence of  

  oxygen   

 The effect of photoirradiation of P4+ on DNA damage under aerobic conditions 

was examined.  Two experiments were performed.  The first experiment involved the 

incubation of P4+, GSH and pUC18 plasmid DNA at a ratio of 1:12 P4+ to DNA base 

pairs.  Both sets of solutions were irradiated for 4 h with samples being taken after 

every hour.  The second experiment involved identical solutions under identical 

experimental conditions as those in the first assay with the exception of the samples 

being incubated in a dark environment.  After completion on the experiment, the 
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samples were quenched by the additions of ethanol and analyzed using gel 

electrophoresis. 

The DNA cleaving activity of P4+ after irradiation with visible light (λirr ≥ 395) 

was observed using gel electrophoresis (Figure 2.9).  Control experiments (lanes 1 and 

2) indicate that the effect of visible light does not induce any DNA damage.  If we 

compare lanes 3-6 which are P4+ samples that have been irradiated for 1, 2, 3 and 4 h 

respectively, we observe no difference in P4+ induced DNA damage. 

 

 

                           1                2                3                4               5              6       
                P4+        +                +               +                +               +              +              
                hν       0                0                1 h             2 h            3 h           4 h         
 
Figure 2.9: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 4 h after irradiation 
with P4+ in 7 mM Na3PO4 buffer (pH 7.0). Lane 1: DNA control ; Lane 2: DNA plus P4+ 

(0.0128 mM); Lane 3: DNA plus P4+ (0.0128 mM) 1 h irradiation; Lane 4: DNA  plus 
P4+(0.0256 mM) 2 h  irradiation; Lane 5: DNA plus P4+(0.0128 mM) 3 h irradiation; 
Lane 6: DNA plus P4+(0.0128 mM) 4 h  irradiation.  
 
    

 The DNA cleaving ability of P4+ in the dark was also tested.  As can be observed in 

Figure 2.10, lanes 3-6, there is no cleavage activity as compared to the control lanes 1 

and 2.   

The DNA cleavage activity of P4+, GSH and DNA in the presence and absence 

of visible light (λirr ≥ 395) was also investigated (Figure 2.11).  Studies of P4+ and GSH 

in the presence of DNA under anaerobic conditions have previously conducted in our 
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laboratory and have been found to yield ~48% of circular DNA.  Lanes 4-6, represent 

P4+ and GSH in the presence of DNA after 1, 2 and 3 h of irradiation respectively. 

 

                          1            2               3              4                5                  6       
                  P4+   +           +               +              +                +                 +              
 
Figure 2.10: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 4 h with P4 in 7 mM 
Na3PO4 buffer (pH 7.0), no irradiation. Lane 1: DNA control; Lane 2: DNA plus P4+ 

(0.0128 mM; Lane 3: DNA plus P4+ (0.0128 mM) 1 h, no irradiation; Lane 4: DNA plus 
P4+(0.0128 mM) 2 h, no irradiation; Lane 5: DNA plus P4+ (0.0256mM) 3 h,  
 no irradiation; Lane 6: DNA plus P4+(0.0128 mM) 4 h, no irradiation.  
      

As observed, the presence of white light has no significant effect on the cleavage 

activity yielding ~55% of circular DNA.  Interestingly, after 4 h of irradiation (lane 7), 

we see that a mixture of P4+ and GSH yields ~80% of circular DNA.  

  

 
 
                      1             2               3               4               5            6                7 
 P4+                -             +               +               +              +            +                + 
 GSH             -              -               +               +              +             +               + 
 hν                 -              -                -               1 h           2 h          3 h              4 h       
 
Figure 2.11: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 4 h after irradiation 
with P4+ and GSH in 7 mM Na3PO4 buffer (pH 7.0). Lane 1: DNA control; lane 2: DNA 
plus P4+ (0.0128 mM); lane 3: DNA plus GSH (2.01 mM); lane 4: DNA,GSH (2.01 
mM) plus P4+ (0.0128 mM), 1 h irradiation; lane 5: DNA,GSH (2.01 mM) plus P4+  
(0.0128 mM), 2 h irradiation; lane 6: DNA,GSH (2.01 mM) plus P4+  (0.0128 mM), 3 h 
irradiation; DNA,GSH (2.01 mM) plus P4+ (0.0128 mM), 4 h irradiation. 
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 The cleavage activity of P4+, DNA and GSH was also observed in the dark 

(Figure 2.12).  Lanes 1-3 serve as controls.  Lanes 4-7, which represent those samples 

that were photoirradiated for 1, 2, 3 and 4 h respectively, show no change in cleavage 

activity.  Comparison of lane 7 in Figure 2.11 to lane 7 in Figure 2.12 show a significant 

difference with most of the supercoiled DNA being converted to circular after 

photoirradiation for 4 h.  

 

                       1             2              3              4              5                6               7              
 P4+                 -             +              +              +             +                +               +             
 GSH              -             -               +              +             +                +               +             
 
Figure 2.12: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 4 h with P4+ and GSH 
in 7 mM Na3PO4 buffer (pH 7.0), no irradiation. Lane 1:DNA control; lane 2: DNA plus 
P4+ (0.0128 mM); lane 3: DNA plus GSH (2.01 mM); lane 4: DNA, GSH (2.01 mM) 
plus P4+ (0.0128 mM),1 h, no irradiation; lane 6: DNA, GSH (2.01 mM) plus P4+ 
(0.0128 mM), 2 h, no irradiation; DNA, GSH (2.01 mM) plus P4+ (0.0128 mM), 3 h, no 
irradiation; DNA, GSH (2.01 mM) plus P4+(0.0128 mM), 4 h, no irradiation. 
 
 

Kelly et.al.45,46 has shown that certain ruthenium complexes react with DNA via 

electron transfer.  He showed that these complexes can induce spontaneous nicks in 

supercoiled DNA and form photoadducts with guanine residues that are readily 

oxidized.  The single strand nicking that is observed in lane 7 (Figure 2.11) may be 

attributed to an electron transfer that might be occurring between the metal centre and 

the guanine residues as shown in the equation below. 

                                      P*  +  G P - + G +. .
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2.2.4 Effect of white light on the DNA cleavage ability of P4+ in the absence of oxygen 

 Since P4+ in the presence of GSH has been found to show enhanced cleavage 

activity under hypoxic conditions, we wanted to examine the effect of visible light on 

cleavage activity of P4+ under anaerobic conditions in the presence and absence of light 

and with GSH.   For comparison, similar experiments were conducted as those 

performed in section 2.2.1, with the exception of an oxygen free environment. 

Figure 2.13 shows the agarose gel of photoirradiated P4+.  Lanes 1 and 2 serve as 

controls whilst lanes 3-5 represent samples that contained P4+ after 1, 2, 3 and 4 h of 

photoirradiation respectively.  As can be seen, we observe no difference in P4+ induced 

DNA damage.  Similar results were obtained for P4+ in the dark. 

 

 

                                   1              2            3             4          5            6             
                          P4+    -              -            +              +          +           + 
                          hν     -               -            1 h           2 h       3 h         4 h                                                  
 
Figure 2.13: Agarose gel (1%) stained with ethidium of supercoiled pUC18 DNA 
(0.154 mM) cleavage products after incubation at 25 oC for 4 h of irradiation with P4+ in 
7 mM Na3PO4 buffer (pH 7.0) under anaerobic conditions. Lane 1: DNA control; Lane 
2: DNA plus P4+ (0.0128 mM); Lane 3: DNA plus P4+ (0.0128 mM) 1 h irradiation; 
Lane 4: DNA plus P4+ (0.0128 mM) 2 h irradiation; Lane 5: DNA plus P4+ (0.0128 mM) 
3 h irradiation; Lane 6: DNA plus P4+(0.0128 mM) 4 h irradiation.  
 
      

     The effect of white light on cleavage activity of P4+ and GSH was observed (Figure 

2.14).  Previous studies carried out on P4+ in the presence of GSH under anaerobic 

conditions showed enhanced cleavage with the complete conversion of supercolied 
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DNA to circular DNA. Lanes 1-3 serve as control lanes.  Lanes 5-8 represent the 

samples that were photoirradiated after 1 h, 2 h, 3 h and 4 h respectively.  In lane 8, we 

see the small formation a linear DNA.  Though we cannot totally rule out the possibility 

role of white light, it seems likely that the small amount of linear DNA we observe in 

lane 8 can be attributed to random ds nicks.  The same experiment was conducted under 

low light conditions and similar results were observed. 

 

 

                    1            2           3            4            5           6           7             8 
          P4+     -            -           +            +            +           +           +             + 
          GSH  -            +          +            +            +           +           +             + 
          hν       -            -           -             -           1 h         2 h         3 h          4 h 
 
Figure 2.14: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 4 h after irradiation 
with P4+ and GSH in 7 mM Na3PO4 buffer (pH 7.0) under anaerobic conditions. Lane 
1:DNA control; lane 2: DNA plus P4+ (0.0128 mM); lane 3: DNA plus GSH (2.01 
mM); lane 4: DNA, GSH (2.01 mM) plus P4+ (0.0128 mM); lane 5: DNA,GSH (2.01 
mM) plus P4+ (0.0128 mM), 1 h irradiation; lane 6: DNA, GSH (2.01 mM) plus P4+  
(0.0128 mM), 2 h irradiation; lane 7: DNA, GSH (2.01 mM) plus P4+ (0.0128 mM), 3 h 
irradiation; lane 8: DNA, GSH (2.01 mM) plus P4+ (0.0128 mM), 4 h irradiation. 
 

2.3 Summary and conclusions 

 Our complex P4+ in the presence of a reducing agent such a TEOA was found 

to be photochemically active.  At alkaline pH�s, that is pH 11.0 and 8.5, we observed 

the formation of the photoproducts P3+, H2P4+ in the absence of DNA.  In the presence 

of DNA, at alkaline pH�s, we observed the formation of P3+ and HP3+ and a new 
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species at 630 nm (pH 8.5) which we are yet to identify. At neutral pH, pH 7.0, we 

observed the small formation of H2P4+in the absence of DNA, and no photoproducts are 

observed in the presence of DNA.  

In the absence of DNA in slightly acidic pH, only the slight formation of H2P4+ 

is observed.  No photoproducts are observed in the presence of DNA. 

 Interestingly, upon the examination of the t1/2 P*, we found that the t1/2 of P* is not 

enhanced in the presence of DNA as we had expected.  We attribute this to the 

decreased interactions of DNA bound P4+ with TEOA.  In the absence of DNA, we 

found that the t1/2 of P* is enhanced.  We attributed this to the increased interactions of 

free P4+ with TEOA.  

The effect of visible light on DNA damage was also examined.  Through the 

various experiments conducted in the presence and absence of white light both under 

aerobic and anaerobic conditions; we have observed that visible light does not play a 

role in the DNA cleavage ability of P4+.  We have shown that our system induces DNA 

damage through a light independent pathway.  
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2.4 Experimental 

2.4.1 Chemicals 

All reagents were purchased commercially and used without further purification 

unless noted. [(phen)2Ru(tatpp)Ru(phen)2]Cl4 ([P4+]Cl4)  was synthesized according to 

literature methods.  Millipore water was used to prepare all buffers. Supercoiled pUC18 

DNA was purchased from Bayou Biolabs (New England).  Agarose, ethidium bromide, 

glutathione (GSH), and Calf Thymus DNA were purchased from Sigma Aldrich. The 

DNA concentration was determined by absorption spectroscopy using the molar 

coefficient of (13,300 M−1 DNA-bp) at 260 nm.   

2.4.2 Instrumentation 

UV-visible spectra were obtained on a Hewlett-Packard HP8453A 

spectrophotometer and the light source used was a Stockel Yale Model 21AC fiber 

optic illuminator. 

2.4.3 Photochemistry of P4+ in water 

In a typical experiment, 665 µL of 16 µM P4+ and 114.6 µL of 0.1M of TEOA 

was transferred into a 3 mL glass cuvette and made to up 2.5 mL using 40 mM Tris 

buffer (pH 7.5).  The solution was capped using a rubber septum and deoxygenated by 

bubbling with nitrogen for 10 min.  The solution was then placed in a 25 oC water bath 

which was situated 3 cm way from the light source and was irradiated with white light. 

Measurements were taken after every 5 sec for the first minute and then 60 sec for the 

remaining time of the experiment. 
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 In the DNA photochemistry experiment, a stock solution of calf thymus DNA 

was prepared by dissolving ~45 mg of Calf Thymus DNA in Buffer I (50 mM Tris, 100 

mM NaCl, pH 7.5).  The solution was centrifuged at 13,000 rpm for 10 min and 

resuspended in Buffer II (50 mM NaCl, 5 mM Tris, pH 7.5).  An absorbance reading 

was taken at 260 nm and the DNA concentration was obtained using Beer�s law.  

In a typical experiment, 523 µL of 0.034 mM DNA , 665 µL of 0.016 mM P4+ 

and 114.6 µL of 0.1M of TEOA was transferred into a 3 mL glass cuvette and  made to 

up 2.5 mL using 40 mM Tris buffer (pH 7.5).  The solution was deagassed in the same 

way as described above and measurements were taken after every 5 sec for the first 

minute and then 60 sec for the rest of the experiment.  

 
2.4.4 Photocleavage of pUC18 plasmid DNA 
 

DNA photocleavage experiments where carried out in a total volume of 80 µL 

in 1 mL.  Eppendorf  tubes  containing 20 µL of P4+ (0.0128 mM), 20 µL of GSH (1.02 

mM) and 2 µL of pUC18 DNA (1 µg/1 µL), 0.154 mM DNA base pairs) in 7 mM  

Na3PO4 buffer medium (pH 7.0).   Samples were irradiated using a 150W optical light 

source with a 360 nm UV filter.  The distance between the sample Eppendorf and the 

light source was set at 3 cm.  After every hour, 20 µL aliquots were taken and the DNA 

was then precipitated by adding 2 µL of 3 M sodium acetate (pH 5.2) and 80 µL of 

ethanol, followed by cooling at -20 oC overnight.  The precipitated DNA was then 

centrifuged at 13,000 rpm (rounds per minute) for 30 min.  The ethanol solution was 

decanted out of the Eppendorfs and dried under vacuum for 20 min.  The samples were 

then resuspended in 30 µL storage buffer (40 mM Tris-Cl, 1 mM EDTA , pH 8.0) and 
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10 µL loading buffer (30% glycerol in millipore water with 0.1% w/v bromophenol 

blue).  After that, 5 µL of each sample was loaded in a 1% agarose gel containing 

ethidium bromide (0.2 µL/1 mL) and then subjected to electrophoresis at 70 V for 2 h 

using TAE buffer ( 40 mM Tris-acetate, 1 mM EDTA, pH 8.0) as the running buffer.  

Bands were visualized by UV light and photographed with a UV illuminator. 

2.4.5 Anaerobic reactions 

Solutions of similar concentrations as those described in section 2.4.4 were 

degassed 4X using the freeze thaw method and then transferred into a nitrogen 

atmosphere glove box.  Samples were irradiated with 150W optical light source with a 

360 nm UV filter for 4 h with 20 µL aliquots taken after every hour.  The distance 

between the sample Eppendorf and the light source was set at 3 cm.  Samples were then 

precipitated anaerobically using 2 µL degassed 3 M sodium acetate (pH 5.2) and 80 µL 

degassed ethanol.  The solutions were then subjected to subsequent precipitation and 

analysis steps similar to those in described 2.4.4. 
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CHAPTER 3 

MECHANISM OF DNA CLEAVAGE WITH RUTHENIUM 
POLYPYRIDYL COMPLEXES 

3.1 Introduction 

Since the discovery of cisplatin as an effective chemotherapeutic agent, there 

has been intensive interest in the use of metal complexes as potential chemotherapeutic 

drugs. In particular, ruthenium complexes have been studied extensively as its chemical 

reactivity is quite similar, in many cases, to that of platinum complexes.  In recent 

years, a few ruthenium complexes have demonstrated favorable anti-tumor properties 

whilst showing lower systemic toxicity than platinum (II) compounds. 18,19,47 

In addition, there are numerous reports on the binding and properties of cationic 

ruthenium polypyridyl complexes with DNA.  Barton et. al. have shown that many such 

complexes, such as [Ru(phen)2dppz]2+,(Figure 3.1) bind DNA tightly via intercalation 

and fluoresce only when bound.17  Lincoln and coworkers have shown that some 

dinuclear ruthenium complexes can bind DNA incredibly tightly, with binding 

constants on the order of 1011 M−1, and that these complexes slowly thread their way 

through the DNA duplex.48   

Despite these studies, cationic polypyridyl complexes have found little 

therapeutic applications, owing primarily to their toxicity at the organismal level.  

Dwyer showed that simple complexes such as [Ru(phen)3]2+ and [Ru(bpy)3]2+ are toxic 

to mice (via interperotoniel injection) at doses of 18.4 mg and 16 mg complex / kg 
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mouse body weight, respectively.  He further showed that these complexes are potent 

inhibitors of acetylcholine esterase (AChE) which is their presumed biological target.49  
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Figure 3.1: Structure of [Ru(phen)2dppz]2+ where phen is 1,10-phenathrolibne and dppz 
is dihydrophenazine 
 

Recently, this lab showed that the dimeric ruthenium complex P4+ (Figure 3.2) 

has the ability to bind and cleave DNA and that this activity is potentiated under 

hypoxic (anaerobic) conditions.50  Furthermore, this complex�s toxicity towards mice 

(MTD ~67 mg/kg) was considerably less than that for [Ru(phen)3]2+ and [Ru(bpy)3]2+ 

suggesting these complexes may be useful therapeutically.  It also seems likely that 

these complexes will be able to cross the cell membrane as just recently, Barton and co-

workers showed that the cationic complex [Ru(phen)2dppz]2+ crosses the cell 

membrane.51  

Of the few Ru (II) complexes found to damage DNA, all but P4+ require 

irradiation with visible light and these are postulated to function by oxidative quenching 

the 3MLCT excited-state on the ruthenium complex by O2 to form O2
�− and other 
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reactive oxygen species (ROS).52  These ROS are thought to abstract hydrogen from the 

sugar moiety found in nucleotides and thus bring about DNA damage. 

 

N
Ru

N N
N N

Ru
NN

N N NNN

N NNN

4+

 

         

Figure 3.2: The dinuclear ruthenium complex, [(phen)2 Ru (tatpp)Ru(phen)2] +4 (P4+) 
where phen is 1,10 phenathroline and tatpp is 9,11,20,22-tetraaza, tetrapyrido [3,2,-
a:2�3-(:3�,2�-1:2��3��) pentacene] 
 

The cleavage activity of P4+, on the other hand, is attenuated under aerobic 

conditions suggesting a completely different mechanism for DNA damage. This 

enhanced activity under hypoxia could also prove useful therapeutically as hypoxic 

tumor cells are one of the most difficult subpopulations of cancer cells to effectively 

treat.     

The ability of P4+ to cleave DNA was determined using a simple assay in which 

cleavage is followed by the conversion of supercoiled plasmid DNA (Form I) to circular 

DNA (Form II) upon single-strand (ss) cleavage or to linear DNA (Form III) upon 

double-strand (ds) cleavage.  These three forms of DNA are separable by agarose gel 

electrophoresis and the results from such a study are shown in Figure 3.3.50  As can be 
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seen, P4+ alone does not induce any significant DNA damage (lane 2).  However, in the 

presence of GSH, P4+ does cause considerable nicking of the DNA (lane 4).  Lane 5 

shows the enhancement of this activity under anaerobic conditions.50     

 

                          M             1              2               3                4                5 

  P4+                                    -               +               -                 +                + 
  GSH                                -               -               +                 +                + 
  O2                                   +              +               +                 +                 -   
 
Figure 3.3: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 2 h with P4+ and GSH 
in 7 mM Na3PO4 buffer (pH 7.0). Lane M, marker lane containing form I, II and III 
DNA.  Lane 1:  DNA control; Lane 2:  DNA plus P4+ (0.0128 mM); Lane 3: DNA plus 
GSH (0.513 mM); Lane 4: DNA, GSH (0.513 mM) plus P4+ (0.0128 mM) under aerobic 
conditions; Lane 5: DNA, GSH (0.513 mM) plus P4+ (0.0128 mM) under anaerobic 
conditions.  
  

These studies conducted show that P4+ is more effective in bringing about DNA 

damage under anaerobic conditions as compared to aerobic conditions.  To our 

knowledge, this is the first DNA binding metal-complex to demonstrate potentiated 

DNA cleavage under hypoxic conditions.  We have yet to determine the exact 

mechanism by which P4+ cuts the DNA.  This chapter describes our efforts to further 

elucidate the mechanism by use of various types of radical scavenging agents.  In this 

manner we aim to establish if the active cleavage agent is a radical species and if so if it 

is an oxygen or carbon-based radical. 
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3.2 Results and discussion 
 

3.2.1 DNA cleavage in the presence of oxygen radical scavengers.   
 

Dimethylsulfoxide (DMSO) is known to be an effective scavenger of .OH.53,54.  

One simple method to ascertain the presence of oxygen radicals in the DNA cleavage 

reaction is to add DMSO to the reaction medium in increasing quantities and then to 

monitor the cleavage activity.  DMSO will consume the diffusible oxygen-based radical 

species and thus we can expect the cleavage activity to by reduced or completely 

stopped in its presence.  The gel shown in Figure 3.4 shows the effect of added DMSO 

on the cleavage activity of P4+ and GSH, in this case under aerobic conditions.  As seen 

in Lane 4, the combination of P4+ and GSH in air gives a reasonable amount of ss 

cleavage.  Lanes 5, 6 and 7 contain 1%, 3% and 5 % DMSO by volume in the cleavage 

medium yet show no attenuation of the ss cleavage activity.  This result is interpreted as 

ruling out the role of oxygen radical species in the cleavage mechanism.  

For completeness, we repeated the experiment shown in Figure 3.5 under 

anaerobic conditions.  Given the data in Figure 3.4, we do not expect DMSO to have 

any effect under anaerobic conditions however we know that the active cleaving species 

is more prevalent under these conditions and thus the reaction was examined.  As seen 

in Figure 3.4, the addition of 1%, 3% and 5 % DMSO in lanes 5, 6 and 7 had no 

measurable effect of the cleavage activity of the P4+-GSH mixture.   It is clear, however, 

that the overall cleavage activity is better under anaerobic conditions compared to 

aerobic conditions, as expected.   
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                      1                2             3             4                5             6              7                        
 
P4+                -                 +            -              +               +              +              + 
GSH             -                 -            +              +               +              +              + 
DMSO         -                 -             -               -               1%           3%          5% 
 
Figure 3.4: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 2 h with P4+, GSH 
and DMSO in 7 mM Na3PO4 buffer (pH 7.0) under aerobic conditions. Lane 1: DNA 
control ; Lane 2: DNA plus GSH (0.513 mM); Lane 3: DNA plus P4+ (0.0128 mM); 
Lane 4:DNA,GSH (0.513 mM) plus P4+(0.0128 mM); Lane 5: DNA, GSH (0.513 mM), 
P4+(0.0128 mM) plus 1% DMSO; Lane 6: DNA, GSH (0.513 mM), P4+(0.0128 mM) 
plus 3% DMSO; Lane 7: DNA, GSH (0.513 mM), P4+(0.0128 mM) plus 5% DMSO.  
 
             

 

 

                       1              2            3               4              5              6           7 
 
    P4+               -              +            -               +              +             +            + 
   GSH            -               -           +               +              +             +             + 
   DMSO        -              -             -                -               1%         3%        5%              
 
Figure 3.5: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 2 h with P4+, GSH 
and DMSO in 7 mM Na3PO4 buffer (pH 7.0) under anaerobic conditions. Lane 1: DNA 
control; Lane 2: DNA plus GSH (0.513 mM); Lane 3: DNA plus P4+ (0.0128 mM); 
Lane 4: DNA,GSH (0.513 mM) plus P4+(0.0128 mM); Lane 5: DNA, GSH (0.513 
mM), P4+(0.0128 mM) plus 1% DMSO; Lane 6: DNA, GSH (0.513 mM), P4+(0.0128 
mM) plus 3% DMSO; Lane 7: DNA, GSH (0.513 mM), P4+(0.0128 mM) plus 5% 
DMSO. 
 

DMSO 

DMSO
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 3.2.2   DNA cleavage in the presence of carbon radical scavengers.   

 Yamaguchi and coworkers have shown that dihydropyrazines cleave DNA 

under both aerobic and anaerobic conditions in the presence of trace metals such as 

Cu2+.  While ROS are implicated in the aerobic cleavage chemistry, it is clear that a 

second cleavage pathway exists which involves carbon radical species and this 

mechanism is independent of dioxygen.55-58  As seen in Figure 3.6, complex P4+ 

contains a similar dihydropyrazine substructure found in many of Yamaguchi's 

compounds. 
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Figure 3.6: 1, 2,3-Dihydro-5,6-dimethyl-pyrazine(DNDMP); 2, trans-2,3-Dimethyl-
5,6,7,8,9,10-hexahydroquinoxaline (DMHHQ); 3, 3-Hydro-2,2,5,6,-tetramethyl-
pyrazine (HTMP); 4, P4+. 
 

In order to investigate the potential role of carbon radicals in cleavage activity of P4+, 

we examined the cleavage activity in the presence of 2,2,6,6-tetramethylpipiridine-1-
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oxyl (TEMPO), shown in Figure 3.7. TEMPO is a nitroxide species that effectively 

traps carbon and metal-centered radicals59,60 by the reaction shown in Figure 3.7. 

                        

 

 

 

 

 

 

 

 

 

Figure 3.7: Mechanism showing the trapping of carbon based radicals using TEMPO. 

 

As shown in Figure 3.8, the ability of a solution of P4+and GSH to cleave 

supercoiled DNA was examined under anaerobic conditions in the presence of 

increasing amounts of TEMPO.  Lanes 3-5 show P4+, GSH and TEMPO at 

concentrations of 1, 1.5 and 2 mM respectively. As can be seen, the amount of ss 

cleavage decreases as the TEMPO concentration is increased, suggesting that carbon-

centered radicals are involved in the cleavage.  
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                                  1                 2            3                 4                  5             

              P4+                -                +            +                 +                  +              

              GSH             -               +             +                 +                  +              

              TEMPO       -                -             1                1.5                2 

 
Figure 3.8: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 2 h with P4+ in 
increasing amounts of TEMPO in 7 mM Na3PO4 buffer (pH 7.0) under anaerobic 
conditions. Lane 1: DNA control; Lane 2: DNA, P4+ (0.0128 mM) plus GSH (0.513 
mM); Lane 3: DNA, GSH (0.513 mM), P4+ (0.0128 mM) plus TEMPO (1 mM); Lane 4: 
DNA, GSH (0.513 mM), P4+ (0.0128 mM) plus TEMPO (1.5 mM); Lane 5: DNA plus 
GSH (0.513 mM), P4+ (0.0128 mM) plus TEMPO (2.0 mM).  
 

This experiment was repeated with 2 mM TEMPO under both aerobic and 

anaerobic conditions as shown in Figure 3.9.  Under both aerobic and anaerobic 

conditions, 2 mM TEMPO is sufficient enough to stop most of the cleavage (lanes 6 and 

7); however the difference in cleavage yield is most noticeable between anaerobic 

samples (lane 5 vs. lane 7).   This data clearly shows that carbon-based radicals play a 

role in the cleavage mechanism.  
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                           1            2               3           4          5             6           7 
 
            P4+          -             -               +           +          +            +           + 

            GSH       -             +              -            +          +            +           + 

            TEMPO -             -               -            -           -            +            + 

            O2           +            +              +           +          -            +             - 

 

Figure 3.9: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 2 h with P4+, GSH 
and TEMPO in 7 mM Na3PO4 buffer (pH 7.0) under aerobic and anaerobic conditions. 
Lane 1: DNA control;  Lane 2: DNA plus GSH (0.513 mM); Lane 3: DNA plus P4+ 

(0.0128 mM); Lane 4: DNA, GSH (0.513 mM) plus P4+(0.0128 mM); Lane 5: DNA, 
GSH (0.513 mM) plus P4+(0.0128 mM) under anaerobic conditions; Lane 6: DNA, 
GSH (0.513 mM), P4+(0.0128 mM) plus TEMPO (2.04 mM); Lane 7: DNA, P4+(0.0128 
mM) plus TEMPO (2.04 mM) under anaerobic conditions .  
 
 

3.2.3 The effect of Cu2+on DNA cleavage   

The TEMPO experiments support the role of carbon radicals in the DNA 

cleavage mechanism. Yamaguchi and coworkers postulated that Cu2+ is needed for the 

generation of the carbon radical species from the dihydropyrazines in their system.  We 

decided to deliberately add Cu2+ to our DNA cleavage medium in order to ascertain the 

effect of added Cu2+ in our system.  Figure 3.10 shows the data under both aerobic and 

anaerobic conditions. Lanes 1 through 4 represent controls.  Lane 5 shows that Cu2+ (13 

µM) alone does not cleave DNA.  In the presence of GSH and Cu+2 (lane 6), we see 

some cleavage with ~20% of circular DNA being formed.  This is very likely due to the 

formation of ROS as reduced Cu+ reacts with O2 in solution.  A combination of P4+ and 
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Cu2+ (lane 7) also shows some cleavage activity above that of P4+ and DNA alone (lane 

3).  When GSH, P4+ and Cu2+ are combined in the presence of air, we see the complete 

conversion from supercoiled DNA to circular DNA (lane 8). However, in an oxygen 

free environment under similar conditions, we observe only ~40% of circular DNA. 

 
                   1           2           3           4          5          6            7         8          9 
  
      P4+         -            -           +           +          -           -           +          +          + 
     GSH      -           +            -           +          -          +           -           +          + 
     Cu+2      -            -            -            -         +          +           +           +          + 
      O2        +           +           +           +         +          +           +           +          - 
 
Figure 3.10: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18  
DNA (0.154 mM) cleavage products after incubation at 35 oC for 2 h with P4+, GSH 
and Cu2+ in 7 mM Na3PO4 buffer (pH 7.0). Lane 1: DNA control; Lane 2: DNA plus 
GSH (0.513 mM); Lane 3: DNA plus P4+ (0.0128 mM); Lane 4: DNA, GSH (0.513 
mM) plus P4+(0.0128 mM); Lane 5: DNA plus Cu2+ (0.0128 mM); Lane 6: DNA, GSH 
(0.513 mM) plus Cu2+ (0.0128 mM); Lane 7: DNA, P4+(0.0128 mM) plus Cu2+ (0.0128 
mM); Lane 8: DNA, GSH (0.513 mM), P4+(0.0128 mM) plus Cu2+ (0.0128 mM); Lane 
9: DNA, GSH (0.513 mM), P4+(0.0128 mM) plus Cu2+ (0.0128 mM) under anaerobic 
conditions.  
 

 The dramatic cleavage activity seen in lane 8 shows that all three components can act 

cooperatively to cause ss cleavage.   It is possible that the observed activity is simply 

the additive effects seen in lanes 4, 6 and 7 but the fact that Cu2+ and P4+are interacting 

to cause cleavage (lane 7) suggests that there may be more involved.  The observation 

that the cleavage activity is at least partially O2 dependent (compare lanes 8 and 9) 

clearly suggests a role for ROS generated via Fenton-like or Haber-Weiss reactions.  
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3.2.4 The role of H2P4+ in DNA cleavage 

The redox chemistry of P4+ in water at pH 7 has been examined and the two 

reduction products are shown in reaction the reaction below (Figure 3.11).       

P3+
H2P4+

= [Ru(phen)2]
2+ fragment

P4+

N
N N

NNN

N N
N
N N

NNN

N N+ e-

N
N N

NNN
H

H
N Ne-, 2H+

 

Figure 3.11: Diagram showing the formation of H2P4+ from P4+. 

 

In order to identify the chemical species responsible for the observed cleavage, the 

above species were chemically prepared and subjected to agarose gel electrophoresis 

under anaerobic conditions (Figure 3.12).50 

 
                     M         1             2           3              4            5           6              7 
 
Figure 3.12: Agarose gel (1%) stained with ethidium bromide of supercoiled  
pUC18 DNA (0.154 mM) cleavage products in the presence of P4+, P3+ and H2P4+.  
All incubations were performed under anaerobic conditions with incubation time of 2 h 
at 25 oC.  Lane M, marker; Lane 1: DNA control; Lane 2: DNA plus P4+ (0.0128 mM); 
Lane 3: DNA plus P4+ (0.0307 mM), Lane 4: DNA plus P3+ (0.0128 mM); Lane 5: 
DNA plus P3+ (0.0307 mM), Lane 6: DNA plus H2P4+ (0.0128 mM); Lane 7: DNA plus 
H2P4+ (0.0307 mM). 
 

As seen in lanes 2 and 3, P4+ shows no significant damage to the DNA. The 

monoreduced complex P3+ shows slightly more cleavage (lanes 4 and 5) than P4+ but 

only marginally so. Interestingly, the doubly-reduced, doubly-protonated complex 
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H2P4+ causes extensive ss cleavage (lanes 6 and 7) with almost full conversion to 

circular DNA observed with 0.0307 mM H2P4+ (lane 7).  Thus we can assume that the 

role of GSH in all the prior cleavage assays was to reduce P4+ to H2P4+ in situ.  In fact, 

we have shown that the absorption spectrum of P4+ in the presence of GSH matches that 

of H2P4+.  The data shown in Figure 3.13 shows the effect of DMSO and TEMPO on 

the cleavage activity of H2P4+ under anaerobic conditions.  In addition EDTA was 

added to one experiment in order to bind any trace metal ions (especially Cu2+) as thus 

see if trace metals are involved in the cleavage mechanism.  The cleavage activity of 

H2P4+ was studied in the presence of 5% DMSO, 2 mM TEMPO and 1 mM EDTA 

which is known to complex trace metals (Figure 3.13).50 

      

 
                                  M           1             2            3           4           5 
 
              H2P4+                          -            +            +           +           + 
              TEMPO                      -            -             -           +            - 
              DMSO                        -             -            +           -             - 
              EDTA                         -            -             -            -            + 
 
Figure 3.13: Agarose gel (1%) stained with ethidium bromide of supercoiled pUC18 
DNA (0.154 mM) cleavage products after incubation at 25 oC for 2 h with H2P4+ in 7 
mM Na3PO4 buffer (pH 7.0). Lane 1: Marker lane; Lane 1: DNA control under 
anaerobic conditions; Lane 2: H2P4+ (0.0256 mM) plus DNA; Lane 3: DNA, H2P4+ 
(0.0256 mM) plus 5% DMSO; Lane 4: DNA, H2P4+ (0.0256mM) plus TEMPO (1.02 
mM); Lane 5: DNA, H2P4+ (0.0256 mM) plus EDTA (1.02 mM). All reactions were 
carried out under anaerobic conditions. 
 

Upon the addition of 5% DMSO (lane 3), we see no change in cleavage activity as 

compared to H2P4+ alone (lane 2).  However, addition of TEMPO stops the cleavage 
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activity (lane 4).  Addition of EDTA had virtually no effect on the cleavage activity, 

suggesting that trace metal ions are not involved in the observed cleavage activity of 

H2P4+.  This experiment nicely confirms the prior studies with GSH and supports the 

hypothesis that carbon-based radicals are playing a role in the DNA cleavage. 

 

3.2.5   Postulated mechanism for DNA cleavage   

 We know that under anaerobic conditions, P4+ can undergo a one-electron 

reduction to form P3+.  P3+ is a carbon radical-like species and should be capable of 

extracting H atoms from DNA.  However, we observe that pre-prepared solutions of P3+  

do not cause significant DNA ss cleavage.  We speculate that this is because the radical 

species P3+ easily dimerizes as shown in Figure 3.14 to form P2
6+. This dimer of dimers 

would have a difficult time intercalating into the DNA and thus is relatively inactive.  

Reduction of P4+ by two electrons (plus two protons) forms H2P4+ which is able to 

intercalate.  Once intercalated into DNA, a one-electron oxidation of H2P4+ would form 

a reactive carbon radical species, P3+, that would be unable to dimerize as before and 

would also be in an optimal position for the radical to attack the DNA duplex.  As 

mentioned earlier, we believe that P3+ is a radical which is capable of abstract hydrogen 

from the sugar moiety in DNA and hence causing damage.       
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Figure 3.14:  Postulated mechanism of DNA cleavage by P3+ species. 

  

At present, we are unable to establish the exact mechanism of DNA cleavage 

however; we hypothesize that the ultimate active species may be P3+ when it is 

intercalated into the DNA.  We plan on conducting EPR studies to elucidate the 

cleaving mechanism in the near future. 
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3.3 Summary and conclusions 

 We have successfully carried out cleavage studies on P4+ and H2P4+ using  

pUC 18 DNA in the presence of different radical scavengers and complexing agents.  In 

the presence of an oxygen radical scavenger (DMSO), we found that there is no effect 

on DNA cleavage under both aerobic and anaerobic conditions.  This proves that ROS 

do not play a significant role in the DNA mechanism in our system.  In the presence of 

TEMPO, which is a known carbon-centered radical quencher, we see that most of the 

DNA cleavage stopped both under aerobic and anaerobic conditions.  This confirms the 

role of carbon-based radicals in DNA damage.  Cleavage studies of H2P+4 in the 

presence of DMSO and TEMPO under aerobic and anaerobic conditions gave similar 

results as those observed for P4+.  We postulate that  H2P+4  is reduced in situ to form  

P3+ and it is this species that goes on to cleave the DNA through a pathway that has yet 

to be fully elucidated. 

3.4 Experimental 

3.4.1 Chemicals 

All reagents were purchased commercially and used without further purification 

unless noted.  [(phen)2Ru(tatpp)Ru(phen)2]Cl4 ([P4+]Cl4) was synthesized according to 

literature methods.  Millipore water was used to prepare all buffers.  Supercoiled 

plasmid pUC18 DNA was purchased from Bayou Biolabs (New England).  Agarose, 

ethidium bromide, glutathione (GSH), 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO), 

Trizma base and CuSO4.5H2O were purchased from Sigma Aldrich. DMSO was 

purchased from Alpha Aesar. 
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3.4.2 Instrumentation 

Plasmid cleavage samples were analyzed using an AlphaImageTM 2200 gel 

analysis system. 

3.4.3 DNA cleavage reactions with DMSO 

DNA cleavage reactions with DMSO were carried out in a total volume of 20 

µL in 0.5 mL Eppendorf tubes which contained 6 µL of 7 mM Na3PO4 buffer medium 

(pH 7), 4 µL of P4+ (0.0128mM), 4 µL of GSH (1.02 mM), 2 µL of plasmid pUC18 

DNA (1 µg/1 µL, 0.154 mM DNA base pairs), and 4 µL of DMSO (1%, 3% or 5% 

DMSO).   The 5% DMSO stock solution was prepared by dissolving 250 µL of DMSO 

in 750 µL of Millipore water. 1% and 3% solutions were prepared from serial dilutions 

of the 5 % stock solution.  Solutions were left to incubate for 2 h at room temperature 

and then precipitated by adding 2 µL of  3 M sodium acetate (pH  5.2) and 80 µL of 

ethanol.   The samples were then cooled at -20 oC overnight.   The precipitated DNA 

was then centrifuged at 13,000 rpm for 30 minutes followed by the removal of the 

ethanol solution from of the Eppendorfs.  The samples were vacuum dried for 30 

minutes and then resuspended in 30 µL storage buffer (40 mM Tris-Cl, 1 mM EDTA, 

pH 8.0) and 10 µL loading buffer (30% glycerol in distilled water with 0.1 % w/v 

bromophenol blue).   After that, 5 µL of each sample was loaded in a 1% agarose gel 

containing ethidium bromide (0.2 µL/1 mL) and subjected to electrophoresis at 70 V for 

2 h using TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0).  Bands were 

visualized by UV light and photographed with a UV illuminator.  
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3.3.4 DNA cleavage reactions with CuSO4.5H2O 

In 0.5 mL Eppendorf tubes, 4 µL  P4+ (0.0128 mM) , 4 µL of  GSH (1.02 mM), 

2 µL of  plasmid pUC18 DNA  (1 µg/1 µL, 0.154 mM DNA base pairs)  and 4 µL of 

CuSO4.5H2O  (0.0128 mM) were mixed and made up to a final volume of 20 µL using 

7 mM Na3PO4  buffer medium (pH 7.0) .  The samples were incubated in a 37 oC water 

bath for 2 h and the solutions were subjected to subsequent precipitation and analysis 

steps similar to those in described 3.6.3. 

3.4.5 DNA cleavage reactions with TEMPO 

In 0.5 mL Eppendorf tubes, 4 µL P4+ (0.0128 mM), 4 µL of GSH (1.02 mM), 2 

µL of plasmid pUC18 DNA (1 µg/1 µL, 0.154 mM DNA base pairs), and 4 µL of 

TEMPO (2 mM) were mixed thoroughly and made up to a final volume of 20 µL using 

7 mM Na3PO4 buffer medium (pH 7.0), and then left to incubate for 2 h at room 

temperature.  The samples were then subjected to subsequent precipitation and analysis 

steps similar to those in described 3.6.3. 

3.4.6 Synthesis of H2P4+ 

 [(phen)2Ru(tatpp)Ru(phen)2]Cl4 ([P4+]Cl4) was synthesized according to 

literature methods.  P+4 was placed in the gloved box and 0.1 g was dissolved in 50 mL 

of degassed Millipore water.  In a separate vial, 0.1 g of glutathione was dissolved in 25 

mL of degassed Millipore water.  The solution of P+4 and GSH were combined and left 

to stir for 2 h.  After 2 h, 0.1 g NH4PF6 was added to precipitate the complex.  The 

solution was filtered and the solid was washed with 100 mL of water and 50 mL of 

ether.   The solid was left to stand until it was thoroughly dry.   A small amount of the 
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solid was dissolved in 3 mL degassed acetonitrile and the formation of [H2P4+][PF6] was 

confirmed using UV-Vis spectroscopy.  In order to obtain the chloride salt, the solid 

was dissolved in a minimum volume of acetone and the chloride salt was precipitated 

with a few drops of tetrabutylammonium chloride in acetone.  The solution was filtered 

and the solid was washed with 25 mL of acetone and left to stand until completely dry. 

Purity of the product was confirmed using UV-Vis spectroscopy. 

3.4.7 DNA cleavage reactions with H2P4+ 

All experiment preparation was done in the glove box. In a typical experiment, 

5 mg of H2P4+ was weighed out and dissolved in 1 mL of Millipore water.  Of this 

solution, 20 µL pipetted out and mixed with 980 µL of H2O to obtain a final 

concentration of 0.0256 mM.  In a 0.5 mL Eppendorf, 4 µL of this solution was added 

to 2 µL of plasmid pUC18 DNA  (1 µg/1 µL, 0.154 mM DNA base pairs) in 7 mM 

Na3PO4 buffer medium (pH 7.0) and left to incubate for  3 h.  The solutions were then 

subjected to subsequent precipitation and analysis steps similar to those in described 

3.4.3. 
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APPENDIX A 
 
 

ABSORPTION SPECTRA OF P4+ IN THE PRESENCE 
AND ABSENCE OF DNA, pH 6.0 
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        Evolution of absorption spectrum of 16 µM P4+ in 0.1 M TEOA at pH 7.0  

(a) In buffer (b) in the presence of DNA (P4+:DNA ratio is 1:12). UV cutoff  
       filter (< 360 nm), distance between light source and sample = 3 cm. Temp 18 oC. 
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Evolution of absorption spectrum of H2P4+ and P4+ 
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APPENDIX B 
   
 
 

SYNTHESIS OF P4+ 
 
 



  
63

   
   

   
   

   
   

   
   

   
   

   
   

   
 

 

N

NN

N
NN

N N

ta
tp

p

NH
2

NH
2

H 2
N

H 2
N

be
nz

en
et

et
ra

am
in

e
hy

dr
oc

hl
or

id
e

N N

H 2
SO

4

HN
O 3

 , 
Na

Br

N N

O O

1,
10

-p
he

na
nt

hr
ol

in
e

1,
10

-p
he

na
nt

hr
ol

in
e 

5,
6 

di
on

e
   

   
   

   
   

 (6
0%

)

Et
O

H

K 2
CO

3
2

2

 (4
0%

)

 . 4
 H

Cl

N

NN

N
NN

N N

ta
tp

p
[R

u(
ph

en
) 2

]C
l 2

N
H

4P
F 6

Et
ha

no
l

+
NR

u
N

N
N

C
l C
l

2
NRu

N
NN

N

Ru
N

N N
N

N
N

NN
N

N
N

4+

[(p
he

n)
2R

u(
ta

tp
p)

Ru
(p

he
n)

2]4+
 P

 
 

 
    

 
  

 
 

63



 

 64

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX C 
 
 

1H NMR OF P4+ 
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