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Abstract

Being currently the second and potentially becoming th& fiause of death in North

America, cancer has been the focus of researchems fvarious areas of science.

Chemotherapy is one of the leading treatment optiongréating various types of cancer,
particularly advanced cancers. Among different cheswaibeutic drugs currently used

against cancer, cisplatin (CDDP) is considered as btieanost effective and widely used.

Despite being the most successful drug in cancer cherapthecisplatin has some

shortcomings that restrict it from being more widely usklbre than three decades of
intensive research has not yet clearly explained wagettshortcomings are associated with
cisplatin treatment.

Using the advanced “Pump-Probe Femtosecond Time-Resohaegdidnt Absorption Laser
Spectroscopy” technique to study the reaction dynamicssplatin at the molecular level,
we discovered new findings that make a profound contributioour understanding of the
mechanism of activity of CDDP as a very widely used afiective anticancer drug. By
observing the reaction dynamics of cisplatin both imetsction with electrons in water, and
with all four DNA bases, in real time, we shed nevitlign the issues that have long been
elusive for the last three decades.

In addition to these two main research goals, we etilthe same methodology to examine
the reaction dynamics of transplatin, which currergtigot a clinically effective drug, despite
being an isomer of cisplatin. In this part we mainlgused on examining the molecular
reaction dynamics of transplatin photoactivation edusy UV irradiation. Here, we studied
the transplatin reaction with electrons in waterwadl as with four DNA bases. Results
obtained in this thesis work clearly reveal the mechanisaderlying the cytotoxicity
enhancement of this molecule after it is irradiated byr&diation. The data obtained by our
experiments provide a mechanistic understanding of thigaitity enhancement at the
molecular level.

As the last goal in our research, we compared théomeg reaction dynamics of cisplatin
with its clinically ineffective trans isomer, trarigpn. We believe that our understanding of
one of these isomers, would also contribute to undetistguof the other. The methodology
we used to examine transplatin was the same as whaise@ for cisplatin. First, we
monitored the possible reactions of transplatin witthydeated electrons in water. After this,
the dynamics of transplatin’s reactions with DNAdmwere examined.

For the first time, we directly observed the reactiohsisplatin and discovered that its
extremely high reactivity with prehydrated electrons happens ultrafast process. We also
showed the order of reactivity of all four DNA baseshwgisplatin and transplatin to be
G > A>C>T. Finally, in comparing cis and trans isontdrBDP, we discovered cisplatin
to be about 50% more reactive, suggesting why it is mucle myotoxic. In all of these



investigations we obtained promising results that revalid® our understanding of the
mechanism of action of cisplatin as a very importhng in current cancer chemotherapy.
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Chapter 1

Introduction

Cisplatin is one of the most successful and widely udedys in current cancer
chemotherapy. The high rate of success in treatingestypes of cancer, such as
testicular cancer, has established a key role for thig hr any cancer chemotherapeutic
treatment plan. Despite being one of the most promisinticaamcer drugs ever
discovered, cisplatin also has very severe shortcomtgdave raised some concerns in
regard to more widespread use of it in chemotherapy. Whentain shortcomings of
cisplatin are its toxic side effects and drug resistakeg¢ensive research that aimed to
understand the exact mechanism of these severe drawiaEsk®t been very successful
so far. Traditional methods that have been appliedntterstand, in detail, the precise
mechanism of action of this important anticancer drug vwase not able to offer
mechanistic explanations of how this drug reacts atnibécular level and how it
induces the toxic side effects and also how tumors devesigtance to it.

In this thesis work we applied the advanced Pump-Probeo~8econd Time Resolved
Transient Absorption Laser Spectroscopy, which is thetmpowerful method for real-
time observation of molecular reactions, to directhserve the reaction dynamics of
cisplatin as well as its clinically ineffective trars®mer transplatin. With this cutting-
edge technique, we were able to look at the reactionssplatin and transplatin with
prehydrated electrons as well as with DNA bases intireal and at the molecular level.

This thesis research presents a first-ever-discoveraechanistic understanding of the
reaction dynamics of cisplatin and transplatin at iwdecular level. The experimental
discoveries explained in this thesis may greatly contilot the understanding and
modification of the course of reactions involved irptasin activity.

1.1 Cancer and its Current Treatments

Cancer is the name of the disease in which cells dividen uncontrolled way. This
abnormal growth of cells may generate a mass of abhaefia that is called a tumor

[1].
1.1.1 Causes of Cancer
In search for the basic causes of cancer, many tsestieh as over activation of

oncogenes, malfunction of cellular growth factors, imeusystem failure, and
inactivation of tumor suppressor genes have been proposede Sxternal stimuli



(carcinogens) like UV radiation, some special chemjaadtroviruses, smoke, and many
others have also been proven to contribute to cane®r [1

1.1.2 Cancer Treatments

Currently, the major modalities of cancer treatmerd surgery, radiotherapy and
chemotherapy, while photodynamic therapy (PDT) is emerging as a relatively new
cancer therapy. Besides these major treatment metbties minor modalities such as
immunotherapy and stem cell therapy are also caningp to the treatment of cancer
[1,3].

1.1.2.1 Surgery

Surgery is one of the chief forms of treatment forigmant as well as benign tumors.
After new developments of surgical methods, this modadityoeing widely used in

cancer therapy not only as a means of cure, but alsbidpsies, palliative treatment,
laparotomy and removal of endocrine glands to modifg hormonal status and
suppression of pain by neurosurgical procedures [1,3].

This treatment modality has some disadvantages as @ed of the biggest issues in

cancer surgery is that if the disease has progresdéed g&ystemic stage, surgery cannot
offer a complete cure for it. The effectiveness wigsery is limited not as much by the

size of the tumor as by its distribution. Even a reddy large tumor can be removed

completely by surgery if it has not spread to anothergddhe body. Conversely, a small

tumor that has dispersed even a few cells to other siggah as the lungs, liver or brain

cannot be treated successfully by removing the primaryrtafooe [1-2].

The high risk of a surgical operation in some parts efldbdy is also a huge concern in
many cases [3].

1.1.2.2 Radiotherapy

Radiotherapy is the application of radiation in ordedéstroy cancer cells. The use of
radiation in therapy began very quickly (within monthggmthe discovery of the X-ray
by Roentgen [1,3]. Radiotherapy of cancer is being appliedbéih curative and
palliative purposes.

Various types of radiation sources have been used fiececaadiotherapy such as X-rays,
gamma rays, electron beams, neutron beams, proton beasnslfrasound [3].

The main shortcoming of cancer radiation therapy is ithegquires very complicated
delivery methods in order to save the normal cells, whillsng tumor cells. Radiation
also damages the healthy tissues such as skin on thetoweach the tumor cells.



Another main concern raised by this method is that patiere usually scanned by an
imaging method in order that their tumor contours, nedoledadiotherapy delivery, be
obtained. Then, the special treatment and radiatiatidration plan is tailored to them,
but unfortunately, by the time they go to the clinic toeree the radiation, which is
within weeks in the best cases, the tumor position amueshas changed and the contour
iS not as exact as it should be [3].

1.1.2.3 Chemotherapy

Chemotherapy, which is the treatment of cancer byagiication of drugs, is another
modality of cancer treatment, especially used for ack@mcancer that has spread [1].
Chemotherapy’s effectiveness depends on the nature o&tiwer cell. In the process of
becoming cancerous, the tumor cell is no longer sulipetttet principles that control the
growth of a normal cell [2]. The cancer cell has chdrgmme of its metabolic properties
and may possess quantitatively different nutritional iregoents or different enzymatic
processes, compared to normal cells. In many respbetgfdre, it acts in the same way
as do foreign invaders such as bacteria, parasiteguses [2,4]. Although cancer cells
differ somewhat from normal cells in their nutrittadmequirements, unfortunately they do
not differ from other human cells as much as bactariangi do [4]. In fighting parasitic
or bacterial diseases, qualitative differences in bodiem between the parasite and the
host will often allow the infecting organism to belddl by drug levels that are harmless
to the patient [3-4].

Differences between the metabolism of cancer eglts healthy cells, on the other hand,
appear to be quantitative rather than qualitative, sothigaamount of therapy given is
limited by the tolerance of the patient's most sevssitells. Because there are indeed
small quantitative differences, nutritional requiretsathat differ in degree, it is possible
for just the right dose of a compound to kill the cancells without irreversibly
damaging the normal cells [3].

The logical approach, then, to finding new chemical tggaative against cancer would
be to find differences between the normal cell amdcémcer cell that could be exploited
in designing compounds to Kill specifically the cancer cEHis rational approach,
however, has not so far been of great clinical benef general, the active drugs have
been discovered on an empirical or observational Hd$isThese compounds have
demonstrated activity against tumors in tissue culture omice, and their actual
mechanism of action has often been investigated yess difcovery of their activity
[4]. Cisplatin is a very good example of a compound diemtonstrates this principle.

A certain amount of this empirical work, however, has a rational basis. When certain
compounds have shown beneficial effects, many closdédyeck derivatives have been
synthesized and tested [4].



The development of cells resistant to any single ager major problem in using
chemotherapeutic agents, so combination chemotherapy, vidipplying various
chemotherapeutic anticancer drugs at the same timdyelesaisdeveloped to improve this
problem [3-4]. Therefore in combination chemotherapy,ctgcer cells resistant to one
of the chemicals can still be killed by the other drugesause the chance of a cell's
developing resistance simultaneously to all drugs in a comntoinia very small.

There is usually no cross-resistance between diffetges of agents with different
mechanisms of action. For example, a leukemic celt thevelops resistance to
mercaptopurine may still be responsive to methotrexatgaxan, vincristine, or
adriamycin, and vice versa [3].

Treatment Limitations in Chemotherapy

Chemotherapy treatment is limited not as much by theaspof the disease, as by its
total mass. Although anticancer drugs penetrate the batlgearch out any clumps of
cells that may have lodged in other organs, chemotheragygheat difficulty in
destroying all cells in a large tumor [1,3,4]. For examplesingle course of therapy,
pushed to the limit of the patient’s ability to toleratemay destroy 99-99.9% of the
tumor cells. In a large tumor weighing 1 kg and containing délls, a 99.9% kill would
still leave a billion (18) living tumor cells. The same treatment, however, @gginst a
relatively small clump of cells, @r 10, would leave essentially no living cancer cells
[3-4].

Unfortunately chemotherapy destroys not only cancers,céilit also many rapidly
dividing normal body cells such as cells lining the gastestinal tract, hair follicles,
bone marrow cells, and lymphocytes involved in the imendefense system. This
destruction of normal cells results in the common sidfleces of chemotherapy: nausea,
vomiting, diarrhea, hair loss, and increased susceptitol infection. The normal cells of
the body, however, usually recover rapidly from thegke effects after the course of
treatment [3-4].

Each of the major cancer treatment methods hasvitsaolvantages and disadvantages, as
mentioned above, so in order to tailor the best treat plan for a specific patient,
physicians try to exploit the advantages of each cfelieree main treatment modalities
in order to minimize the shortcomings and side effecteeatment. This has given rise to
treatment strategies that combine these methods td fyarfi very special strengths of
each treatment method [3-4].

Cisplatin, one of the leading drugs in current cancer ctigmapy, will be discussed in
greater detail in this chapter.

1.2 Cisplatin



Cisplatin [cis-diamminedichloroplatinum (11)] (alsolleml CDDP) is undoubtedly one of

the most successful and widely used anticancer drugs ingddoto general oncology

practice [5]. Very strong evidence for this claim is thenber of patients who have been
successfully treated by this drug. For example the oveued rate for testicular cancer is
currently more than 90% and is nearly 100% for tumorsatepromptly diagnosed [6].

Cl_ NH;
Pt
V4 ™,
Cl NH,

Fig. 1.1 Cisplatin

1.2.1 History

The discovery of cisplatin as an antitumor drug hasrg wmteresting story. CDDP as the
chemical complex that we know today was first syniees by a chemist named M.
Peyrone in 1845. Cisplatin used to be called Peyrone'sahlatithe time [7,8].

Despite its synthesis, cisplatin’s structure was kiraiwn until 1893 when a chemistry
Nobel laureate, Alfred Werner explained its structure kaiteAfter this, cisplatin did
not attract any special attention until in the 1960s a MdahiState University’s Physics
professor named Barnett Rosenberg accidentally discovhlegdcisplatin can induce
antitumor effects. In the 1960s, Rosenberg was interastetudying the effects of
electric fields and electric currents on the growtie i&f E.coli (a type of bacteria). For
this reason, he designed an experiment, in which he ittiveoand negative electrodes
in the E.coli medium. Very unexpectedly, he notichdt tthe E.coli he was studying
under these conditions kept growing in such a way that kegths were a couple of
hundred times longer than usual E.coli under natural mistances. He then understood
that his E.coli samples stopped dividing and that’s why these getting longer than
usual, because they kept growing instead of dividing.

At first he thought this effect was merely due to thespnee of electric fields in the
E.coli medium, but more extensive investigations revetiiadl a platinum-containing
compound produced by the reaction of the platinum elecaodeNH,Cl solution in the
presence of light and an electrical current was resplengor inhibiting E.coli from
division [9]. To confirm his hypothesis, Rosenberg and bileagues applied their newly
discovered platinum compounds on some types of tumorsiice [10-11]. These



compounds were shown to be very effective againstteeléumors and cisplatin was the
most effective against tumor cells among these platinantaining compounds. This
research, first published Mature in 1969 [12], was a great breakthrough in the history
of cancer chemotherapy drugs. Phase | of the humaicatlimials of CDDP started in
1971 and cisplatin was approved by Food and Drug AdministréioA) in 1978 under
the name Platinol [13].

1.2.2 Types of Cancers Treated with CDDP

Cisplatin has been used against various types of cangithgugh it is especially
effective against ovarian and testicular cancer, it dlas been employed for treating
cervical, head and neck, esophageal, bladder and smalregitdncer [14].

The extensive range of cancer types against which cisptets showed promising
results, has established the key role of this drug as amiednt part in almost all single
/ combinational chemotherapy treatments.

Typical doses of cisplatin are 100 mg/day for up to five eomsve days, and it is
usually administered in a series of intravenous injastto cancer patients [15].

1.2.3 Shortcomings of Cisplatin

In spite of being one of the key drugs in cancer chemaplyetreatment, Cisplatin also
has two important shortcomings that have caused someem about its usage. These
two drawbacks are its toxic side effects and resistayatt {ntrinsic and acquired) [16].

1.2.3.1 Toxicity

One of the two major problems that limit more widesgrase of cisplatin is the severe
toxic side effects that CDDP induces.

The toxic side effects of cisplatin treatment maimgludes nephrotoxicity, nausea and
vomiting, ototoxicity, blood related issues, and neurotoxi&it16].
Nephrotoxicity

Nephrotoxicity is among the major dose-limiting effectcisplatin treatment. It is very
dose-dependent and unfortunately irreversible in some.cases

Renal damage caused by cisplatin includes tubular degemetdate of brush border and
mineralization of tubular epithelial cells, all of whiare cumulative. So, patients are put



on regimes of combined hydration and diuretics, which hasegrto be substantially
helpful in reducing the nephrotoxicity of cisplatin treant [5].

Nephrotoxicity can also result in peripheral neuropatinpitus and other severe health
problems [17].

Nausea and Vomiting

The nausea and vomiting caused by cisplatin is veryesekleoccurs within the first two

hours after administration, and will last anywherenfré, day to 3 days. Standard
antiemetic drugs are therefore prescribed to reduceeerity of the effect. It is the

severity of this toxic side effect that causes someéemat to desist from cisplatin
treatment even with the addition of antiemetics.

In addition to severe nausea and vomiting, patientsriexpe a loss of appetite and taste,
and may find it difficult to eat [3].

Ototoxicity

Another dose-dependent effect of cisplatin is ototoxiokgain, it is a cumulative and
irreversible side effect that becomes more signifiezamén treatment is combined with
radiation therapy [3].

The ototoxicity of cisplatin also appears to be moshi@ant in children, who may
experience loss of balance along with hearing diffiesiitiue to greater sensitivity to the
drug. These effects usually decrease when the treatmdsf Bowever many patients
experience irreversible hearing loss in the high frequesmoge (>4kHz).

Blood related issues

Myelosuppression (reduction of bone marrow function) Iisoat the same as other
anticancer drugs, however thrombocytopenia (reductionatélpts and thus ability for
blood to clot) and granulocytopenia (reduction of a cldsghite cells and thus ability to
fight off infections), may be observed by days 7-9 and 174E9 adjection, respectively
[3]. Blood counts fall 1-2 weeks after treatment, theeefeatients may become anaemic,
and susceptible to infections, at least temporarily.

The extent of blood cell reduction is dependent on tree i the dose and whether other
drugs are used in conjunction with cisplatin [9].

Neurotoxicity of cisplatin is also an acute toxic s&diect of this drug [4].

1.2.3.2 Resistance



There are two kinds of tumors resistant to CDDP:

Some tumors such as colorectal and non-small-celldangers have intrinsic resistance
to cisplatin, while some other tumors develop resigtaatter the initial series of
treatments. Examples of these types are ovarian aaltletl lung cancers [18].

Extensive research has not yet explained the molebalses of cisplatin resistance in
any type of cell [19]. Although a biochemical modulationafipulation of cellular
biochemical pathways by chemical agents to produce seleetirancement of the
efficacy of an antitumor drug) of the mechanism of\étgtiof cisplatin was suggested by
Fuertes et al, in order to overcome cisplatin restgand also to improve the antitumor
activity [20], lack of sufficient knowledge about the meuken of action of
cisplatin, which is required for this approach, has mhiesblution less accessible.

Expectedly, decreased apoptosis has been assoeisttedrug resistance in very recent
studies [21].

1.3 Cisplatin Derivative Drugs

Over 3000 cisplatin analogues have been tested as antighngecandidates [22-23],

aimed to reduce either the tumors’ resistance to tispla4, 24] or the severe side
effects [25], but after all these studies, only 28 platiraompounds could enter Phase |
clinical trials and unfortunately, most of these candiddrugs have faced various
difficulties in the clinic [26, 27].

Among these 28 candidates, only three (carboplatin, pdath and nedaplatin) are
currently registered for clinical use [28]. Finally, yrdne has been approved by the
FDA: oxaliplatin, for the treatment of colorectancer [28]. This means that the real
mechanism underlying these clinically active anticancegslris unknownThus, the
search for novel anticancer drugs by traditional methods has proven to be a difficult and
inefficient task.

Altogether the importance of cisplatin-like drugs is eagired by the fact that there is
hardly any clinical regimen of combination chemothgrapday that does not contain
cisplatin or another platinum drug [29-32].

1.4 Transplatin, an Isomer of Cisplatin

Transplatin (TDDP) is the trans isomer of cisplafimansplatin has exactly the same
chemical formula (Pt(NEJ2Cly), but a slightly different ligand coordination. Sinttee
chemical composition of these two isomers is similagny of their physical and
chemical characteristics are closely alike.
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p Pt

NH," I
Fig. 1.2 Transplatin

What makes the story of cisplatin activity very puzglis the fact that the trans isomer
(transplatin) is not effective at all while the a®mer is one of the most effective
anticancer drugs ever discovered [33-34].

It has been observed that the cytotoxicity of traataplin tumor cells is remarkably
enhanced after irradiation by UVA (=320 nm to ~400 nm) lighte Téason for this
cytotoxicity enhancement has been demonstrated to be doe promotion of the loss of
the second chloride of transplatin, caused by UVA lightwas observed that upon
photoactivation of transplatin by UVA, bifunctional (mly interstrand) Cross Links
(CL) are produced with a considerably higher frequency ithéme dark [35].

1.5 The Mechanism of Action of Cisplatin as an Anticancer Drg

It is well known that binding of cisplatin to genomic DN@DNA) in the cell nucleus is
the main reason for its antitumor properties [36].

The convincing evidence that proves that DNA is the magetdor cisplatin ishe early
observation that cells deficient in DNA repair are hlrgpasitiveo cisplatin [37-38].

The damage induced upon binding of cisplatin to DNA triggetsiral rearrangements
that may interfere with normal transcription and/or Digplication mechanisms [39].
Eventually, these disruptions in DNA transcription andveplication would trigger
cytotoxic processes that lead to cancer cell deathughr@poptosis, necrosis, or both
[36,40].

How Does Cisplatin Reach DNA in The Cell?

Besides the unanswered question about the mechanism of bofdimgplatin to DNA
bases, the series of events that happen to CDDP hefa@ches the DNA as its main
target has also been the subject of controversy. eTleeents include the possible
interactions that cisplatin may encounter after @dsninistered to the body on its way to
the cells, which may include its binding with enzymes, peptides After this stage,
CDDP must penetrate through the cell membrane in oodenter the cell. This part is
one of the most complicated stages of cisplatiniglreo the cell's DNA. Earlier studies
suggested that the cellular uptake was just a passiveidiff{(#l-42], but recently this



idea has been challenged by researchers who believéhaeydiscovered a direct link
between the cellular management of copper and platianeeatrations [43].

The last barrier on cisplatin’s way to reach the/Disl the nucleus membrane. Transport
of cisplatin through the nuclear membrane is very paorterstood, and whether or not
special nuclegseptides play a role remains uncertain [44].

How Does Platinum Attack DNA?

X-ray crystallography studies have shown that the NTtipnsof the imidazole rings of
purine DNA bases (specifically guanine) are the mosbri binding site in genomic
DNA for binding with cisplatin [45].

Solution studies have approved this preferred binding siteh$46].

Cisplatin binding with DNA happens in two steps. Initialtybinds to the N7 site of
purine DNA bases (mostly guanine) in order to generateofuooctional DNA adducts.
Subsequently, most of these monofunctional adducts furthet with the N7 position of
an adjacent purine base to make an intrastrand ostirged cross-link [47-48].

No convincing explanation has so far been proposed to jusigfyfact that cisplatin
happens to bind with this site of purines (guanine and adeninehigtmer preference of
cisplatin to bind with guanine over adenine has also remainediery.

DNA-Cisplatin Adducts Percentages

The reaction of cisplatin with DNA may lead to thenfation of various structurally
different adducts.

It has been found that in cisplatin reactions with DiNAitro, 60-65% of adducts formed
are 1,2-d(GpG) intrastrand cross-links and 20-25% are 1,2-d(Ap@strand cross-
links. Taken together, these account for ~90% of the adi@icts formed.

Minor adducts, that account for the remaining 10%, inclu@entrastrand cross-Ilinks,
interstrand cross-links [49], and protein-DNA cross-lirkg] [

Most Effective Cisplatin-DNA Adduct

There is still debate as to which types of cisplatdADadducts are the most important in
mediating the cytotoxicity of cis-DDP.

Support for the role of the major 1,2-intrastrand adductssjplatin-induced tumor cell
killing, comes from the fact that the trans isomercisplatin, trans-DDP or transplatin
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(which is clinically inactive), cannot form these adduas it mainly forms 1,3-intrastrand
and interstrand DNA cross-links [51]. Some researchak® leported that they have
observed intrastrand adducts with guanine and adenine in cpatents who were
successfully treated with CDDP [52].

Further support for the importance of 1,2-intrastrand D@Auats in cancer cell killing
comes from the observation that the 1,2-intrastrand &sl@ue less effectively removed
from DNA by repair enzymes than 1,3-intrastrand adducts [53-54]

Understanding Cisplatin’s Mechanism of Action

Despite the established fact that the ultimate tavfeisplatin is the DNA in cells [55-
56], the exact processes that lead to this binding ardutiptknown [57]. It is well
established that before cisplatin binds to DNA basedeast one of the Pt-Chlorine
bonds should be broken in order to produce more activgespnat can attack DNA.

Although hydrolysis of cisplatin has been proposed as the machanism that leads to
the formation of reactive aqua complexes, mainly [(M&D)(NHs),]" that can bind with
DNA bases [58], experimental results do not fully agréh it

Firstly, the main product of hydrolysis of cisplatin whish[PtCI(HO)(NHsz),]" cannot
readily bind with two DNA bases, and secondly the otheirdlysis product that might
be able to bifunctionally bind with DNA bases is [P{M(NH3);]>* which has been
noted experimentally to have the least chances of h@induced in the hydrolysis of
cisplatin [59].

The rate constant that these experiments have drrate for the production of
[Pt(H20)(NHs)2]?" is in the order of only IThM™s™. The real constant rate would be
even lower than this as this number has been calculaigel the higher temperature of
(45° C) instead of body temperature (3Z) and in a solvent that is absent in the human
body [60].

The very low rate constant of [P8)(NHs);]** which is the only hydrolysis product
able to bind with two DNA bases seems to be incongistéh the established data that
bifunctional adducts of cisplatin-DNA are the main produdtsisplatin’s reaction with
DNA bases.

Finding a new anticancer drug is a very costly and timeswming process. It is
estimated that more than 10 000 compounds need to be stieemder to obtain a new,
effective anticancer drug [61].

There is a strong need for a mechanistic understanditigeoaction of cisplatin-like
anticancer drugs at the molecular level, which can, in taad to the mechanism-based
design of new drugs. Indeed, some researchers have regestdlgted that in the next
decade, improved antitumor drugs will be developed based olntheledge of the
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cisplatin-DNA interaction and the binding dynamics ametcs of these Pt compounds
to DNA and proteins.

1.6 The Major Objectives of this Thesis

The research project for this thesis is to directly esklrthe desperate need for
understanding the precise mechanism of action of cispdatihe molecular level. The
advanced “Femtosecond Pump-Probe Transient Absorptiorer L&pectroscopy”
technique enabled us to perform, for the first time,-tiea@ direct observations of
cisplatin reactions with electrons, either generatethgduadiolysis / photolysis of water
or from an electron donor, the guanine or adenine bagaNAn

By means of this methodology, we also examined, for fitg¢ time, the reaction
dynamics of transplatin in pure water and also imagtions with all four types of DNA
bases, (adenine, guanine, thymine, and cytosine) at the raoléseel. In this way we
could observe the differences that exist between thetiom dynamics of these two
isomers.

It has been claimed that transplatin becomes cytowtén photoactivated by UVA light
[35]. Since our pump laser pulse is in the UVA region, ale® had the privilege of
directly observing the reaction dynamics of this cytotbxienhancement in order to
offer a better mechanistic understanding of the bdslEphotoactivation.

This research is the first of its type and has provided pemising insights into the
molecular level mechanistic understanding of CDDP activity

1.7 Structure of this Thesis

Following this introduction, the principle of time-resalvdemtosecond (fs) laser
spectroscopy is described in chapter 2.

In chapter 3, the results for the reaction dynamicsisglatin as an anticancer drug will
be presented and discussed: we first discuss the vemgstransfer reaction of the
prehydrated electron to cisplatin, and then examineeaetion dynamics of cisplatin in
reaction with its final therapeutic targets, the DNAsdm In this chapter, we will also
provide the first experimental evidence that clearlyla&rp why cisplatin binds with
guanine and adenine more than with thymine and cytosine anda@lsdhis reaction
takes place in real time.

In chapter 4, we will examine the clinically ineffectitans isomer of cisplatin, i.e.,
transplatin. First, the results for the reactiortrahsplatin with prehydrated electrons in
pure water are presented and discussed, followed by the agnantransplatin reactions
with all four different DNA bases. The implicatioh the results for the observed photo-
activation of transplatin will also be discussed.
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Finally, the conclusions drawn from this work will henemarized in chapter 5.
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Chapter 2

Experimental Technique

The advanced technique applied for my M. Sc. projectesPiimp-Probe Femtosecond
Time-Resolved Transient Absorption Laser Spectroscdpis prestigious method of

experimentation is known as the most powerful techniqueeal-time observation of

molecular reactions in solutioft.

2.1 Transition State of a Chemical Reaction

The underlying concept of this technique is simple and diFegiwre 1 below depicts the
free energy curve of a typical chemical reaction weteme (progression of reaction). As
one can find in a basic chemistry textbook, in ordesttst the reaction, the reactants
(here AB and CD) require a specific amount of energgiv@ion energy, k). Reactants
need this energy to overcome the potential barrigh®freaction in order to enter the
next stage of the reaction which is called the tremmsgtate or intermediate state [2]. This
phase of the reaction is very difficult to investigasethe species formed in this stage are
extremely unstable and short-lived. The typical lifeetiof transition states is in the time
orders of picosecond (10s) to femtosecond (1§ s). After this phase the reaction will
proceed and the products will be formed based on what tearerbade in the transition
state.
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Figure 2.1 Free Energy Curve of a Chemical Reaction

Examining the characteristics of the transition statecrucial in understanding the
dynamics of a chemical reaction. For example, pee&knowledge about the complexes
formed in the intermediate phase of a chemical i@aetill give invaluable insight into
why specific products are formed in that specific reacfidns will enable us to precisely
modulate a chemical reaction in the way that we wantproceed [2].

The variety of complexes formed in the transitionestat a chemical reaction on one

hand and the ultrafast nature of the formation and evolwf these complexes in the

transition state on the other hand make it very comigctto directly study the properties
of transition states. This was not possible until &sbr Zewalil invented a technique that
made it possible to directly examine the dynamics oftthesition states of chemical

reactions. This discovery, for which he received the 199%N@tze in Chemistry, uses

femtosecond laser spectroscopy to study the transtid@ssof chemical reactions [3].

2.2 Pump-Probe Femtosecond Transient Laser Spectroscopy

Figure 2.2 schematically illustrates the principle ofti@second laser spectroscopwo
major components of this technique are pump and probepalses.

The role of the pump laser pulse is to initiate thetiea or to create a reacting species
such as an electron by giving the specific amount of ensxgyired for a specific
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reaction of interest in order to get started. By tunimg wavelength of the pump laser
pulse we can precisely adjust the energy of the pumpe palde exactly equal to the
required energy for the reaction of interest to gettesiaeither by excitation of the

specific reactant that absorbs the pump pulse enerljy generation of reactive species
in the sample such as electrons or radicals.

After initiation of the reaction by a pump laser pulseseaxond laser pulse (probe)
irradiates the sample at specific time delays afteppump pulse. The probe laser detects
the formation of complexes that are in the transistate and also follows their evolution
with time. Like the pump laser pulse, the wavelengthhef probe pulse can be tuned
from IR to UV. The fact that every single complextire universe has its own specific
absorption or fluorescence characteristics (spectrasdopger prints) enables us to
precisely detect different species among the complex@setl in the transition state of
the reaction.

Time = a1
chocking

pulse - =
-l
[prabse: l 1 - L ]

pulse PR | RS il

i . Detedton

1 4 - Mol acudar Besm

Figure 2.2 Schematic diagram of a fs time-resolved |gmsti®scopy.

The time delay between pump and probe laser pulses starizero, where the pump
and probe pulses arrive at the sample simultaneousliimt delays as long as one
nanosecond.

The choice of the desired time resolution in pump-prabkerlspectroscopy depends on
the lifetime of the transition state of the chemiozdction under investigation. In our
experiments, the time delay between pump and probe pwises made possible by
applying a micro stepping motor that could cause optical ghffdrences in the order of
micro meters (1® m) or submicrometer (10m) between pump and probe pulses.
According to the following calculations, a path differerof 1um can give rise to a time
difference in the order of femtoseconds

At = A—x ~1/3x10"%~3.3x10°=3.3fs
Cair

(if we suppose the speed of light in air to be sameigsnitthe vacuum)

So we could record images with time differences in ttieioof femtoseconds if a laser
pulse of such a short duration is used. In realitytypeal lifetime of the transition state

19



of a molecular reaction is in the order of picosecamdbnger. Thus, a time resolution
of ~0.1 ps is adequate for observation of the transtiate.

Our special interest in applying Pump-Probe Femtosecone-Riesolved Transient
Absorption Laser Spectroscopy as our methodology fotthbisis project was to directly
observe the transition state of the ultrafast edectransfer (UET) reactions of cisplatin
and transplatin. This technique is known to be the masatie and powerful method for
these types of observations [1,4]. Real-time knowledgdetransition state of an ET
reaction can help us in predicting, understanding, and changengathway of the

reaction in the way we like.

2.3 Laboratory for Ultrafast Biophotonics (Femtobiology) at the Unversity of
Waterloo

The spectroscopic experiments of this thesis projece wlene at the Laboratory for
Ultrafast Biophotonics (Femtobiology) in the DepartmehPhysics and Astronomy, at
the University of Waterloo. This laboratory was sucagbsbuilt by my supervisor Dr.
Qing-Bin Lu [5, 6].

In this laboratory, the standard methodology for feetosd transient absorption
experiments has been applied. A Ti:sapphire laser aempdiystem is applied as a laser
source producing pulses with a ~120 femtosecond band width enddenergy per pulse,
centered ai= 800 nm with a repetition rate of 1 kHz. Transient absurbaf as small as
10* of an intermediate reaction species at the very lompenergy ok50 nanojoules
(nJ) and the very low probe energy<f nJ could be achieved in our spectroscopic
studies.

Our laser source was a very sensitive device and havingrkingoin perfect condition
required a very special and stable laboratory situatis@ny changes in the temperature
or humidity of the laboratory could easily make thgek system unstable and accordingly
increase the noise level.

In order to tune pump and probe pulses in wavelengths frontdJNR, two optical
parametric amplifiers (OPA) were applied. OPA is ancapdevice that allows tuning of
laser pulses based on the principles of nonlinear oficgder to avoid the contribution
from polarization anisotropy due to orientation motiarfs molecules, we set the
polarization of pump and probe pulses at the magic aridié.7°.

We used pump pulse energies of around @llto 0.3uJ for the first part of the
experiments of cisplatin and transplatin (cisplatind atransplatin reactions with
prehydrated electrons).

We used a 5 mm quartz cell as the container of all samydestudied. In order to avoid

any photoproduciccumulation in the quartz cell, we used a magnetigrngtibar inside
the cell.
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All the instrumentation we used in our spectroscopic ssudiacluding all the
electronics, stepping motor, etc.) were connected to eomersomputer and were
controlled by a Labview program.
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Chapter 3

Molecular Mechanism of Action of Cisplatin

In this chapter we present the results of our femtogsepamp-probe laser spectroscopic
studies of the reaction dynamics of cisplatin (CDH#st we explain the spectra of pure
water taken by our technique. After this we discuss th@atia spectra in pure water
solution. Then, the reactions of cisplatin with diéier DNA bases are presented and
discussed. This chapter ends with a conclusion section.

3.1 Introduction

Electron transfer (ET) is the basis of many reastimnmolecular systems of chemical,
biological, and biomedical significance [1-5]. For exanjdetopic exchange reactions”
were among the very early experiments in chemistry Wexe explained by electron
transfer (ET) [1]. Another example is the discovefyhe important role of ET in DNA
damage and its repair mechanisms. For this reason, védnimpisysical and biochemical
methods have been applied in order to understand elecaasiar (ET) in DNA [2].
Photo-oxygenation is another example where ET playssaential role. It had long been
thought that photo-oxygenatiorproceeds via energy-transfer quenching, involving the
sensitizationof oxygen by the sensitizer triplet to forexcited singlet oxygen, the
reactive intermediateHowever, several reactions could not be explained by thi
mechanism. Recent studies clearly support the claimetbatron transfer (ET) is the
basis of such reactions [6].

Real-time observation of the transition state irE8nreaction may lead to the prediction,
understanding, and modification of the course of the timac Among available
techniques, time-resolved femtosecond (1 fs 2°1€) laser spectroscopy is the most
powerful technique for direct observation of the reacticansition state and reaction
dynamics [7-8].

It has been known that halogen (CI, Br, and I)-contginmolecules have efficient
dissociative attachment reactions with low energctebns. These reactions produce a
halogen anion and a neutral radical [9-12].

It was also discovered by Dr. Lu (my supervisor) and dieagues that the existence of
polar molecules such as MHan cause large enhancements in dissociative electron
attachment reactions of halogenated molecules. Moreifispég, for the induced
reaction of a chlorine (halogen) containing molecule | i liquid or solid, they
proposed a dissociative ET mechanism for the enhancements

“gNH3), + ABCl, — [ABCI,]” — CI” + ABCL: (1)
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Here e: (NH3)n represents a presolvated electropejelocalized in the small polar
molecular cluster (NkJ, and ABC} represents a given molecule that contaioklorine
atoms [13,14].

Based on the above findings about electron transfetioes, it is expected that cisplatin
(Pt(NHg)2Cl), will show efficient dissociative attachment reans with weakly bound
electrons, as this molecule itself has both two amdoatoms and two NdHgroups bound
to a Pt atom. Knowing this, we initially focused oureatton on the aqueous phase of
CDDP to study the possibility of any electron trangfem) reactions related to this
molecule.

It has long been known that free electrons candjg#d in polar solvents such as water
and ammonia. Until the 1970s, much knowledge about solvdéstiras had been
obtained [15]. With the advent of the ultrafast laggectroscopy, the solvation dynamics
of electrons in liquid water has been investigated intgnse¢r the past two decades
[16,17]. It is now well known that electron solvationcurs through essentially two
major stages after generation of the electrons bypwaien absorption of UV light in
pure water [18-20].

It has been discovered that electrons pass througtt-lsteal (<1 ps) transient states
before becoming fully solvated. Prehydrated electronsdar®ted collectively as,e
hereafter. The precise physical nature of these htirb$ived transient states is still
under investigation [21].,e is considered to be highly reactive and to play a Bogmt

role in radiation-induced reactions of molecules in potedia such as water [21]. For
example, it has been suggested that m ice is responsible for the strong enhancement
of the dissociation of chlorofluorocarbons (CFCs) aldsd on ice surfaces [2@ich is
greatly related to the formation of the ozone holearth's atmosphere [23].

However, it is very difficult to directly observe tineaction of g. due to its ultrashort
lifetime, on the femtosecond time scale. This wasaahieved until very recently. Our
group was the first to obserttee transition states XdU"f the ultrafast electron transfer
(ET) reactionsof important radiosensitizers, halo-deoxyuridine (XdU, X=Br and ),
with the precursor to the hydrated electron, which istleroexample that shows the
importance of ge in current research [5].

3.2 Transient Absorption Kinetic Trace of Water

Transient absorption kinetic trace of pure water isstiagting part in our spectroscopic
studies. Since all samples we have been working with statbed in the aqueous phase,
the water transient absorption kinetic trace is reguiio provide the base trace from
which any given kinetic trace can be subtracted in ci@eet its net kinetic trace. For
our highly sensitive system, it is much better to usapiltre water, because in this way
one can make sure no other unexpected substances, existiog-pure water, is having

any effect on the system. In our experiments, we had phvilege of using a
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BARNSTEAD ultrapure water supplier. Our ultrapure watet tiee electric resistivity of
higher than 18 i@/cm and Total Organic Carbon (TOC) of less than 1 parbién

(ppb).

A typical water spectrum recorded with pump wavelength3®8 nm and probe
wavelength of 266 nm is shown in Figure 3.1 below. The obdemarrow peak at delay
time zero in the water spectra is not the electrgmas but simply the artificial coherence
spike, which has been studied previously [24-27]. This neor@nt coherence spike has
been known to be mainly due to conventional stimulatechd®ascattering (SRS) or
impulsive stimulated Raman scattering (ISRS) [26]. SR&sgia sharp peak in the
transient signal of the solvent if the differencetvieen pump and probe frequencies
matches a vibrational mode in the electronic ground staike in ISRS, an ultrafast
pump pulse excites low-frequency modes in the electroniongrstate of the solvent,
which leads to the scattering of the probe pulse and ginees rise to a signal at any
probe wavelength. The intensity of this coherence sgémends linearly othe pump
power at a certain pump power range.

Despite the complications that the coherence spigms$es on the extraction of reaction
dynamics from the kinetic traces, measuring the posiiod the full width at half
maximum (FWHM) of the peak can be used as a means fntdin-situ determinations
of not only the delay time zero but the instrumentgderal response, which are otherwise
difficult to obtain in pump-probe experiments [21]. Duethe fact that the coherence
spike corresponds to the optimum temporal overlap twywemp and probe pulses, the
delay time zero and the instrument temporal responsbeaeasured.

The procedure in our spectroscopic studies is as follm&dake the spectrum of a given
complex (in this case cisplatin) in its solvent sointiThen, we take the spectrum of its
solvent separately, at the same condition (baselingrspe in this case ultrapure water)
and then subtract the complex spectrum from thateo$tiivent, (baseline) in order to get
the net spectrum of the given complex.

Beside the exclusive need for the ultrapure water specasirthe baseline for our
spectroscopic studies, we used some other features af spatetra as important criteria
for other issues that were of great value for us. @iikese issues is the evaluation of the
noise level in our experimentation setup every time weatedhto start taking our
samples’ spectra.

The laser system, the optical parametric ampliféard the other optical instruments are
very sensitive devices and tiny changes of any kind in artyop¢he system can increase
the noise level of our scanning. Keeping the noise of yeem at the lowest possible
level was of great importance for us. For instancew(tisbe discussed later), for our
studies of the reactions of the DNA bases with ctgpknd transplatin, we had to obtain
a sufficient signal to noise ratio even with just siggle scan of the sample. This is due
to the drastic electron-induced reaction in the sample.tltis reason, having even an
intermediate noise level could greatly decrease thatygodlour spectra, so working with
the lowest possible noise level in our system was twéme importance to us. To achieve
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a perfect level of noise was not always very easynany factors such as lab temperature
and humidity, laser system stability, pulse profile Bytry and alignment, sample type,
extent and strength of the reaction under study, atc.atl have effects on the signal to
noise ratio. Thanks to the experimental skills of sapervisor Dr. Lu, we could almost
always benefit from the lowest possible noise levelsiach laser systems. As is shown
below (i.e. Fig. 3.1) we were mostly working with a véow noise level & 10'4), which

as far as we are concerned, is considered one ot#ltenbise levels for such systems in
the world.

Whenever the sample under our spectroscopic studies wasgoimgea very strong
reaction, rapid fluctuations were usually seen during ¢harsng of their spectra. These
fluctuations are basically different in nature frore 8ystemic noise of the instruments,
because if you replace the sample by pure water andhalspéctrum of water with the
same setup of the instruments, you might see thaiise tevel is even perfect(10 ™).
This means that these two concepts of instrumentaticse rand fluctuations caused by
strong reactions can easily be mixed up together. Saiieyaluate the noise level of the
system based on the fluctuations of the sample youxareieing, you might be greatly
misled. For this reason, looking at the transient alsaorgpectra of pure water in every
experimental run is the best possible way to evaluatdetlel of noise in the system in
that special condition.

The other important criterion for which water speatiere used is double checking the
cleanness of the samples’ containers (quartz cells)patticular, to clean the cell in
which a cycle of the electron-induced drastic reactiboigplatin has occurred is not a
trivial, but a challenging task. The pump-probe femtosedaser scanning system is a
very sensitive technique, so we had to make sure allgh@raent we were using was
clean. In many cases, if the cell, in which we hold shmples, was not as clean as it
should be, its water spectrum would change depending on hdeaant was. The water
kinetic trace is very sensitive to the cleannesshef c¢ell, thus we profited from this
property as one of our cleanness assurance tests iroadditother checks we made for
cleanness evaluations of our cell-washing procedures.
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Figure 3.1 Femtosecond transient absorption spedfwater, pumped at 318 nm and probed
266 nm.

3.3 Experiments on Electron-Transfer Reaction of Cisplatirwith Prehydrated
Electron in Water

As mentioned earlier in the introduction of this chaptesplatin, a small molecule in
which two NH; groups and two chlorine atoms are bound to a Pt atomxpeced to
have very efficient dissociative attachment reactivitk weakly bound electrons. In this
thesis work, the results of the first time-resolfethtosecond laser spectroscopic study
of the molecular reaction mechanism of cisplatiamgffective chemotherapeutic drug is
reported. Our results discover the high reactivity of CD@#®h weakly bound
prehydrated electrons.

The existence of water in the cell medium wherelaispbecomes reactive and binds to
DNA is another reason for our investigations of etattransfers to cisplatin in water.

3.3.1 Experimental Details

To examine the reactivity of cisplatin with electroms set up our femtosecond time-
resolved laser spectroscopic system with the propeistwignts in order to see the real
time reaction dynamics of cisplatin in aqueous phasmpFRrobe Femtosecond Time-
Resolved Transient Absorption Laser Spectroscopy is afnthe most precise and
powerful methods for direct examination of reactiomsigon states and dynamics [7, 8].
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Figure 3.2 Static UV-Visible Absorption Spectrum of Cisplg#8].

We tuned the pump laser to the wavelength of 318 nm and the [@®er was set at 266
nm. The choice of 318 nm for the pump laser comes fronfattethat prehydrated
electrons can be produced via two-photon excitation oémwat this wavelength with
pump pulse energies of 0.3 to 0.3uJ [5,21].

The best species we could probe during our cisplatin rg®ecipic experiments was
cisplatin in its ground state. Cisplatin has no fum@logroup capable of absorbing UV.
This is shown above in its “UV-Visible Static Absagst Spectrum” (Fig. 3.2). In fact,
cisplatin has an absorption band extending up to 350 nmhanddjor absorption peak is
located at below 200 nm [28].

In general, the absorption wavelengths of the transioionic states of halogenated
molecules (cisplatin in our case) are slightly lardpam those of their ground-state parent
molecules, but they have much weaker signals comparit parent molecules [5].

In order to observe cisplatin in its ground state, wetseprobe laser at 266 nm because

cisplatin has a local absorption maximum at this proleeelength (Fig. 3.2). The
cisplatin molecule will leave its ground state eitherrugwect absorption of pump pulse
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or upon attack of excited electrons, so the parentatispnolecules will be depleted in
the solution and this will give rise to the observatidithe negative transient absorption
signals of cisplatin. This monitoring enabled us to petgidollow the amount of
cisplatin in the sample.

3.3.2 Results and Discussion

Figure 3.3 shows the transient absorption kinetic tr&¢keocisplatin solution (2.0 mM)
at various pump pulse energies from a 100 nJ/pulse to a §Q0se]
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Figure 3.3 Femtosecond Transient Absorption Spectra ofdfiispit Various Pump Pulse
Energies with Pump at 318 nm and Probe at 266 nm. The soliditina sharp spike at time
zero is the spectrum for the pure water obtained at giesti pump pulse energy of 300 nJ [28].

As you can see from the above spectrum, the speicteal 6f the 100 nJ/pulse and the
140 nJd/pulse are almost flat, indicating that the amaofucisplatin has remained constant
for pump pulse energies below 140 nJ. Sudden excitatioisgatn by the pump pulse
at 318 nm causes the photobleaching that is seen in theywitime zero and the small
positive signal in the first few picoseconds is dueneo@DDP excited state (CDDP?*).

Interestingly, the depletion of cisplatin was obsenas the pump pulse energy was
increased to a certain level where a considerable anod@hectrons could be generated.
At the pump energy of 200 nJ per pulse, a clear deplefioisplatin was observed and
as we increased the pump pulse energy to higher valuestiseetit absorption signal of
the cisplatin became even more negative, indicatiag more CDDP molecules are
depleted with more electrons generated at higher pumpieser
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The electrons that are generated by two-UV-photon exaitati water are believed to be
captured by cisplatin. These electrons break one drddahe P+CI bonds and produce

cisplatin reactive radicals, either Pt(R)HCI or Pt(NHs) . Chlorine ions (C_D are also
released in these reactions. We believe these reaetieals are responsible for the

cytotoxicity of cisplatin. There are two Ieaving_(yroups in cisplatin, so ET reactions
happen in two steps. These steps are shown by the ifojjaemical equations:

(2-a) € +Pt(NH).Ch -  [PYNH) ,Cl] T o . Pt(NH) ,Cl

(2b)  § +PYNH).Cl —  [PUNH)CI* - Cl +Pt(NH)

A cisplatin molecule can lose its chlorine atoms eitiwe two-step attachments of two
electrons to cisplatin that releases one iBh in each step (single-electron attachment
process) or by a one-step two-electron process releasm@t ions simultaneously.
The quadratic dependence of the CDDP depletion on the pufsp puergy is a
characteristic of the first process while the secormtess will lead to a quadruple
dependence. The results shown in Figure 3.3 reveatorehip between quadratic and
quadruple dependencies of the cisplatin depletion signahenpump pulse energy,
indicating that both single-electron and double-electramstfer processes take place.

To have a clearer view of the formation dynamics BDB* as well as CDDP in its
ground state, we can remove the CDDP* signals fronspleetrum of figure 3.3. The
fact that the CDDP* signal linearly depends on pump pulseggrenables us to remove
its signals by subtracting the (d) curve (300 nJ/pulsei fiee tripled of (a) curve (100
nJ/pulse) in the spectrum of figure 3.3. The result af tmodification is shown in figure
3.4 below.
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Figure 3.4 Corrected Transient Absorption Spectrum of &lisg28].

The transition anionic state of cisplatin (CDDPi#s now clearly recognizable in the
decay part of the negative signal in the first 20 ps. &y overlaps with the negative
depletion signal of the cisplatin molecules in tlggipund state.

Ultrafast Electron Transfer

It was observed (Figure 3.4) that the rise time of th@as (the formation time of
CDDP®), is clearly within a picosecond (1bs) after two photon excitation of water by
the pump pulse. This time interval is equal to the ffeti(<1 ps) of prehydrated
electrons [21, 29]. This observation proves that cispittows a high reactivity with
weakly bound prehydrated electrons in water.

By running the experiments up to this point, our results é@xeertally showed the
existence and dynamics of electron transfer reactibpsesolvated electrons in water to
cisplatin. In the next stage, we will proceed to sttigyreaction mechanisms of cisplatin
with different DNA bases.

3.4 Experiments on Electron-Transfer Reactions of Cisplatinvith DNA Nucleotides
In the second part of our experiments, we were intetastexamining the dynamics of

cisplatin, (and in the next chapter, of its clinicateffective trans isomer, Transplatin)
reactions with all four mononucleotides, namely, adenjB@edeoxyadenosine- 5'-
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monophosphate or dAMP), guanine (2'-deoxyguanosine 5-monoptesphaGMP),
thymine (dTMP), and cytosine (dCMP). These nucleotide® warchased from Sigma-
Aldrich.

The structure of the DNA bases adenine and guanine areiwglgr 40 each other and
both are called purines. The structure of cytosine and thyarmealso very similar to

each other and then are called pyrimidines. Figure 3.5sstfmwchemical structure of all
four DNA nucleotides.

(&) Purines

H,oN Q
QN \ N/) QN NN
H H

Adenine Guanine

(b) Pyrimidines

@]
‘ =N NH
PN L
H O

Cytosine

Iz

Thymine

Fig. 3.5 All Four Types of DNA Nucleotides (a) Purines,gjimidines

The importance of this part of our experiments comas fiwe established fact that DNA
is the final target of cisplatin, and more importantfyys DNA binding is known to be the
main reason for the cytotoxic effects of cisplatin.

3.4.1 Experimental Details
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In order to complete this part of our experiments, wetbathange the wavelength of the
probe pulse as well as the energy of the pump pulse.

The probe wavelength had to be changed from 266 nm to 333acamdecthe DNA bases
have strong absorption in the 266 nm region and using thie pvavelength would have
caused some undesired consequences such as

1. Damaging DNA bases while scanning the spectrum

2. Exciting DNA bases and possibly deviating the reactigh fram the natural one
and consequently misleading us from making rational judgnebbut the
reaction characteristics

3. Preventing us from making precise conclusions about #patin content in the
sample during scanning. This is due to the overlapping almodtcisplatin and
DNA bases at 266 nm. As mentioned earlier in this chapierset the 266 nm
probe to monitor the amount of cisplatin in the sampdejf DNA bases absorb
some parts of the probe as well, making precise inferesm&serning the probe
signal would be very difficult as the absorption ofsénéwo species will be mixed
up.

In order to avoid these problems, we chose 333 nm for titeedaser pulse. Cisplatin
still has detectable absorption in this wavelength whileAbases have no absorption at
333 nm.

The second change we made in our spectroscopic systerkeepmg the pump pulse
energy at energy levels below 140 nJ/pulse in theseimgm@s so that no electron could
be produced via the two-UV-photon excitation of water,e@39n the spectrum for the
pure CDDP without the presence of DNA nucleotides (Fig 3Bis was because we
were interested in monitoring the reactions of cisplatith electrons that amxclusively
from the ground-state of DNA bases. For this purposewgiaonp power was used and
as Figure 3.6 shows, no prehydrated electron could be gehbyatieis pump power.
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Fig. 3.6 Femtosecond transient absorption speatfumater (black line) and also 2 mM CDDP in
pure water (red line) pumped at 318 nm and prah&33 nm.

A cisplatin solution with 2 mM concentration was preghas before. According to the
procedures of doing our experiments, we first obtainedrémsient absorption spectrum
of the base line (in our case, ultrapure water). Thenfoek the transient spectrum of
cisplatin in pure water. After this, a fresh sample isplatin was added to the specific
DNA nucleotides. Concentration of the cisplatin ahe base was kept at 2 mM for all
experiments. At the end, their spectra were subtréeoded H,O’'s spectrum in order to
get their net spectra.

3.4.2 Results and Discussion
Guanine

Guanine was the first DNA nucleotide whose reactionh wigplatin were studied. This
base is considered the most important base in reactircisplatin as previous studies
such as x-ray crystallography proved dominant binding ofatisgto it [30].

After adding guanine to cisplatin, the reaction starte¢ veadily and cisplatin was
greatly depleted in the solution. Here, unlike the caseigpilatin, alone in the solution,
we could see that guanine reacted greatly with the drug ih auway that after
subtraction of its spectrum from the baseline, a shadplyreasing negative transient
absorption (representing the cisplatin content) waeied. The cisplatin reaction with
guanine proceeded so strongly that every successive scanehatcorded, was about
30% changed from the preceding one and this trend continuedole than 10 scans.
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This issue forced us to suffice to one single scan in dxwdre more precise in our
experiments of cisplatin with DNA bases. Thus, we sedrour samples one time and
then continued the experiments with a fresh sampdeniew cell.

The strong depletion of the transient absorption $ighghis reaction (Fig. 3.7) clearly
shows the strong reaction of cisplatin with guanine.
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Fig. 3.7 Femtosecond transient absorption speatftdrmM Cisplatin with 2mM solution of all 4
DNA bases (Cytosine, Thymine, Guanine, and Adenine) in watienped at 318 nm and probed
at 266 nm.

The negative transient absorption signal (the amoucispfatin depletion) was recorded
to be about 8 10°, which is easily recognizable in the vertical axishef spectrum (Fig.
3.7).

Cytosine
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After guanine, we investigated the reaction of cisplaith the DNA base cytosine. This
base did not show any significant reaction with cigpland the amount of CDDP
depletion was so small that we were persuaded tha¢dlogion is negligible. The flat line
of the cytosine + cisplatin spectrum in figure 3.7 dleanpports this conclusion.

Adenine

In our series of investigating all four DNA bases’ reat with cisplatin, we next looked
at the reactions of the other purine base (adenine).€dwtion of cisplatin with adenine
was a strong reaction. Although it was not as stronguasine’s reaction with cisplatin,
it was much stronger than with cytosine. The strergtlthe adenine reaction with
cisplatin was observed as it was expected. Being a pamthestructurally very similar to
guanine, adenine was expected to show fairly high reactivitycisplatin.

The amount of depletion of adenine was abouk 1@ which is around 50% lower than
that of guanine, meaning that guanine’s reaction with cispfaticeeds in a way that is
almost two times stronger than cisplatin’s reactiothadenine.

Each successive scan of the adenine spectrum sharpdd véth respect to the previous
one and the difference was observed to be more than @©%verage. This also
supported our strategy of taking just one scan for our spactr

Thymine

Finally, we examined the combination of cisplatin witk tast DNA base, thymine. We
could hardly see any reaction happening between thymine arldticisps a very tiny
amount of cisplatin was used up and reacted with the tteynfihe amount of thymine
depletion was the lowest of all four DNA bases. ltsweven slightly lower than the
cytosine depletion, although the spectral lines of these bases overlapped in some
regions of the spectrum. The mixture of cisplatin Hndanine was so stable that, unlike
the guanine and adenine cases, each successive scan oftiisnspeas almost exactly
the same as the previous one. As seen in figure 3.7, thangnyabsorption signal is
almost a flat line, slightly lower than the cispfaspectral line. This characteristic clearly
reveals there is no considerable electron transfection taking place between CDDP
and this DNA base.

Another characteristic of the thymine spectral line mttfansient absorption spectrum is
that it is very smooth and not many fluctuations carsden in it. This can also give a

gualitative measure of the weakness of this reactiorpaoed with guanine and adenine
under the same experimental conditions.

3.5 Conclusions
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For the first time we explored new findings concerning tieaction dynamics of
cisplatin, and shed light on some of the confusionseksted in the field regarding the
mechanism of action of this leading drug at the moledalal and also the dynamics of
its bindings with different DNA bases.

Our ultrafast high sensitivity real-time femtoseconseftaspectroscopy technique is one
of the most direct methods to look at the heart efctemical reactions (transition states)
in order to precisely examine the dynamics of the reacti real time while the reaction
is proceeding.

One of the first things that we observed during our expgrison cisplatin is that CDDP
is a very strong electron capturer and strongly readts &lectrons, either generated
during radiolysis / photolysis of water or from an &len donor such as guanine /
adenine bases in DNA.

Second in our findings is that the electron transfer) (EE&ction between cisplatin and
prehydrated electrons occurs in an ultrafast process.€ldusron transfer occurring in
less than 1 picosecond (¥&ec) is convincing evidence that the transferred elecamans
prehydrated. This is very clearly seen in the spectcgspfatin in pure water (Fig. 3.3).

One of the most important discoveries that our restiétarly show is that among all four
DNA bases, guanine shows the greatest preference for bimdihgcisplatin and its
reaction with this drug is the strongest. The fact tigplatin happens to bind mostly
with guanine in the body after it is given to cancer pésiewas already discovered by
different methods, but our results provide the firstl anly experimental evidence that
explainswhy this preference exists and also what happens, at the utavléevel, that
causes the guanine base to become the most favored biridifigr €isplatin. We have
now uncovered that this is because guanine is thermodyngntitalbest electron donor
among the four DNA bases.

The reaction of cisplatin with guanine is so strong tifet absorption signal in its
dynamic transient absorption spectrum sharply deeseasd significant depletion of
cisplatin is observed. This finding was to some extepeeted for us, but such a high
reactivity of cisplatin with guanine was surprising.

Our results yielded further support by providing experimentabfsrabout the order of

the reactivity of different DNA bases (all four typasijth cisplatin. Our experimental

results show the order of reactivity of different DNb&ases with CDDP is guanine >
adenine > cytosine > thymine. Very interestingly, this ongdegxactly the same as the
order of the thermodynamical preference of electronation among the four DNA

bases, which was already known [31]. This fact offex®ry persuasive confirmation
and a means of double checking our findings. We found cisplatlre a very strong

electron capturer and the order that we obtained fopritkerence of all four DNA bases
to react with cisplatin is exactly what was logigadikpected.
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The real-time and ultrafast examinations of the reactlynamics and spectroscopic
properties of one of the most widely used anticancer daigglatin, at the molecular
level, with and without its final target (DNA baseshtthwere accomplished in our
laboratory enable us to make a very promising contributioa better understanding of
the mechanism of action of this most important anteardrug. We believe that the
important progress we made in discovering cisplatin’st@acreactivity will play an
important role in the universal efforts to improve therstomings of this drug.

The cutting-edge research done in our lab will have greateimes in this area of
pharmaceutical research and we are very optimisticotinatindings represent a big step
in the history of this drug.
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Chapter 4

Molecular Mechanism of Action of Transplatin

In chapter 3, the first-ever results of femtosecond gpprobe transient laser
spectroscopic studies of the molecular reaction dyrawoficisplatin (CDDP) as one of
the most widely used chemotherapeutic anticancer drugs pvesented and discussed.
In this chapter, we present the results obtained flenfémtosecond time resolved laser
spectroscopy experiments of CDDP’s trans isomer tragmsplatin (TDDP). Here, the
major objective was to directly observe the moleculagcimanism of transplatin
cytotoxicity enhancement upon UV photoactivation. Theésdiss include the molecular
reaction dynamics of transplatin in pure water as aglivith DNA bases.

The methodology applied in these experiments is exdldysame as that applied to
cisplatin (explained in chapter 3). The last sectiontto$ chapter contains the
conclusions drawn from our results.

4.1 Introduction

As mentioned in chapter 1, transplatin does not show yoyoxicity and is clinically an
ineffective compound, but very recently it has been ofeskthat the cytotoxicity of
transplatin in tumor cells can be remarkably enhanced wpadiation by UVA (~320
nm to ~400 nm) light [1]. The reason for this cytotoxicémhancement has been
demonstrated to be due to the promotion of the removahefsecond chloride of
transplatin by UVA light. It was observed that upon phoctivation of transplatin by
UVA, bifunctional DNA adducts of transplatin (mainly @nstrand cross links) are
produced with a considerably higher frequency than in the darkTB§¢ main research
objective of this chapter is to reveal the mechanism Wydgrthe enhancement of the
cytotoxicity of transplatin once it is photoactivated.

Applying UV radiation as the pump laser pulse (318 nm) in opemments, we were

able to look at the photoactivation reactions of tr&aisp with DNA bases as its

pharmaceutical target. If we understand the moleculaamics of transplatin’s reactions
with DNA bases after it is photoactivated by UVA diation, there may be a hope for it
to enter clinical trials and become an effectiveaamtcer drug in the near future.

Our other research objective in conducting the transplapererents was to compare
the reaction dynamics of transplatin with its clalig effective cis isomer i.e. Cisplatin
(CDDP). Since these two molecules are isomers, our siatheling of each one of them
will greatly contribute to understanding of the othee WBé¢lieve comparing the properties
of these two isomers will lead to profound insights timaty enable us to expand our
knowledge of the shortcomings of cisplatin and consequentple us to improve it. For

40



this reason, we first compare these two isomers imgeof their reactivity with
prehydrated electrons in pure water.

The interest of research on properties of transptaimes from the mysterious fact that
the trans isomer does not show any antitumor effectte whe cis isomer (cisplatin), is

one of the strongest antitumor drugs ever known [3,4]. plizeling fact that transplatin,

despite having a very similar chemical composition, dm¢snduce any cytotoxicity has

attracted scientists’ attention for many years. Inftlewing sections we report the first

ever results on transplatin molecular reactionsioétby means of femtosecond time
resolved transient laser spectroscopy.

4.2 Experiments on Electron-Transfer Reaction of Transplatinvith Prehydrated
Electrons in Water

Transplatin has the same chemical formula as ¢ispknd the difference in their
chemical structure is that in transplatin the Cl aoamd NH groups have a trans
orientation. Based on these close similarities betwasplatin and transplatin one could
speculate that transplatin may also show certaictivétg with the prehydrated electron
excited by a pump pulse in pure water (just as we obsemtb@ case of cisplatin in the
last chapter). The obtained results of the femtosktiome-resolved laser spectroscopic
examination of the molecular reaction mechanismaofdplatin as the isomer of cisplatin
are discussed in this chapter. Our experimental evidenceal e reactivity of TDDP
with weakly bound prehydrated electrons.

4.2.1 Experimental Details

In order to start our spectroscopic studies of tratisplave used the same experimental
setup as we did for cisplatin. Initially, we restrictedrselves to look at the reaction
dynamics of transplatin in pure water to see any passielctron transfer reaction, as we
had observed in the case of cisplatin.

Both cisplatin and transplatin were bought in solid phisem Sigma-Aldrich and was

used as supplied. Both of these two compounds needed to leel solwater before

spectroscopic studies. Since cisplatin has a much higher walubility (0.253 gr per

100 gr water) than transplatin (0.036 gr per 100 gr water) [Bhgping its solution took

much less time than the transplatin solution preparatie had to put the transplatin
solution in a heater at 60° C for at least 24 h bafwre=xperiments in order to get a well
solved transplatin solution. Transplatin in stock sohdg was kept at 2 mM.

We adjusted the wavelength of the pump laser to 318 nm angdrdibe wavelength to
266 nm. As described in the previous chapter, we took thspliegin solution transient
absorption spectrum and subtracted it from the ultrapater spectrum in order to get
the net spectrum of transplatin.
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Various pump pulse energies from 40 nJ to 320 nJ (powerslibaiV to 80uW) were
used in order to see the changes of the reactiongegipiect to pump pulse energy.

4.2.2 Results and Discussion

Transient absorption kinetic trace of the transplatilution, with 2.0 mM concentration,
at various pump pulse energies (from 40 nJ to 320 nJpvsrsim Figure 4.1.

No negative transient signal is visible in the spedimak of 40 nJ/pulse and 120 nJ/pulse
revealing that for pump pulse energies below 120 nJ/ptiiseamount of transplatin in
the sample has not changed. The photobleaching observethedane zero is due the
abrupt excitation of transplatin by the pump pulse at 318Ti@.small positive signal in
the first few picoseconds is also caused by the TDRReekstate (TDDP*).

As the pump pulse energy was increased to a certain eat depletion of transplatin
was observed. This is due to the considerable amounecif@bs that are produced at
high pump pulse energies. For example as you can seespeba of Figure 4.1 below,
at the pump energy of 240 nJ per pulse, a significant deplefitransplatin is visible. As
we increased the pump pulse energy, the transplatintdeplgas seen to be increased
accordingly. This phenomenon was similar to what we robsefor cisplatin (described
in chapter 3).
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Fig. 4.1 Femtosecond Transient Absorption Spectra of Znamdplatin at Various Pump Pulse
Energies with Pump wavelength at 318 nm and Probe waveler2sié am.
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Our experimental evidences revealed the dynamics ftrete transfer reactions of
presolvated electrons with transplatin in water. Owulis concerning the reaction
mechanisms of transplatin with different DNA nucldes will be discussed in the
following section.

4.3 Experiments on Electron-Transfer Reactions of Transplai with DNA
Nucleotides

In this section of our studies we look at the reactibaracteristics of transplatin with
four DNA nucleotides with the pump pulse laser in the Ungion. The details of the
instrumentation are exactly what were applied in chaBtdor examining cisplatin
reactions with DNA nucleotides. The DNA nucleotides uleedhese experiments were
exactly the same as those used in chapter threee$uksrof the reactions of each of the
different nucleotides with transplatin are explainethie following section.

4.3.1 Experimental Details

For our studies of the reaction dynamics of transplaiih DNA bases, the optimum
pump pulse energy had to be kept so low that no prehydratetdoake were generated
and consequently no ET reactions could happen betweerléctrons and transplatin.
Thus, the pump pulse energy £0.1 uJ (pump power of 2aW) was used to avoid the
creation of prehydrated electrons. As shown in Figure dl@\h no ET reactions happen
between the prehydrated electrons and transplatin atptimgp pulse energy. The
concentration of transplatin and DNA bases werekepit at 2 mM for all of the

experiments.
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Fig. 4.2 Femtosecond Transient Absorption Spectra of pues wiwne (black line) and also with
transplatin (red line) with Pump at 318 nm and Probe at 333 henpump power is 25W.

The four mononucleotides adenine (2'-deoxyadenosine- 5-mosplpéte or dAMP),
guanine (2'-deoxyguanosine 5-monophosphate or dGMP), thydiinR), and cytosine
(dCMP) were purchased from Sigma-Aldrich and used as supplied.

4.3.2 Results and Discussion
Guanine

In our investigation of transplatin reactions with alifdNA bases, we started with
guanine. Interestingly the guanine seemed to react wittoattovated transplatin rather
strongly. The amount of depletion of the transplafter the addition of guanine is very
close to the depletion amount of cisplatin in itaateon with adenine and almost half of
the reactivity of cisplatin in its reaction with guagin

This reaction seemed to have some fluctuations (as e¢@unsthe spectrum of Fig. 4.3
below), but they were less than the fluctuations efraction of cisplatin with guanine.

While taking the spectra, each scan changed with reBp#st previous one, so just as in
the cisplatin case, we decided to conduct our experintgriiaking just a single scan for
each spectrum of the transplatin in combination witbheaf the DNA bases. This
constraint made our procedure more difficult as we hatepeat our scanning many
times with fresh samples to make sure it was wello@yeible. Due to the ultra high
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sensitivity of our experimentation setup, we had toxzeptionally careful in taking the
spectra, as any tiny change in the system could cause detetable changes in our
results.
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Fig. 4.3 Femtosecond transient absorption speafi#rmM transplatin with 2mM solution of all
4 DNA bases (Cytosine, Thymine, Guanine, and Adenine) in wauerped at 318 nm and
probedat 266 nm.

Cytosine

The cytosine reactivity with photoactivated transplatas very low. As observed in the
spectrum of figure 4.3, the decrease in its depletion lineotsvery detectable. The
cytosine depletion in its reaction with transplatin vagsin less than its depletion with
cisplatin although both are very low.

Adenine

Adenine is another DNA base which has more importanae tlosine and thymine

here, because it is expected to show more reactiitig. was exactly what we observed,
as shown in Figure 4.3. The DNA base adenine showed meiergmce in binding with
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transplatin than cytosine. Its depletion amount wimsost half of the depletion of
guanine with transplatin and also half of the depletionwarhof adenine in its reaction
with cisplatin. The reaction of adenine with photoattd transplatin yielded a smoother
absorption signal curve (less fluctuations) compared tdlubtiations that were seen in
its reaction with cisplatin.

Thymine

As the final step in the study of the reactivity ofeliént DNA bases with transplatin, we
finally looked at thymine. This DNA base showed the leaattivity with photoactivated
transplatin. Basically what we observed was a fiaeé lin its transient absorption
spectrum (fig. 4.3) representing almost no reaction tafiage. This line is so flat that
the amount of transplatin depletion it suggests is dlmmothe order of the errors of our
experiments and one can hardly claim that any readiactually happening between
thymine and transplatin. Thymine and cytosine are very aimil terms of their
reactivity with transplatin.

4.4 Conclusions

The results of the reaction mechanism of transplave significance in that transplatin
can become cytotoxic upon UV irradiation. Results okthim our experiments clearly
support this enhancement. Our experiments provide evidencethé molecular
mechanism of this cytotoxicity enhancement. The reastaf UV-irradiated transplatin
with DNA mono nucleotides clearly support the idea thiabtoactivation can turn the
ineffective parent transplatin molecule to an effecind cytotoxic compound.

A further goal of this chapter is to discuss the sintita and dissimilarities of transplatin
and cisplatin, based on our experiments. These willittkefr discussed in what follows.

In finding an answer to our questions regarding the possilbfitylectron transfers to
transplatin, our data showed that this molecule is atselectron capturer and can react
with the excited prehydrated electrons in water. The extigt of the electron-attracting
nature of transplatin makes this molecule similar t@laig:, but they differ in that
cisplatin is a stronger electron capturer than triatisp

The ultrafast electron transfer happenings<at ps clearly shows that the electrons
reacting with transplatin are prehydrated electronshag have exactly the same life
time [6].

Transplatin showed the same order of preference foringngith the different DNA
bases as cisplatin, i.e. guanine > adenine > cytosine >rhyirhis finding was expected
as transplatin has also been proved to be an electpbureaand this order of the DNA
bases is just the order of their thermodynamical peefee for donating an electron [7].
In regard to this characteristic, both cisplatin aadgplatin behaved similarly.
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Comparing the reaction dynamics of transplatin and atispbased on their reactions
with DNA bases may greatly extend our knowledge of thehaeism of activity of
cisplatin.

In the case of guanine, the depletion of cisplatin wamst two times more than the
depletion of transplatin in its reaction with guaninesiBes that, the depletion line
(negative absorption signal) of the reaction of guanink eigplatin seems to show more
fluctuations which itself is a measure that qualitativeigws the strength of the reaction.

By comparing the dynamics of the reactions of the gibeine DNA base (adenine) with

transplatin and cisplatin, different parts of thensc® fit together better. Just like the
case of guanine, the amount of transplatin depletiots ireaction with adenine is half of
the depletion amount of cisplatin while reacting wittemine. The negative absorption
signal in the spectrum of transplatin with adenine shiewsr fluctuations than what was
observed in the reaction of adenine with cisplatin. might be interesting that the

depletion amount of adenine in its reaction with cisples very close to the depletion
amount of guanine in its reaction with transplatin, signg that more reactivity of one

DNA base (guanine) is compensated by less reactivity of elleetron absorber

(transplatin) in such a way that the total combinat@s almost the same depletion
amount.

The two other DNA bases, thymine and cytosine (botlnpgines), hardly show any
reactivity with transplatin. As seen in the transiabsorption spectrum of transplatin
with DNA bases, (fig. 4.3) the spectral lines of thymind aytosine largely overlap with
the spectral line of transplatin in such a way tha oan hardly assign any reactivity to
them.

Here, both the cytosine and thymine spectral lines ang meich the same and their
subtraction from each other will give almost zero ddfere. The superiority of the
reactivity of cytosine over thymine observed in their neactwith cisplatin (chapter
three) is much less pronounced here in their reactitimtvansplatin.

Based on the results just mentioned, we conclude thaaiis showed more than 50%
higher reactivity than its trans isomer, transplatmtheir reactions with purine DNA
bases, guanine and adenine.

The evidence discussed in this chapter indicates thagpletin has great potential to
become a UV photoactivated anticancer drug candidate.rdther high reactivity of
transplatin with DNA bases guanine and adenine upon UV pttotaBon obtained by
our femtosecond time resolved laser spectroscopy coshp&ipports this hope.

This thesis study suggests that photoactivated transplayirbenexplored as a promising
anticancer drug candidate to enter general oncology practice
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Chapter 5

Conclusions

We have applied state-of-the-art Pump-Probe Femtosetond-Resolved Transient

Absorption Laser Spectroscopy to investigate the dyceauwi cisplatin reactions at the
molecular level. For the first time, we revealee tinechanism of action at the true
molecular level of CDDP, one of the most effectivel avidely used anticancer drugs.
We examined the reaction dynamics of cisplatin in itactiens with prehydrated

electrons in water, as well as with all four typesDNA bases i.e. guanine, adenine,
thymine, and cytosine.

In the second part of this thesis research project wesiigated the characteristics of the
trans isomer of cisplatin, i.e. transplatin. In tinansplatin case, we were especially
interested in looking at the molecular mechanism ofpth@oactivation of this molecule
upon UV irradiation. The data obtained by femtosecond tiesolved laser spectroscopy
clearly explains the dynamics of this cytotoxicity entement at the molecular level.

In our investigations of cisplatin, we initially provedatttisplatin is an extremely strong
electron acceptor by looking at its reaction dynamiitk prehydrated electrons in water,
generated by the pump pulse energies greater than 140 nJ am3Ikhese electron

transfer reactions proceeded very rapidly and effigientl

The electron transfer reaction between the elestqfmoduced in water and cisplatin
happened in an ultrafast process. The formation of tis@aionic transient states was
seen to be within 1 picosecond &) which is the same as the life times of prehydrated
electrons & 1 ps) clearly proving the reacting electrons produced in rwiatebe
prehydrated electrons. The prehydrated electrons are betiev@dak Pt-Cl bonds that
finally lead to the production of reactive species PHNH or Pt(NH) >Cl * that
contribute to the cytotoxicity of cisplatin.

By establishing the role of prehydrated electrons in thegzoof activity of cisplatin, we
pushed forward the investigation of the reaction mechangrasplatin with its clinical
targets which are DNA bases.

In this thesis research work, we reported, for the finrsé, the dynamics of cisplatin’s
reaction with all four types of DNA bases and proveddtaer of their reactivity with
cisplatin to be Guanine > Adenine > Cytosine > Thymine, wh& in complete
agreement with the known thermodynamic preferencelextren donation among the
four DNA bases.

This discovery was an expected consequence of our bBegreation that cisplatin is a
strong electron acceptor. Thus, the stronger electroordomolecule (DNA base) is, the
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more efficient ET reaction would be expected. As guanitieeistrongest electron donor
with the lowest required energy among the four DNA hagggeaction with cisplatin
was observed to be the most effective.

These parts of our research were experimentally \oglyisticated, as the reactions were
observed to be very strong and drastic.

The reaction of cisplatin with adenine was not seepet@as strong as cisplatin reaction
with guanine. To be more precise, adenine was observed @iflzs reactive compared

to guanine, but it is still the second reactive basengnadl four bases. This is again in
complete accordance with the known statistics ofl@ispbinding with DNA bases.

The extent of cisplatin’s reactions with other twedms cytosine and thymine, were not
comparable to those of guanine and adenine. Although cytosimeedhuore reactivity
than thymine, both of the reactions were so weak dhat can hardly relate them to
cisplatin’s anticancer effects.

For the first time, we provided a mechanistic understandt the molecular level as to
why cisplatin binds with DNA bases in the very specialer of G >A>C > T.

In our examinations of transplatin, we were focused onstiyating the molecular
reaction dynamics of the UV caused photoactivatiesuRs obtained in our experiments
on transplatin well support the cytotoxicity enhancemainthis molecule after it is
irradiated by UV radiation. Our experiments provide evidefarethe mechanistic
understanding of this cytotoxicity enhancement at theecuddr level.

The findings obtained concerning transplatin in this thesisdystsuggest that
photoactivated transplatin may be explored as a venyigsing anticancer drug candidate
for general oncology practice.

Our final research aim was to compare the explorediosadynamics of cisplatin with
that of transplatin in order to shed new light ondltemystery of why this isomer is not
effective despite being so similar to cisplatin.

We obtained experimental evidence, for the first titmesupport the order of reactivity of
photoactivated transplatin with DNA bases being G > & > T just as we observed in
the case of cisplatin. The higher reactivity of DNAsé® guanine and adenine with
cisplatin than with transplatin was the main diffeerihat we recorded in comparing
these two isomers.

According to our obtained data, transplatin showed 5% reactivity than cisplatin in
reactions with DNA bases.

Beside these mentioned discoveries, we believe thearels also contributes to our

knowledge of the effects of species like Néh the enhancement of electron-induced
reactions of halogenated molecules.
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All these findings provide a molecular-level mechanistidarstanding of cisplatin
cytotoxicity. The very precise data we achieved by meansowf cutting-edge
experimental method provide the most profound understandingt v dynamics of
cisplatin and transplatin reactions with DNA asnigst important target. We shed new
light on issues that have long been elusive in the histbeysplatin research, for the last
four decades. We believe our discoveries will have sigmtieffects in improving the
therapeutic applications of this exceptional chemothetapedrug, such as the
circumvention of drug resistance and the reduction of texie effects. Moreover, our
findings will have significance for mechanism-based desigd development of new
anticancer drugs in the future.
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