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ABSTRACT

DNA BINDING, NUCLEOLYTIC PROPERTIES, AND
TOPOISOMERASE | INHIBITION OF
TERNARY COPPER(II) COMPLEXES OF

1, 10-PHENANTHROLINE AND CHIRAL AMINO ACID

Nucleolytic and DNA binding properties of threerngaof ternary copper(ll)
complexes with 1,10-phenanthroline (phen) as mgamt and chiral amino acid
(aa) as variable subsidiary ligand were studiedisipg agarose gel electrolysis,
fluorescence quenching assay, restriction enzyrmibitron and topoisomerase |
inhibition test. These complexes can be designatedCu(phen)(aa)@#D)]X
where X is a chloride or nitrate. The amino acidsduwere L-alanine, D-alanine,
L-threonine and D-threonine. The experiments vd#veled into two main parts,
viz. nucleolytic study and DNA interaction studydathe main objective of these
experiments was to find out the factors involvedaifecting the nucleolytic and

DNA binding properties of copper(ll) complexes.

The type of subsidiary ligand was shown to infleceethe DNA cleavage
efficiency. Other factors, namely concentration [u(phen)(aa)(kO)]X,
incubation time, type of buffer, buffer pH, type lafjand, and exogenous agents

(oxidizing or reducing) were important in determigithe nucleolytic efficiency
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of the copper(ll) complexes in the vitro studies. Moreover, the DNA cleavage
mechanism in the presence or absence of exogergerg svas found to be
different. However, there was no or insignificarffeet on the nucleolytic
properties of [Cu(phen)(aa)¢B)]X when the amino acid was changed from the

L-form to the D-form.

In the DNA binding study, binding constants of gapper(ll) complexes
with various type of DNA were evaluated by ethidibnomide or thiazole orange
guenching assay. The DNA chosen for this study veatethymus DNA (CT-
DNA), ds(AT), ds(CGp, G-quadruplex (telo21) and its corresponding duple
Analysis of their binding constants revealed tHeatfof the type of amino acid
and chirality of the amino acid. The copper(ll) qidexes show varying degree of
binding affinity. Investigation into the DNA bindinselectivity or specificity of
the copper(ll) complexes through the use of a sarfeestriction enzymes found
that these complexes inhibit only some of therieg&in enzymes, suggesting
DNA binding selectivity. It was also found thatetkhirality of the amino acid

could affect the binding selectivity.

With the aim of exploring new G-quadruplex DNA tér, the interaction
of the copper(ll) complexes with G-quadruplex ate@drom human telomeric
DNA, d[G3(T.AG3)3] (telo21) was investigated. Among the results, paofll)
complexes with chiral L-amino acids were shown taveh slightly higher

selectivity towards 22-nucleobase G-quadruplex timmse with D-amino acids.
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Lastly, most of the copper(ll) complexes studiedhiis research work were found
to have the ability to inhibit the function of humBNA topoisomerase | (topo I)
in relaxing the supercoiled plasmid DNA, pBR322eThsults suggested that the
degree of inhibition of the topo | depended ondbacentration of the copper(ll)
complexes. For some of the copper(ll) complexes, dfficacy of the topo |
inhibition was affected by the sequence of mixifdge tthree components,
suggesting that two types of inhibition mechanigrhibition could result from (i)
copper(ll) complexes binding to the DNA and blockithe topo | from
functioning or (ii) the copper(ll) complexes bindirto the topo | and thereby

affecting its function.



ACKNOWLEDGEMENT

I would like to express my deep and sincere grgitto both of my
supervisors, Assoc. Prof. Dr. Ng Chew Hee, and é&sBoof. Dr. Alan Ong Han
Kiat from University Tunku Abdul Rahman for theideas, patience, advice,
encouragement and guidance throughout my undergi@desearch program.
Their wide knowledge and logical way of thinkingvkabeen of great value for
me. | am thankful to them for spending their tinte hake suggestion and

discussion with me to assist me in completing dssertation.

| wish to extend my warmest thanks to all those Wwhwe helped me in
this research study. In particularly, | am gratatulall my seniors Dr. Seng Hoi
Ling, Dr. Tan Kong Wai and Ms. Von Sze Tin for thguidance and advice.
Their comments have helped me a lot to reflect grshortcomings that need to

be overcome in order to be a better researcher.

I would like to thank Ms. Chin Lee Fang and Ms. \WaNai San for their
help and assistance throughout my research stuusir Tielp and guidance in
chemistry background and studies are very mucheamied. | also like to thank
all of the lecturers, staffs, and laboratory assits at Bioscience department who
have assisted me in my research in Universiti Tuliidul Rahman.

5



Last but not least, | owe my loving thanks to myepés and siblings.
Without their encouragement and understanding,otild/ have been impossible
for me to finish this work. My special gratitudedse to my sisters and brothers
for their love, concern, support, and encouragerttest they have given to me

throughout my academic career.



DECLARATION

I hereby declare that the project report is basedang original work except for
guotations and citations which have been duly ackedged. | also declare that it
has not been previously or concurrently submittedahy other degree at UTAR

or other institutions.

Date:

JAMES CHONG KOK UEI



APPROVAL SHEET

This dissertation entitletDNA BINDING, NUCLEOLYTIC PROPERTIES,
AND TOPOISOMERASE | INHIBITION OF TERNARY COPPER(Il )
COMPLEXES OF 1, 10-PHENANTHROLINE AND CHIRAL AMINO
ACID” was prepared by JAMES CHONG KOK UEI and submittedpartial
fulfillment of the requirements for the degree o&dter in Science at Universiti

Tunku Abdul Rahman.

Approved by:

(Assoc. Prof. Dr. Ng Chew Hee) Date:
Assoc. Professor/ Supervisor

Department of Bioscience

Faculty of Engineering and Science

Universiti Tunku Abdul Rahman



FACULTY OF ENGINEERING AND SCIENCE

UNIVERSITI TUNKU ABDUL RAHMAN

Date:

PERMISSION SHEET

It is hereby certified thalAMES CHONG KOK UEI (ID No: 09UEM0235%
has completed this final year project entittedDNA BINDING,
NUCLEOLYTIC PROPERTIES, AND TOPOISOMERASE | INHIBIT ION

OF TERNARY COPPER(Il) COMPLEXES OF 1, 10-PHENANTHRO LINE
AND CHIRAL AMINO ACID " supervised by Assoc. Prof. Dr. Ng Chew Hee
(Supervisor) and Assoc. Prof. Dr. Alan Ong Han Ki@b-Spervisor) from the
Department of Bioscience, Faculty of Engineerind &cience, Universiti Tunku

Abdul Rahman.

| hereby give permission to my supervisors to watel prepare manuscripts of
these research findings for publishing in any foifrhdo not prepare it within six
(6) months from this date, provided that my nameniduded as one of the

authors for this article. The arrangement of them@aepends on my supervisors.



LIST OF ABBREVIATIONS

aa Amino Acid
AA Ascorbic Acid
Ala Alanine

CT DNA Calf Thymus Deoxyribonucleic Acid

CuCh Copper(ll) Chloride

H.0; Hydrogen Peroxide

Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulf@uicl
HN Hepes-NaCl Buffer

Phen 1,10-Phenanthroline

PN Phosphate-NaCl Buffer

Pro Proline

RE Restriction Enzymes

TAE Tris-acetate-EDTA Buffer

Threo Threonine

TN Tris-Nacl Buffer

Topo Topoisomerase

Tris Tris(hydroxylmethyl)amino-methane

10



TABLE OF CONTENTS

Page
ABSTRACT ii
ACKNOWLEDGEMENT Vv
DECLARATION Vil
APPROVAL SHEET viii
PERMISSION SHEET IX
LIST OF ABBREVIATIONS X
TABLE OF CONTENTS Xi
LIST OF FIGURES XVi
LIST OF TABLES XXV
CHAPTER
1 INTRODUCTION 1
2 LITERATURE REVIEWS 9
2.1 DNA cleavage studies 9
2.1.1 Reactive Oxygen Species (ROS) anddegliage 9
2.1.2 Transition metal ions and carcinogenesis 12
2.1.3 Design of transition metal-based anticadceg 14

2.1.4 The nucleolytic reaction of copper(ll) cdaxes with 16
DNA
2.1.41 Concepts of interaction of metal cometex 21

with DNA

11



2.1.5 Transition metal complex as artificial reades 22

2.1.6  The effect of buffer on metal ions-DNA irzetion 24
2.2  DNA binding studies 27
2.2.1 The importance of DNA-binding study 27
2.2.1.1 Fluorescence Intercalator Displacemeng8
(FID) assay
2.2.1.2 DNA melting profile 30
2.2.2 Binding modes 32
2.2.2.1 Site specific binding mechanism 33
2.2.2.2 Inner-sphere coordination 34
2.2.2.3 Intercalative binding 36
2.2.2.4 Major and minor groove binding 36
2.2.3 Chirality and enantiomerism 39
2.3 G-quadruplex DNA 43
2.3.1 Telomere, telomerase, and G-quadruplex DNA 43
2.3.2 G-quadruplex DNA binding study 49
2.4  Topoisomerase | 53
2.4.1 Topoisomerase | study 53
2.4.2 Topoisomerase | inhibitor 57
MATERIALS AND METHODS 61
3.1 Materials and solutions 61

12



3.2  Physical measurements 62

3.3 Preparation of copper(ll) complexes solution 2 6

3.4 Preparation of 1.5% (w/v) agarose gel 63

3.5 DNA cleavage studies (Nucleolytic properties) 63

3.6 DNA binding studies 65
3.6.1 Ethidium bromide displacement assay 66
3.6.2 Thiazole orange quenching assay 67

3.7 Restriction enzymes inhibition assay 68

3.8 Human DNA topoisomerase | (topo ) inhibitiassay 69

RESULTS AND DISCUSSIONS 71

4.0 Introduction 71

4.1 Nucleolytic study of chiral [Cu(phen)(aa)®]X (X = CI, 72

NO3)
4.1.1 Nucleolytic study without exogenous agent 73
4.1.1.1 The effect of complex concentration onADN 75
cleavage activity
41.1.2 The effect of types of buffer on DNA 80
cleavage activity
4.1.1.3 The effect of pH of buffers on DNA clegea 84

activity

13



4114 The effect of incubation time on DNA 89

cleavage activity

4.1.2 Nucleolytic study with exogenous agent
4.1.2.1 Nucleolytic study in the presence 0f93
hydrogen peroxide, ¥
4.1.2.2 Nucleolytic study in the presence of L-98
ascorbic acid
4.2  DNA binding study 103

4.2.1

422

Comparative DNA binding study of [Cu(ph&®)( 104

ala)(HO)]CI, [Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-

threo)(HO)]CI, [Cu(phen)(L-threo)(LD)]CI,

[Cu(phen)(D-threo)(KHO)JNO3;, and  [Cu(phen)(L-

threo)(HO)]NOs with calf thymus (CT) DNA

DNA sequence selectivity and restrictionzyemes 107

inhibition studies

4.2.2.1 Comparative DNA binding study of109
[Cu(phen)(D-ala)(HO)]CI, [Cu(phen)(L-
ala)(HO)]CIl, [Cu(phen)(D-threo)(kD)]CI,
[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-
threo)(HO)]NOs, and [Cu(phen)(L-
threo)(HO)]NO;  with  oligonucleotides

ds(AT) and ds(C&)

14

93



4.2.2.2 Restriction enzymes inhibition study o0f113
[Cu(phen)(D-ala)(HO)ICI,  [Cu(phen)(L-
ala)(HO)]CIl, [Cu(phen)(D-threo)(kD)]CI,
[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-
threo)(HO)]NOs, and [Cu(phen)(L-

threo)(HO)]NOs; complexes

4.3 G-quadruplext¢lo2]) interaction study 127
4.4 Human DNA topoisomerase | (topo I) inhibitistady 131
CONCLUSION 146
REFERENCES 151

APPENDIX 183

15



LIST OF FIGURES

Figure Page
Figure 2.1 The Fenton Reaction system. 10
Figure 2.2 The Haber-Weiss reaction. 10
Figure 2.3 Structure of 1, 10-phenanthroline. 19
Figure 2.4 General structure of M(phen)(edda) cempl 21

Figure 2.5 The three binding modes of metal complexes with DNA32

(a) groove binding, (b) intercalation, and (c) .
Figure 2.6 Cisplatin antitumor analogues in clihicals. 35
Figure 2.7 The minor and major groove of DNA. 38
Figure 2.8 Major and Minor Groove Sides. Because ttwo 38
glycosidic bonds are not diametrically oppositeheather,
each base pair has a larger side that defines #jerm
groove and a smaller side that defines the minoo\g.
Figure 2.9  Folded structure of the G-rich strand (A) and Grstrand 45
(B) of human telomeric DNA; C: the G-quartet; Deth
C.C+ hemiprotonated base pair of the “Building kkjc
for quadruplex formation.

Figure 2.10 9-O-substituted berberine derivatives. 51

16



Figure 2.11

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Structure of NB-506. 56

Diagram of agarose gel electrophorgsisvn the plasmid 74

IS separated according to its topology.

Electrophoresis results of incubatiBiRB22 (0.5ug/uL) 77
in the presence of (a), [Cu(phen)(D-alayH|Cl; (b),
[Cu(phen)(L-ala)(HO)]CI; (), [Cu(phen)(D-
threo)(HO)]CI; (d), [Cu(phen)(L-threo)(kD)]Cl in 5 mM
TN buffer pH 7.2 at various concentration (iM — 2
mM) for 24 hours at 37°C.

Electrophoresis results of incubatiBirp22 (0.5ug/uL) 78
in the presence of [Cu(phen)(D-threc)®JNO3z in 5 mM
TN buffer pH 7.2 at various concentration (iM — 2
mM) for 24 hours at 37°C.

Electrophoresis results of incubating pBR322 (@gfuL) 78
in the presence of [Cu(phen)(L-threo)®)]NO3; in 5 mM

TN buffer pH 7.2 at various concentration (kM — 2

mM) for 24 hours at 37°C.

Electrophoresis results of incubating pBR322 (0gfuL) 82
in the presence or absence of 8@ CuCkL at pH 7.2 in

various buffers for 24 hours at 37°C.
Electrophoresis results of incubating pBR322 (0gfuL) 82

in the presence of 50M complex at pH 7.2 in various
buffers for 24 hours at 37°C.

17



Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Electrophoresis results of incubating pBR322 (0gfjuL) 82
in the presence of 50M complex at pH 7.2 in various
buffers for 24 hours at 37°C.

Electrophoresis results of incubatiBiRp22 (0.5ug/uL) 85
in the presence or absence ofy®d CuCk in TN buffer at

various pH values for 24 hours at 37°C.

Electrophoresis results of incubatiBiRp22 (0.5ug/uL) 85
in the presence of 50M (a), [Cu(phen)(D-ala)(kD)]Cl/

[Cu(phen)(L-ala)(HO)]CI; (b), [Cu(phen)(D-
threo)(HO)]CI/ [Cu(phen)(L-threo)(HO)]CI; (c),
[Cu(phen)(D-threo)(KHO)|NOs/ [Cu(phen)(L-

threo)(HO)]NOs in TN buffer at various pH values for 24
hours at 37°C.

Electrophoresis results of incubatiBiRp22 (0.5ug/uL) 91
in the presence or absence ofy®d CuCl in TN buffer at

pH 7.2 at various incubation times at 37°C.
Electrophoresis results of incubatiBirp22 (0.5ug/ul) 91

in the presence of 50M complex in TN buffer at pH 7.2
at various incubation times at 37°C.

Electrophoresis results of incubatiBiRp22 (0.5ug/uL) 92
in the presence of 50M complex in TN buffer at pH 7.2

at various incubation times at 37°C.

The Fenton Reaction system.

18

93



Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Electrophoresis results of separatetubating pBR322 95
(0.5 pg/uL) for 2 hours in TN buffer, pH 7.2 at 32 with

50 uM copper(ll) complexes in the presence and absence
of H0..

Electrophoresis results of separatetubating pBR322 95
(0.5 pg/uL) for 2 hours in TN buffer, pH 7.2 at 32 with

50 uM copper(Il) complexes in the presence and absence
of H0s..

Electrophoresis results of separatebubating pBR322 99
(0.5 pg/uL) for 2 hours in TN buffer, pH 7.2 at 32 with

50 uM copper(Il) complexes in the presence and absence
of L-ascorbic acid (AA).

Electrophoresis results of separatebubating pBR322 99
(0.5 pg/uL) for 2 hours in TN buffer, pH 7.2 at 32 with

50 uM copper(ll) complexes in the presence and absence
of L-ascorbic acid (AA).

Electrophoresis results of incubatin®NA (0.5 pg/ul) 115
with 5 unit of restriction enzyme in the presencalosence
of 50uM CuCl, for 2 hours at 37°C.

Electrophoresis results of incubatin®NA (0.5 pg/uL) 115

with 5 unit of restriction enzyme in the presencalosence
of 50uM CuCl, for 2 hours at 37°C.

19



Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32

Figure 4.33

Figure 4.34

Figure 4.35

Electrophoresis results of incubatin®NA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)C}] for 2 hours at 37°C.

Electrophoresis results of incubain®@NA (0.5 pg/ulL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)C}] for 2 hours at 37°C.

Electrophoresis results of incubatin®NA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(D-ala)(HO)]Cl for 2 hours at 37°C.

Electrophoresis results of incubatin®NA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(D-ala)(HO)]CI for 2 hours at 37°C.

Electrophoresis results of incubatin®NA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(L-ala)(HO)ICI for 2 hours at 37°C.

Electrophoresis results of incubatingDNA (0.5 pg/ul)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(L-ala)(HO)]CI for 2 hours at 37°C.

Electrophoresis results of incubatihgDNA (0.5 pg/uL)

with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(D-threo)(HO)]CI for 2 hours at 37°C.

20

116

116

117

117

118

118

119



Figure 4.36

Figure 4.37

Figure 4.38

Figure 4.39

Figure 4.40

Figure 4.41

Figure 4.42

Electrophoresis results of incubatingDNA (0.5 pg/ul)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(D-threo)(HO)]CI for 2 hours at 37°C.

Electrophoresis results of incubatihgDNA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(L-threo)(HO)]CI for 2 hours at 37°C.

Electrophoresis results of incubatingDNA (0.5 pg/ul)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(L-threo)(HO)]CI for 2 hours at 37°C.

Electrophoresis results of incubatihgDNA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(D-threo)(HO)JNO;s for 2 hours at
37°C.

Electrophoresis results of incubatihgDNA (0.5 pg/ulL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(D-threo)(HO)]NOs; for 2 hours at
37°C.

Electrophoresis results of incubatihgDNA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(L-threo)(HO)]NO;3; for 2 hours at
37°C.

Electrophoresis results of incubatihgDNA (0.5 pg/uL)
with 5 unit of restriction enzyme in the presencalosence
of 50 uM [Cu(phen)(L-threo)(HO)]NOs for 2 hours at
37°C.

21

119

120

120

121

121

122

122



Figure 4.43

Figure 4.44

Figure 4.45

Figure 4.46

Figure 4.47

Figure 4.48

General structure of complex [Cu(phen)(aajd)]’. 126
Topo | inhibition assay by gel electrophoresisi33
Electrophoresis results of incubating topo | (1tA2iul)

with pBR322 (0.25.g) in the absence or presence of 5-40
uM of metal salt, CuGl

Topo | inhibition assay by gel electrophoresisl33
Electrophoresis results of incubating topo | (1tA2iul)

with pBR322 (0.25.g) in the absence or presence of 5-40
uM of complex, [Cu(phen)G].

Topo | inhibition assay by gel eleclhrogesis. 134
Electrophoresis results of incubating topo | (1tA24ul)

with pBR322 (0.25:19) in the absence or presence of 5-200
uM  of complex, [Cu(phen)(D-ala)@D)]Cl or
[Cu(phen)(L-ala)(HO)]CI.

Topo | inhibition assay by gel elechomsis. 135
Electrophoresis results of incubating topo | (1tA24ul)

with pBR322 (0.25:19) in the absence or presence of 5-200
uM of complex, [Cu(phen)(D-threo)@®)]Cl.

Topo | inhibition assay by gel electrophoresisl35

Electrophoresis results of incubating topo | (1tA2iul)
with pBR322 (0.25:19) in the absence or presence of 5-200
uM of complex, [Cu(phen)(L-threo)@D)]CI.

22



Figure 4.49

Figure 4.50

Figure 4.51

Figure 4.52

Figure 4.53

Topo | inhibition assay by gel electrophoresisl36
Electrophoresis results of incubating topo | (1tA2iul)

with pBR322 (0.25:19) in the absence or presence of 5-200
uM of complex, [Cu(phen)(D-threo)@®)]NO:s.

Topo | inhibition assay by gel electrophoresisl36
Electrophoresis results of incubating topo | (1tA2iul)

with pBR322 (0.25:19) in the absence or presence of 5-200
uM of complex, [Cu(phen)(L-threo)(@D)]NOs.

Effect of sequence of mixing for the topo | inhibit 140
assay. Electrophoresis results of incubating huDBiA
topoisomerase | (1 unit/AL) with pBR322 (0.5pg/uL)

and 50uM copper(ll) complexes.

Effect of sequence of mixing for the topo | inhibit 141
assay. Electrophoresis results of incubating hum&iA
topoisomerase | (1 unit/AL) with pBR322 (0.5ug/uL)

and 50uM copper(ll) complexes.

Effect of sequence of mixing for the topo | inhibit 142
assay. Electrophoresis results of incubating hum&iA
topoisomerase | (1 unit/AL) with pBR322 (0.5ug/uL)

and 50uM copper(ll) complexes.

23



Tables
Table 4.1

Table 4.2

Table 4.3

Table 4.4

LIST OF TABLES

Page
Apparent binding constants of [Cu(phen)(D-alg@)Cl, 105
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(kD)]CI,
[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-
threo)(HO)]NOs, and [Cu(phen)(L-threo)(}#D)]NOs on
CT-DNA.

EB quenching assay results of [Cu(phen)(D-algHCI, 111
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(kD)]CI,
[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-
threo)(HO)]NOsz, and [Cu(phen)(L-threo)(#D)]NOz on
ds(AT) and ds(CG)oligonucleotides.

Inhibition of restriction enzymes activity by Cop§ 124
complexes, [Cu(phen)(aa){8)]X.

Thiazole orange quenching assay studies to examit28
quadruplex binding by [Cu(phen)(D-ala}®)]Cl,
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(kD)]CI,
[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-
threo)(HO)]JNOs, and  [Cu(phen)(L-threo)( D)]NOs

ternary copper(ll) complexes.

24



CHAPTER 1

INTRODUCTION

Many diseases are found to be related to our genedDNA.
Deoxyribonucleic acid, or commonly known as DNA,tiee nucleic acid that
contains the genetic instructions used in the dg@reént and functioning of all

known living organisms and some viruses.

Generally, the main role of DNA molecules is loegr storage of
information. This information is mainly stored ihet cell nucleus, but a small
amount of DNA can also be found in the mitochond&euceet al, 2002). DNA
is often compared to a set of blueprints, a reaype code. It is involved several
vital processes, such as gene expression, gersetigion, mutagenesis, as well
as carcinogenesis (Miller EC and Miller JA, 198@preover, DNA also contains
the instructions needed to construct other compsneh the cells, such as
proteins and RNA molecules (Saenger, 1984; Boddi Ruassell, 2001). Since
these DNA codes are important for several processesll organisms, the
existence of a set of regulatory system is relgtiv@portant. In addition, the
failure of this regulatory system may lead to saldownstream effects, such as
mutation, uncontrolled cell growth, induction ofrtar and cancer.
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Substantial progress has been made during the fpastdecades to
develop metal-based small molecules as DNA foottjorg, diagnostic, as well as
therapeutic agents that are able to bind or cl&NA under certain physiological
conditions (Meurier, 1992; Sigmaat al., 1993; Sigmaret al., 1993; Pratviekt
al., 1995; Armitage, 1998; Pratvigt al., 1998; McMillin and McNett, 1998;
Erkkila et al, 1999; Jamieson and Lippard, 1999; Metcalfe andnids, 2003;
Chifotides and Dunbar, 2005). Metal complexes, his ttontext, with tunable
coordination environment and versatile physicoclaimproperties, offer a wide
scope for designing and developing highly sensipt@rmaceutical agents for

medicinal applications (Umezawa, 1976; Lippard Bedy, 1994).

The design of metal complexes that target desirBid\ Bequences, for
example, quadruplex, AT-rich and CG-rich sequehes, been one of the major
challenges in the field of molecular recognitiome$e compounds have a wide
range of potential applications, which are dependartheir ability to bind to the
DNA (Barton, 1986; Friedmaet al, 1990;Arkin et al, 1996; Nordéret al,, 1996;
Liu et al, 2000; Foleyet al, 2001; Zhou et al, 2001; Meiet al, 2003).
Complexes could be potential candidates as syothestriction enzymes, new
drugs, DNA foot-printing agents, stereoselectivebes of nucleic acid structure
and so on. It is very important to have a detatladerstanding on the complex-
DNA interaction in order to identify the potentialpplication of the metal

complexes.
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Generally, the pharmacological activity and cleavaapility of the
transition metal complexes have been found to tgelg dependent on the nature
of metal ion, the subsidiary ligands (Deepalathal, 2005), size, as well as the
stereochemical properties of the metal complexamy&lakshimiet al, 2005).
All different types of interaction or binding wilbring different downstream
effects (Liuet al.,2002). A complex can bind to DNA by means of savémpes
of interactions, viz. hydrogen bond, electrostatteraction, Van der Waals forces
and so on. All these interactions showed diffel@ntling strength and selectivity.
Udenfriend and Zaltzman (1961) suggested that traditgtive and quantitative
analysis of nucleic acids as the material baseeoktic inheritance is becoming
more and more important nowadays. In quantitativalysis, their natural
fluorescence intensity is however so weak thatréiscence spectrum has scarcely
been used for studying biological properties. Teroeme this problem, usually
some fluorescent probes, for example ethidium bderrihiazole orange, acridine
orange, phosphin 3R and nile blue, have been emg@ldgr the investigation.
Under certain conditions, fluorescence metal corgdecan also be used for

investigation purpose.

Several studies showed that transition metal iongarticularly, copper
ions, are able to influence the interaction betwB&NA and drugs, and it will
result in conformational changes of the DNA struet{Hacklet al, 2005). Ishida
et al. (2002) found that copper is a competitive inhibitd cisplatin uptake.

Copper has been recognized as an essential traekfordiving organisms since
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the late 1930s. Copper is essential in all plantsanimals. In animals, including
humans, it is found widely in tissues, with diffieteoncentration in liver, muscle,
and bone. Copper is found in a variety of enzyntefsinctions as a co-factor in
various enzymes and in copper-based pigments, sscltopper centers of
cytochrome c oxidase, the Cu-Zn containing enzyapeoxide dismutase, and is
the central metal in the oxygen carrying pigmennbeyanin. In addition to its
enzymatic roles, copper is also used for biologeaictron transport (Linder,

2001).

In recent years, there has been continuous intieregtermining the mode
and extent of binding of metal complexes with DNRaja et al, 2005). Such
information is important to understand the cleavaaggern. Another purpose is to
develop cleaving agents for probing nucleic aciducttire and for other
applications. It has been suggested that metal lex@p interact with DNA by
several types of binding, which can be classifisdcavalent and non-covalent
binding. Several studies listed these interactias having site-specific
mechanism (Chevion, 1988), intercalative, elecatist minor- or major-groove
(surface) binding, and inner-sphere coordinatioan(@erson and Dougherty, 1992;
Sessleret al., 1994; Haradeaet al., 1996; Sternbergnd Dolphin, 1998; Ali and
Van Lier, 1999; Hendersoet al., 2000; Ackroydet al., 2001; Boerner and

Zaleski, 2005).
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Ever since the use of Cisplatin as antitumor dthe, research on the
potential use of metal complexes as pharmaceutiadsgain momentum. The
discovery that diamminedichloridoplatinum(ll) (Pt®).Cl,), or known as
Cisplatin, promotes cancer cell death by bindingDldA via chloride ligand
exchange (Zhang and Lippard, 2003). The steadilgrgimg understanding of the
role of metal ions in restriction endonuclease (@ow2004), hydrolase and
phosphatase activity have also ignited a firestamimwork to examine the
interaction of metal complexes with both DNA (Cowa001) and RNA (Morrow
and Iranzo, 2004). However, the development ofdahmastallo-drugs is hindered
by some major problems such as serious toxicitgr molubility in water, side
effects and resistance (Galanskial, 2005; Brabec and Novakov4a, 2006). These
unresolved problems in platinum-based anticanamagly have stimulated efforts
to search for other novel non-platinum-based mgpakcies as cytostatic agents

(Ott and Gust, 2007).

Among the metal complexes so far investigated, ehosmplexes of
polypyridyl bases have attracted great attentiomitive of its binding propensity
to nucleic acid under the physiological conditidduiger, 1998; Zeglist al,
2007; Janaratnet al, 2007; Delaneyet al, 2002; Erkkilaet al, 1999). 1,10-
Phenanthroline (abbreviated as phen) is one oké#nkest and most extensively
studied N-heterocyclic chelating agents. Becausth@fpotential application as
nonradioactive nucleic acid probes and DNA cleavaggnts, the complexes of

1,10-phenanthroline and other polypyridyls withngiéion metals have been

29



investigated by many researchers (Signmetral, 1993). Strong binding affinity
of the copper bis phen complex and the redox behasi the copper center
played an important role in inducing oxidative DNAeavage (Chetanat al,

2009). In addition, recently there are a few stsdéxtensively exploring the
transition metal-based chemistry toward cleavageMA under the physiological
condition by oxidative as well as photochemical ngmvolving charge transfer
or d—d band excitation (Pogozelski and Tullius,&99haret al, 2003; Dhar and
Chakravarty, 2003; Chakravarty, 2006; Redstyal, 2004, Royet al, 2007,

Sasmakt al, 2007; Royet al, 2007).

There are already considerable published repovtshimg the practical
use of transition metal complexes as chemical mgele, anti-candida,
antimycobacterial, antimicrobial etc (Dervan, 198&on et al, 1991; Pyle and
Barton, 1990; Sigmanet al, 1993). For example, [Fe(edta)ledta =
ethylenediamine tetraacetate) (Dixenal, 1991) and [Cu(pheslf* (phen = 1, 10-
phenanthroling (Sigman,et al, 1993; Sigmaret al, 1991), which cleave DNA
by an oxidative mechanism, have been used extdnsagefootprinting reagents
to provide insights into protein-DNA interactiorBesides, copper complexes of
L-histidine and 1,10-phenanthroline are also regzbtb exhibit potent antitumor

and artificial nuclease activity (Zharg al, 2004; Reret al, 2000).

Furthermore, cancer chemotherapy has also invothede transition

metal complexes with amino acids as subsidiaryntigéWilliams, 1972). L-
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amino acids have been widely used in the produafoagrochemicals, racemic
drugs, fragrances, pharmaceuticals, foods and &dddttives (Zhangt al, 2007).
Study of interaction of chiral metal complexes withiral DNA mostly involves
the A- andA-isomers or R- and S-isomers. Those involving Dt Brisomers are
less studied. The arrangement, nature of central, iand the ligand also played
important role in the chirality of the metal cony#e (Mudasiret al, 2008;
Pellegrini Aldrich-Wright, 2003; Kane-Maguirand Wheeler2003; Yang and
Xiong, 2001). The focus of current study is on cgity active metal complexes.
The optical activity is a result of the use of ehiamino acids. The studies of
Uma et al. (2005) showed that copper(ll) complexes are ditracin the
investigation of artificial nucleases, because e¢hespper(ll) complexes can
cleave DNA in several waysz. oxidative, photolytic, hydrolytic, and electrolgti

cleavage.

All copper(ll) complexes (abbreviated as [Cu(pli@a)(HO)]X, X= CI,
NO3) used in this study, namely [Cu(phen)(D-alg@HCl, [Cu(phen)(L-
ala)(HO)]Cl, [Cu(phen)(D-threo)(LD)]CI, [Cu(phen)(L-threo)(KO)]CI,
[Cu(phen)(D-threo)(KO)]NOs, and [Cu(phen)(L-threo)(#D)]NOs are provided
by Assoc. Prof. Dr. Ng Chew Hee from Universiti KunAbdul Rahman. The

following are the main objectives of this reseastiy:
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To investigate the nucleolytic properties and DNAdIng abilities of six

different ternary copper(ll) complexes with 1,10ephanthroline and chiral
amino acid.

To study the factors that affects the nucleolytioperties of these
complexes on plasmid DNA (pBR322). Agarose gel tedphoresis
techniqgue has been used in this section, and thaskeolytic factors
investigated are incubation time, complex concdioima type of buffer,

pH and presence of exogenous agents (hydrogenigerard L-ascorbic
acid).

To compare and differentiate the DNA-binding atfjni of the

enantiomeric pairs (L-isomer and D-isomer) of tbppmer complexes with
the DNA.

To study the binding affinity and selectivity towlarvarious types of B-
form DNA (i.e., Calf-Thymus (CT) DNA, and oligonedtides) and G-
guadruplex DNA.

To study the effect of changing the subsidiary didlaon nucleolytic
efficiency and DNA binding ability of the complexes

To study the human DNA topoisomerase | (topo l)ibibry effect of

above mentioned copper(ll) complexes.
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CHAPTER 2

LITERATURE REVIEW

2.1 DNA Cleavage Studies

DNA cleavage activity can be defined as reactiat gever one (or more
than one) of the covalent sugar-phosphate linkdgdween nucleotides of the
DNA sugar phosphate backbone. In general, DNA @gavactivity can be
induced by several agents and catalyzed enzymigti@@ydrolytic cleavage),
chemically or by radiation. Furthermore, cleavagaynbe exonucleolytic, i.e.,

removing the end nucleotide, or endonucleolyte:, splitting the strand in two.

2.1.1 Reactive Oxygen Species (ROS) and cell damage

Eukaryotic cells have to constantly cope with hjghtactive oxygen-
derived free radicals either produced by the badfyam the environment. Their
defense against these free radicals is achieveaxhtigxidant molecules and also
by antioxidant enzymes (Genestra, 2007). Geneifaflg, radicals are classified as
highly reactive components with unpaired electrow aisually present in low
concentrations. They react effectively with ubiqudg naturally occurring

trapping agents (Chevion, 1988).
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In living system, DNA is one of the target sites Réactive Oxygen
Species (ROS) to attack. One very harmful ROS éshydroxyl radical (-OH).
There are already many reports on DNA damage leyrdicals produced from
the Fenton reaction system or a modified Fentoati@asystem involving redox
active metal ions (Kawanishi and Yamamoto, 1991rakéiwa et al, 2003;

Kremer, 2003; Yurkovat al, 1999; Lloydet al.,1998).

FE" + H,0, ----> F€* + «OH + OH

FE" + H0, > FE* +«O0H + H

Figure 2.1: The Fenton Reaction system
(Brébmme et. al, 2002)

In late 1970s, the transition metals, particulandy and copper, have been
suggested to catalyze the transformation of a sxp# radical anion (&) to the
highly reactive hydroxyl radical (-OHyja the Haber-Weiss Reactions (Chevion,

1988).

H,O, + OH - H,O+0O + H*

HO, + O — O+ OH™ + «OH

Figure 2.2: The Haber-Weiss reaction
(Koppenol, 2001)

Oxygen derived ROS species such as superoxide atadigdrogen
peroxide (HO,), singlet oxygen and hydroxyl radical are well wmoto be have

certain level of cytotoxicity and have been implgzhin the etiology of a wide
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array of human diseases, including several typesan€er. Various carcinogens
may also partly exert their effect by generatingSR@uring their metabolism
(Waris and Ahsan, 2006). DNA lesions resulting frerposure to ROS include
modified bases, abasic bases, single and doubld bagaks, and DNA-protein
crosslinks. Such damage is of potential pathobiolgignificance, initiation and
progression of multistage carcinogenesis, and plyssinitiation of various
cancers and ageing. Furthermore, ROS also inflgeoestral cellular processes
such as proliferation, apoptosis and senescencey die also implicated in the
development of cancer, because many ROS-induces rhadifications are pro-

mutagenic (Cejudet al.,2005).

In addition, many studies have indicated a roleR@S in the induction or
inhibition of cell proliferation and in both actittan and inhibition of apoptosis
(Genestra, 2007). At higher concentrations, ROS also participate in the
induction of necrosis. However, although toxicokigi have traditionally
associated cell death with necrosis, emerging ecelesuggests that different
types of environmental contaminants exert theiricibx at least in part, by
triggering apoptosis. The mechanism responsibleefoiting the pro-apoptotic
effect of a given chemical is often unknown, althlouin many instances

mitochondria appears to be the key participantbé@Rson and Orrenius, 2000).

To protect molecules against toxic free radical ather ROS, cells have

developed antioxidant defenses by endogenous etizyarad/or non-enzymatic
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components that prevent radical formation, remaadicals before damage can
occur, repair oxidative damage, eliminate damagdecntes, and prevent

mutations (Gordon, 1996).

2.1.2 Transition metal ions and carcinogenesis

Generally, metal ions can be found in various lgadal systems and they
play an important role in our biological systemsth&fut the catalytic presence of
these metal ions in trace or ultra trace amoun@nyrbiochemical reactions
would not take place. As an example, metal ion eogp an essential trace
element for the human diet. It is required for eneg and exists in human and
animal tissues in biological systems in both +1 #Adsalence states. In addition,
the metal ion centers create the binding catakites for biological function or
toxicity. Each of the metal ions imposes a spedifi@raction property to the

biological molecule (Theophanides and Anastassapo002).

Furthermore, DNA has been reported to contain asnlisl amounts of
copper. Complexation with copper(l) or copper(dadls to DNA stabilization and
destabilization, respectively. Although copper idmeve been identified to be
involved in DNA stabilization, however, they caradge to become toxic to cells
when their concentrations surpass certain optimalatural levels. Catalytically
active copper, because of its mobilization and xeafdivity, is believed to play a
central role in the formation of reactive oxygere@ps (ROS), such as,O

and -OH radicals, that bind very fast to DNA, anddpices several types of
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damages, such as breaking the DNA strands or mndifthe bases and/or
deoxyribose, which can lead to carcinogenesis (phaoides and

Anastassopoulou, 2002).

Tumor growth and metastasis are both fully depenhdpan angiogenesis,
the neovascularization process that requires cegrawth factors, proteases, and
the trace element copper. Copper, but not othesitian metals, is an important
co-factor essential for the tumor angiogenesis ggses (Brem, 1999; Brewer,
2001; Theophanides and Anastassopoulou, 2002). Hegtls of copper have
been found in many types of human cancers (Giaml., 1993; Scannet al,
1977; Tureckyet al, 1984; Zowczaket al, 2001). Copper is important in
stimulation of proliferation and also the migratioh human endothelial cells
(McAuslan and Reilly, 1980; Hu, 1998). A specifim@unt of local copper

appears to be required for angiogenesis to occami@Det al.,2003).

Since metal ions play many important roles in hyadal system, it is
essential to maintain adequate amount of metal ionshe system for the
organism to function healthily. Some metals are®tal trace elements; however
adverse effects are described at higher concemtgatiMetals can induce
genotoxic effects by affecting the structure of gleaetic material (Miglioret al.,
1997). World Health Organization (WHO) has classifiberyllium, chromium,
cadmium, arsenic, and nickel, as carcinogenic edsnehich will bring certain

levels of carcinogenesis effects. The list of defimetallic carcinogens is likely
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to be extended in the foreseeable future onto comg® of cobalt, lead, and

platinum, and perhaps copper and also iron (Harétveg.,1999).

Although nickel, arsenic, cobalt, and cadmium arassified as
carcinogenic agents by WHO, however, their mutageutentials are rather
weak. They exert a so called co-mutagenic effettichvcan be explained as
disturbances to different DNA repair systems. Thasenents can get in the way
with base and nucleotide excision repair, albedlythffect different step of the
respective repair system and act by dissimilar, yeit absolutely understood

mechanism (Hartwig and Schwerdtle, 2002).

2.1.3 Design of transition metal-based anticanceud

The regulation of gene expression is based ondbegnition of nucleic
acids by repressors, activator, and enhancer psot&his process is unique and
sequence selective because it is usually targetedumique or specific sequence.
The selective control of such processes has béengastanding goal, and small
molecules that selectively bind DNA and activateo¢k a repressor) or inhibit
(block an activator) gene expression hold significaromise as therapeutics
(Boger et al., 2001). Potentially, these molecules could be usedliagnostic
probes of nucleic acid structure and function, &l as therapeutic agents for a

variety of diseases (Keeee¢al.,2009).
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Drug, broadly speaking, is any chemical substaheg¢ twvhen absorbed
into the body of a living organism, alters normatl functions. It is a chemical
substance that is used in the treatment, cureept®wn, or diagnosis of disease or
used to otherwise enhance physical or mental vesigp Drugs may be
prescribed for a limited duration, or on a regudasis for chronic disorders. It is
usually distinguished from endogenous biochemigalbbing introduced from
outside the organism and speedily distributed tiinout the whole body upon
administration, and the interaction of both healimgl cancerous cells and tissues
gives rise to the dose-limiting nephro- and hepaettes, as well as to drug

resistance (Zutphen and Reedijk, 2005; Giaccon@))20

Drug design is an iterative process which begineméa chemist identifies
a compound that displays an interesting biologicafile and ends when both the
activity profile and the chemical synthesis of thew chemical entity are
optimized. Traditional approaches to drug discovely on a step-wise synthesis
and screening program for large numbers of comp®undoptimize activity
profiles. Over the past ten to twenty years, s@&tave used computer models
of new chemical entities to help define activityofiles, geometries and

reactivities (Richon, 1994).

The interaction and chemical reaction of metal demgs with DNA has
long been the subject of intense investigationelation to the development of

new reagents for biotechnology and medicine. Studfesmall molecules, which
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react at specific sites along a DNA strand as neachodels for protein—nucleic
acid interactions, provide routes toward rationailgddesign as well as means for
development of the sensitive chemical probes forADM number of metal
chelates have been used as probes of DNA strugtuselution, as agents for
mediation of strand scission of duplex DNA and asnsotherapeutic agents.
However, improvement of anticancer drugs basedt®rdalating activity is not
only focused on DNA-ligand interaction, but alsot@sue distribution and toxic
side effects on the heart (cardiac toxicity) dueeox reduction of the aromatic
rings and subsequent free radical formation. Feekcal species are thought to
induce destructive cellular events such as enzymaetivation, DNA strand

cleavage and membrane lipid peroxidation (R4jal.,2005).

2.1.4 The nucleolytic reaction of copper(ll) comples with DNA

Redox active copper complexes are efficient ardfiewucleases. It is
critically important in a wide variety of catalytisynthetic, and biochemical
processes. Various studies stated that nucleagitgni important factor in the
oxidative DNA cleavage, and the synergy between vatal ions contributes to

its high nucleolytic efficiency (Karlirt al.,2002).

It is well known that the copper(ll) ion cleaves BNHowever, in the
studies of Tondet al, 2005, it is stated that in most of the cases,cteavage
reaction must be initiated by exogenous agentsicp&arly oxidizing agents, such

as hydrogen peroxide {B,), mercaptopropionic acid, dithiothreitol and also
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reducing agent of so called reductant, such aslaiscacid and so on. In order to
induce a more sequence-specific reaction, one &hduhd stable cupric
complexes instead of copper(ll) ions to the DNAtIsat the ligand substituent in
the complex recognize a specific base sequendeiDNA (Haradaet. al.,1996).
The recognition of the base sequence takes plabevaious interactions such as
coordination bonds between metal ions and DNA, dgeln bonds, electrostatic
interactions, and Van der Waals interaction betw#enligands and DNA. A
subtle balance of these interactions determinesttreo-specific binding models
that are classified as intercalative binding, minormajor groove binding, and

electrostatic outside binding (Haraela al.,1996).

In the studies of Lin and Wu (2004), hydrogen pa&tex(H:0O,) is a
common oxidizing agent and is often converted tdrbyyl radical (¢«OH) along
with the reduction-oxidation (redox) reaction ddrtsition-metal ions, that is, the
Fenton or Fenton-like reaction. It has been repotteat the activation of
hydrogen peroxide in the presence of transitionaimens is effective only under
acidic conditions. At higher pH, a major limitatiols precipitation of the
catalytically active metal ions. Nevertheless, ¢hesetal ions are relatively active

when they are chelated as complexes in basic enhuti

Although several reaction mechanisms of metal mecies with hydrogen
peroxide have been proposed, a paradigmatic messhdras not been established.

A mechanism, based on Haber—Weiss reaction or Raftemistry, assumed that
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metal ions were utilized through one-electron redeactions that convert
peroxide into reactive radical species. To undatsthe activation mechanism of
hydrogen peroxide followed by degradation of targebstrates, a number of
assays of radical species have been developed stongiiish radical chain

processes from the others (Lin and Wu, 2004).

Besides that, it is well-known that the ascorbicgdas a powerful
antioxidant acting directlywia scavenging of the ROS, or indirectly through
regeneration of other antioxidant systems (eiual, 2002). However, under
certain conditions, such as the presence of transietal ions, ascorbic acid
would act as a pro-oxidant, which can damage bioc&bgnolecules, especially
nucleic acids. In the ascorbic acid-transition rhieta system, the transition metal
ions such as Cii and F&" should be at a comparatively high concentration.
Furthermore, ascorbic acid-copper ion system coudk well in the plasmid
DNA damage experiments, even at a low*Cuoncentration. Surprisingly,
research showed that high concentration of nic&ekicould prevent plasmid
DNA from being damaged by the ascorbic acid-coppersystem, which was

reported for the first time (Liet. al, 2002).

Although most of the studies shown that the cleavegaction must be
initiated by exogenous agents (i.e. oxidizing atu@ng agents), there are some
reports stating that self-activating systems tlegjuire no further activation to

bring about DNA cleavage are desirable under cedanditions. In the studies of
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Lamour et al. (1999), hydroxysalen-Cu(ll) (hydroxysalen =
bis(hydroxysalicylidene)ethylenediamine) complexggontaneously form the
oxidant species copper(lll) and cleave DNA withantactivating agent. Another
example is a marine natural product Tambjamine Ehlvimnduces DNA cleavage
in the presence of copper(ll) and molecular oxygeéthout addition of any

external reducing agent. Recently, Sissial. (2005) have reported that the
copper(ll) complex of the ligand atis-2,4,6-1,3,5-trihydroxy-cyclohexane is
extremely efficient in promoting the cleavage cdigghid DNA under hydrolytic

conditions, i.e. in the absence of oxygen and adeédcing agents.

Copper(ll) complexes are versatile molecules fanding about DNA
cleavage. This is due to the fact that copper@hplexes not only bring about
oxidative cleavage of DNA but also hydrolytic, pbigtic and electrolytic
cleavage of DNA. Many of the copper(ll) complexeglered so far for their
nuclease activity, are based on the bidentate gh#danthroline and its
derivatives. These complexes have been utilizetb@isprinting agents of both
proteins and DNA, probes of the dimensions of theomgroove of duplex

structure and identifiers of transcription staresiSigmaret al. (1979).

/N N

Figure 2.3: Structure of 1,10-phenanthroline

(Sigmanet al, 1979)
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Nevertheless, Umat al. (2007) also stated that copper(ll) complexes of
1,10-phenanthroline have been shown to inhibit DEAd RNA polymerase
activities and induce strand scission of DNA in gresence of D, or thiol. In
this case, the phenanthroline has been shown heeirde the reactivity of the
complexes with DNA. Because of the fact that cofipeis a substitution labile
metal ion, multi-dentate ligands are believed tdbter than bidentate ligands in
keeping the copper(ll) ion chelated in solution.alidition, recent reports have
also shown that amino acid or peptide-based colbpedmplexes show efficient

DNA cleavage activity by oxidative and hydrolytiathways (Raet al, 2007).

The binding mode of thieis-phenanthroline complex to DNA is suggested
to involve intercalation or minor groove bindinghd nuclease activity of
[Cu(phen)]” is related to the partial intercalation or bindingf one
phenanthroline ligand to the minor groove of DNAillhe other phenanthroline
ligand makes favorable contact within the groovae Tormation of Cu(l)OOH or
Cu(ll)-OH has earlier been proposed for the nusése oxidation involving
CuChk in presence of WD, or O, with a reductant like ascorbate, reduced
glutathione or NADH in DNA strand breaking givingetorder T > G > C > A,
The 1:1 complex formed by CufQNith the anticancer drug famotidine has been
shown as a better catalyst than Gufor sulfite auto-oxidation leading to DNA
damage. Similarly Cii ion and HO, in the presence of L-dopa or a catechol,

greatly enhance DNA oxidation (Chakravaetyal, 2002).
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Figure 2.4: General structure of [M(phen)(edda)] conplex
(Ng et. al, 2005)

2.1.4.1 Concepts of interaction of metal complexath DNA

Phosphodiester linkages of DNA are very stableydrdlysis. The half-
life for spontaneous hydrolysis of the phosphodiebas been estimated as about
1011 years at pH 7 and 25 °C. To design artificggtriction enzymes, it is
essential to secure synthetic catalytic centers efbective hydrolysis of the
phosphodiester bonds. Hydrolysis of the phosphtatienkages lead to the
conversion of a supercoiled DNA to the correspogdapen circular form of
DNA. Most of known synthetic catalysts for DNA hgptysis are metal

complexes (Jeunet. al.,2001).

Generally, metal complexes are known to bind to DN#two types of

interactions, which are covalent and non-covalarteractions. In covalent
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binding, the labile ligand of the complexes is aggld by a nitrogen base of DNA
such as guanine which is coordinated through its M7 fact, cisplatin, a
commonly known and important antitumor drug is fdda bind to DNA through
an intrastrand cross-link between neighboring guaniesidues created by
covalent binding to two soft purine nitrogen ator®s the other hand, the non-
covalent DNA interactions include intercalativegatostatic and groove or so
called surface binding of cationic metal complexésng the outside of DNA
helix, or along the DNA major groove or DNA minorogve. The above
mentioned intercalation involves the partial insertof aromatic heterocyclic

rings of ligands between the DNA base pairs (Réajal.,2005).

2.1.5 Transition metal complexes as artificial neelses

The ability to cleave DNA is of paramount interdst the fields of
medicine and biotechnology. Owing to their divesteucture and reactivity,
transition metal complexes are attractive reagiemtthe cleavage of nucleic acids
(Freyet al, 1996). Many of the transition metal complexess s@rk as chemical
nucleases, and many of them can induce effectiveéatixe cleavage of DNA
only in the presence of the UV light, a reducingrgor BO, as an additive (Tan

et al, 2005; Zhangt al, 2001).

In 1996, Rammo and co-workers found that complds@s Cu, Ni, Cd
and Zn with ethylenediamine and propylenediamingvdgves have variable

nucleolytic efficiency due to the nature and theose potential of the metal ions.
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Garcya-Raso and co-workers (2003) had carried mutastigation on three new
ternary peptide—copper(ll)-1,10-phenanthroline (pheomplexes, [Cu(L-ala—
gly)(phen)]*3.5HO, [Cu(L-val-gly)(phen)] and [Cu(gly—L-trp)(phen2},O.
These complexes were structurally characterized thatt nuclease properties
were also investigated. The results showed thabtiieof the lateral chain in the
peptide moiety determines the relative dispositdrthe phen ligand and these
complexes exhibit significant differences in theirclease activity on DNA which

depends on the nature of the peptidic moiety.

Chikira and co-workers (1997) have shown that copmemplexes of
some simple amino acids could cleave DNA in thegmee of hydrogen peroxide,
and various side groups of amino acids have a patdo bind specifically to
DNA. For example, a guanidine group in arginingistonated and positively
charged in a physiological pH range, consequertlyyill also enhance the
interaction of the complex with a negatively chargghosphodiester moiety in
DNA. In 2002, the research team of Chikira has stigated the orientation of
mono(1,10-phenanthroline)copper(ll), [Cu(phéh)land the ternary complexes
with amino acids, [Cu(phen)d™ (where X%, stands for arw-amino acid on
DNA fibers). The results suggested that the amuidsain the ternary complexes
of glycine, leucine, serine, threonine, cysteinethionine, and asparagine were
partly substituted with some coordinating groupDINA, whereas the ternary

complexes of lysine, arginine, and glutamine remaimtact on DNA.
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Nevertheless, some transition metal-phenanathralin@o acid or
peptide complexes effectively cleave DNA and thesmmplexes exhibit
significant differences in their nuclease activitgpending on the nature of the
amino acid or peptidic moiety (Barcel6-Olivetral, 2007). Nget al. (2006) have
reported the nucleolytic property of different m@ta complexes of N,N’-
ethylenediaminediacetatic acid and found that’-ethylene-bridged amino acids
act as tetradentate ligand, in contrast to bidergahple amino acids. The metal
complexes with tetradentate ligand should be meables in agueous solutions

than the bidentate ligands (Ngal, 2006).

2.1.6 The effect of buffer on nucleolytic property metal complexes

Generally, buffers are ubiquitous components in tniosvitro reaction
system, due to the reason that they are used totaimaithe pH of the solution
constant while other components in the reactiontunéare varied. Many of the
buffers used to maintain neutral or physiologicdd palues are based on
substituted amines, including the commonly used-&detate and Tris-borate
buffers (Sambroolet al, 1987) and the zwitterionic “Good” buffers (Goedal,
1966). The assumption is usually made that theebaifflo not interact with DNA
during the reaction. However, this assumption wealenged when some of the
researchers found that the electrophoretic mobdftypNA in free solution was
found to be about 20 % higher in Tris-Borate-EDTBE) buffer than in Tris-

acetate-EDTA (TAE) buffer (Stellwaget al, 1997).
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In 1999, Wenner and followers have reported that ABMffer
interactions also influence the rate of cleavageplaismid pBR322 by the
restriction enzym&caRV, and this effect has been attributed to diffeemnin the
specific and nonspecific binding of the substratéhe DNA in various neutral pH
buffers. Wenneet al. (1999) proposed that the protonated amines in butfiers
act as counter-ions to screen the charge on thspplte residues, which then

affected the binding of the enzyme to the DNA.

In addition, Prenzlert al (1997) have suggested that DNA binding
efficiency capable of modifying the ternary struetof pPBR322 decreased in the
order from NaClQ to Hepes and Tris, the respective DNA bindingcefficies
nicely paralleled the increasing potential of buffgystems components to
coordinate transition metal complexes that compate DNA for binding to

metal.

Furthermore, previous studies found that cispldissolved in water to
form cis-[Pt(NHs)>(H20)(CI)]" which subsequently attacks DNA with the loss of
bound water in Hepes buffer and in other media fgypoor metal binding
ligands. This initially formed mono-functional adduultimately losses the
chloride ligand to form a bifunctional intrastrastbsslink, which changes the
degree of supercoiling. Hence, the reduction obridscence in Hepes could be
caused by the ability of cationic platinum adductgeduce binding of cationic

ethidium near the lesion and to platinum inducedcstiral changes in DNA
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which hinder intercalation of ethidium (Bintet al, 2006). From this case, it is
clearly shown that the composition of medium orféusignificantly influences

the outcome of the binding experiment.

Nevertheless, detailed studies with soluble or nramd»bound enzymes
and cultured cell lines have shown these buffelfset@ften superior to inorganic
buffers, such as phosphate, borate and bicarbdndters, in protecting many
systems from denaturation. Thus, the organic bsiffeave also been used in
examination of the formation and effects of fredicals in biological systems

(Zhaoet al,, 2006).
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2.2 DNA-binding studies

A variety of small molecules, such as drugs, dyestals and some other
components, can bind to nucleic acids. This bindmij affect the normal
function of nucleic acids, and different type ofidiing will result in different type
of downstream processes. Since DNA is a targehtiéancer treatment as well as
other diseases, it is very important to charaatette binding affinity and to

understand the mechanism of DNA-drug interactions.

2.2.1 The importance of DNA-binding study

The binding between DNA and metal complexes hasc#d interest
over the past ten years. DNA intercalating agergsigt the normal function of
cellular DNA and can lead to interference with gesgpression, gene
transcription, mutagenesis, carcinogenesis, ant dedth. Hence, a precise
understanding of the DNA-binding properties of rhetamplexes is very
important in medicinal and pharmaceutical fieldsg¥lof the studies are directed
toward the design of site and conformation specifiagents to provide routes
toward rational drug design as well as a meanseteeldp sensitive chemical
probes of DNA (Metcalfe and Thomas, 2003; Barsbral, 1984; Becke, 1993;

Gorling, 1996; Coggaat al, 1999).

DNA has been proposed to have a number of typested in which a
molecule might bind: (i) between two base pairseficalation), (ii) in the minor

groove, (iii) in the major groove, and (iv) on thietside of the helix (Nakabayashi
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et al, 2004). The interaction can be studied by usiagous spectrometric
techniques, such as NMR, ESR, circular dichroism)(Gluorescence, resonance
Raman, UV-visible and Fourier transform infrared Iff) spectroscopy, as well
as electrochemical method. Among these spectrasitimals of the absorption
and induced CD (ICD) spectra of small moleculesnigbto nuclei acid provide
conveniently a signature for the binding mode toADKJiang et al, 2005;
Selvakumaret al, 2006). Another example is given by the intertaia of
ethidium bromide into DNA which act as a fluoreszemprobe for DNA and has
recently been employed in examination of the towicaigidity of the double

helix (Kumaret al, 1993).

2.2.1.1 Fluorescence Intercalator Displacement (PIBssay

The fluorescence intercalator displacement (FIBagshas proven to be
inexpensive, rapid and accurate for DNA-bindingdsta. This method is
commonly used to study both organic molecules aathhcomplexes (Boger and

Tse, 2001).

Ethidium bromide (EB) is a probe for DNA structutetection. Generally,
competitive ethidium bromide binding study was utalken to understand the
mode of interaction between DNA and the metal cexgd. The molecular
fluorophore EB emits intense fluorescence in thes@nce of calf-thymus (CT)
DNA due to its strong intercalation between theaaept DNA base pairs. With

the addition of a second molecule, which may bmdNA more strongly than
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EB, this second molecule would quench the DNA-irdLEB emission (Liet al,
1998). If a complex could replace EB from DNA-bougH, the fluorescence of
the solution would be greatly quenched due to #oe that the free EB molecules
were readily quenched by the surrounding water oubds (Lacowicz and
Webber, 1973). Moreover, two mechanisms have beepoped to account for
the quenching of EB emission, viz the replacemémnith@® molecular fluorophores

and electron transfer (Ragh al, 2005).

Addition of a DNA binding compound results in a dease in
fluorescence due to the displacement of the boumerdalator. The %
fluorescence decrease is directly related to thiengxof DNA binding, providing
relative binding affinities and a rank order birglto all possible five or four base
pair (bp) sequences (Bogetral, 2001). In 2001, Song and Yang reported that the
fluorescence intensity is highly increased when (pen)phendione]Cl and
[Co(phen)tpphz]CI (tpphz = planar ligand tetrapyrido[3,2-é82c:3",2"-
h:2",3"'-]]phenazine) intercalated into the basgairs of DNA. This can be
proven when the ratio [DNA]/ [EB] = 0.5 and 2.2 wased. After the addition of
these two complexes, the fluorescence intensity maeased 1.7 and 8.5 times

of that of EB alone, respectively.

As another example of the FID assay, the synchmenftworescence
spectroscopy was applied to investigate the comnaeinteraction of DNA with

the bis(1,10-phenanthroline)copper(ll) complex aati([Cu(phery]?") and a
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fluorescence probe, neutral red dye (NR). The tesilowed that the excitation
fluorescence spectrum of the NR-DNA intercalatednglex decreased in
intensity on the addition of [Cu(pheif)’, indicating that the intercalated species,

[Cu(phen)]*-DNA, quenched fluorescence (Nt al, 2006).

2.2.1.2 DNA melting profile

DNA denaturation, or commonly known as DNA meltiig the process
by which double-stranded deoxyribonucleic acid (DNAwinds and separates
into single-stranded strands through the breakingydrogen bonding between
the bases. Both terms are used to refer to theepsoas it occurs when a mixture
is heated, although "denaturation” can also refehé separation of DNA strands
induced by chemicals like urea. For multiple copagsDNA molecules, the
melting temperature, f is defined as the temperature at which half ef IiNA
strands are in the double-helical state and halirathe "random-coil" states,,T
also can be defined as physical property of nudeids that gives information
about the stability of duplexes in a specified emwvmnent. T, values are very
useful in a variety of fields ranging from practiassay design in molecular
biology to theoretical biophysics and it is fullgmending on both the length of
the molecule, and the specific nucleotide sequeonogposition of that molecule

(Owczarzy, 2005).

Some researchers found that the binding of orgayes or metallo-

intercalators generally results in a stabilizatioh the DNA duplex with
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corresponding increase in,.TIn the presence of intercalators, therises sharply
until all the intercalating sites are saturatederelas the J increases less steeply
if the stabilization is caused by electrostaticdmg (Neyhartet al, 1993).
Besides, thermal behavior of DNA in the presencenefal complexes can give
insight into their conformational changes when tbmperature is raised and
information about the interaction strength of tltemplexes with DNA, and a
minor increase in the melting temperature of ~5°@ygesting primarily

electrostatic and/or groove binding nature of theglexes (Patrat al, 2007).

From the report of Portugal José (1989), it isestathat the derivative
denaturation profiles of calf thymus DNA in the ggace of copper(ll) ions have
been directly obtained from high resolution therahahaturation profiles recorded
in an iso-absorbance wavelength of the AT and Ggetohromic spectra. The
analysis of the very sensitive profiles providegHar evidence that theTof
DNA decreases in the presence of stoichiometrio rat copper(ll) ions to
nucleotide. Also, evidence is given of peculiar dgbr at higher temperatures
where a new melting transition is observed. Thiengmenon could be in line
with the presence of bridging of DNA single strarnmscopper ions which are

disrupted when the temperature is raised.

55



2.2.2 Binding modes

The transition metal complex can interact non-cendy with DNA by
intercalation, groove-face binding or external ®lestatic binding. Different
types of binding will bring different effects andwnstream processes. For
example, it may induce intercalation between stadbkase pairs, distorting the
DNA backbone conformation and therefore, affect Ei¢A-protein interaction

(Liu et al.,2002).

(a) groove binder (b} Metallointarcalator (¢) Metalloinsertor

Figure 2.5: The three binding modes of metal compkes with DNA:
(a) groove binding, (b) intercalation, and (c) inseion
(Raja et al., 2005)
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2.2.2.1 Site specific binding mechanism

As stated in the report of Chevion (1988), matalsi (eg. Cti, F&") that
are bound to biological molecules can undergo cy@duction and re-oxidation.
The reducing agents such as superoxide radicah 4©), ascorbate, isouramil,
glutathione, and others could reduce the metadlimex yielding cupro or ferro
states. Subsequently, these reduced states canwihcH,O, in the Fenton
reaction yielding the hydroxyl radical. Site speciinetal mediated mechanism
explained that the funneling of free radical dam#&gepecific sites, where the
metal is bound. Relatively, unreactive reducingnégesuch as superoxide or
ascorbate, whose life span is comparatively loag, migrate a relative long way

until they encounter a redox active metal and resitt it.

In addition, this site specific mechanism also akmd that the
transformation of rather benign and unreactive iggecsuch as superoxide or
ascorbate to the highly reactive hydroxyl radicahich is known to cause a
variety of molecular disruptions. Generally, thelioxyl radical is characterized
by very high kinetic constants for its reaction twia variety of biological
molecules or residues. This radical can act byiogusreaks in the polymeric
backbone of a macromolecule, by abstracting a lggir@atom or by adding to a

double bond (Halliwell and Gutteridge, 1984).

Lastly, site specific mechanism also stated thesiptes “multi-hit” effect

that is observed. Alternatively, repeated cyclesedfuction and re-oxidation can
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take place at the same fixed locus by rapidly emghey transition metals.
Because of the high reactivity; it is likely thaethydroxyl radical will inflict its

damage within a few encounters or near the sitégsoformation — the metal
binding site (Czapski, 1984). This clearly showdtttin the site-specific
mechanism, there could be either an amplificatioa dampening of the effects
of a given number of hydroxyl radicals, comparethwhe effect of statistically
and evenly distributed hydroxyls that would causemdge by random hits

(Gutteridge and Wilkins, 1983; Gutteridge, 1984aQski, 1984).

2.2.2.2 Inner-sphere coordination

Inner sphere coordination is a type of surface ibigpdetween molecules
and DNA. Inner sphere coordination occurs when land directly to the surface
with no intervening water molecules. These typesaairdination are restricted to
ions that have a high affinity for surface sitesl amclude specifically adsorbed

ions that can bind to the surface through covdlenting (Taubet al, 1953).

Inner-sphere coordination or bonded electron tengiroceedsvia a
covalent linkage between the two redox partneespttidant and the reductant. In
inner-sphere electron transfer, a ligand bridgeswo metal redox centers during
the electron transfer event. Inner sphere react@oasnhibited by large ligands,
which prevent the formation of the crucial bridgedermediate. Thus, inner-
sphere electron transfer is rare in biological ays, where redox sites are often

shielded by bulky proteins (Taulkéal, 1953).
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Several compositional variants of cisplatin, ineghgdmodification of the
amine donors as well as replacement of the labliride ligands with
carboxylates, are active and currently in clinit@ls (Figure 2.6). Advanced
ligand designs to cisplatin frameworks, in hopesrmiancing transport properties
and targeting, as well as generating antitumor tfanco cisplatin-resistant cell
lines (Komedeet al, 2002; Kalaydaet al, 2004), are at the frontier of the field.
Furthermore, more recent advances in ligand desiginde the use of ‘bone-
seeking’ [(bis(phosphonomethyl)amitd)-acetatocO]? ligands that have a high
affinity for the hydroxylapatite bone matrix to cbat osteosarcoma and bone

metastases (Galansii al, 2003).

H>
~ “Hs N\ /O O
X NHPt _Ci . /Pt\
HNT cl N 0" O
3 H.
ZD0437 Oxaliplatin

Figure 2.6: Cisplatin antitumor analogues in clini@l trials
(Boerner and Zaleski, 2005)
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2.2.2.3 Intercalative binding
Intercalative binding is one of the ways of molesuto interact with DNA.
Intercalation occurs when ligands of an appropr&ite and chemical nature fit

themselves in between base pairs of DNA.

The combined advantages of inner-sphere DNA bindang optical
properties of an intercalative inert chiral framekdave recently been grafted
into a single molecular construct toward the dewelent of multifunctional
supra-molecular complexes (Williamst al, 2003). These types of supra-
molecular complexes with variable linker lengthsl @aonformations are proposed
to bind to DNA as a two-point intercalative biopolgr chelate. Furthermore, the
constructs of these types of complexes will undedlyt become more prominent
as DNA binding approaches evolve toward synthettatto-restriction enzymes

(Kurosakiet al, 2003).

2.2.2.4 Major and minor groove binding

Intense interest exists in the design and syntledsssnall molecules that
might selectively bind to the defined sites in DNA RNA (Chaires, 1998).
Targeting particular sequences within the rightdeth B-form DNA is one
approach to producing the desired selectivity (Rerv1986). Sequence
selectivity might exploit the unique, sequence-telemt patterns of hydrogen

bond donors and acceptors within the major and mgrooves of DNA. The
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design of ligands capable of sequence-specific King was recently realized
by Dervan group with the development of the haigpatyamides (Traugest al,
1996; Wemmer and Dervan, 1997; Whiteal, 1998). The recognition code for
the hairpin polyamides was elucidated (Whateal, 1998), and the effectiveness
of these molecules as selective inhibitors of gexressionin vivo was

demonstrated (Gottesfedd al, 1997).

Furthermore, the research work on pyrrolopeptideetiarecognition
agents of the DNA minor groove was pioneered irfédsor Dervan’s laboratory
(Wemmeret al, 1997; Whiteet al, 1998; Dervan and Burli, 1999). Attachment
of the radical cleaving moiety, MPE-Fe (ll), to thgrrolopeptide-based agents
led to the design of sequence specific DNA cleavaggnts (Dykeet al, 1982;
Herzberg and Dervan, 1984; Tayletr al, 1984). In addition, the field of DNA
minor groove recognition has grown with many iniggbrs and with many
variations of the pyrrolopeptide structure (Co2000; Denny, 2000; Foet al,

1999; Guele\et al, 2000; Hamyet al, 2000; Lidaet al, 1999).

The DNA major groove binding approach has also besed for the
design of sequence specific recognition agentsallsDNA strands or synthetic
analogues thereof recognize the major groove bygkleen base pairing to afford
triple helix structure (Nielsen, 2000; Majumdaral, 1998; Thurston, 1999; Ren
and Chaires, 1999; Crooke, 1999). Because the stadeling of DNA

recognition at the minor and major groove is imaottin cancer chemotherapy
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and molecular biology, efforts in this area will doubt continue into the new

millennium (Thurston, 1999).

3.40nm

Sugar-phosphate

““. backbones

Figure 2.7: The minor and major groove of DNA
(Watson and Crick, 1953)

Major groove side

Major groove side

- ‘}_ "
GlftU;/ifditQ o Gly}midit'

Band beard

Minor groove side Minor groove side

Adenine-Thymine Guanine-Cytosine

Figure 2.8: Major and Minor Groove Sides. Becausehe two
glycosidic bonds are not diametrically opposite ed#c other,
each base pair has a larger side that defines theafor groove
and a smaller side that defines the minor groove @lly and

Waring, 1998).
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2.2.3 Chirality and Enantiomerism

Chirality can be defined as a property of molecuiagsing a non-super-
imposable mirror image. Two mirror images of a ahimolecule are called
enantiomers or optical isomers. Pairs of enantismae often designated as
"right-" and "left-handed."Molecular chirality is of interest because of its
application to stereochemistry in inorganic chergjsbrganic chemistry, physical

chemistry, biochemistry, and supra-molecular cheg{8ruice, 2004).

Normally, the two enantiomers of a molecule behsaweilarly to each
other; they might possess similar biological anéncital properties in certain
way. However, enantiomers behave differently in finesence of other chiral
molecules or objects. For example, enantiomers aonmgrate identically on
chiral chromatographic media, such as quartz ordstal media that have been
chirally modified. The NMR spectra of enantiomers affected differently by
single-enantiomer chiral additives such as Eug@au(OCC(CH);CHCOGF,)s).

In addition, chiral compounds rotate plane polatiight. Each enantiomer will
rotate the light in a different sense, clockwiseounterclockwise. Molecules that

do this are said to be optically active (Fox anditédell, 2004).

Chirality is known to play an important role in lmgical system. Chirality
is known to enhance the pharmacological behaviometal complexes and
asymmetric substituents lead to different biolobaetivity for two enantiomers

(Benedettiet al, 2002). Different enantiomers of a chiral metalmplex are
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expected to show different metallo-intercalatiopazaty with DNA molecules

which are essentially chiral in nature (8hial, 2008). In addition, the design and
synthesis of chiral ligands that upon coordinatidth metal ions can induce high
stereo-selectivity for organic transformations ¢ an important issue in

modern coordination chemistry (Che and Huang, 2003)

The DNA double helix has a chiral structure, andnplexes with
enantiomeric amines as ligands may therefore leadifterent diastereomeric
interactions with DNA (Inagaki and Kidani, 1986; r@sino et al, 1997).
Moreover, Hegstrom and Kondepudi (1990) also sugdethat the selective
binding of chiral molecules is regiodirectional andoharmaceuticals, one chiral
form is more dominant than another. As an exanipland S enantiomers of Pt(ll)
complexes show differencan vitro cytotoxic activities in some of cell lines
studied with Salmen Sperm DNA, and as a resulthef markedly different
behaviour of the two enantiomer forms, only R,R rmgimaer of
[Pt(DACH)(oxalato)] (abbreviated as oxaliplatin)sheen approved for clinical

use (Misset, 1998).

Besides that, the intercalation of ligand L of tleomplex L-
[Co(phen)dpgf* into DNA base stack has been emphasized on enantio
selectivity, site-specificity and binding mechaniseic (Proudfoot, 2001,
Bhattacharya, 2003; Dupureur and Barton, 1994;i&@w| 1999; Dupureur and

Barton, 1997; Rehman and Barton, 1990). Wu anadsg2005) also suggested
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that theL-isomer of cobalt(ll) complex will preferentiallgcognize the right hand
double helical structure of the oligodeoxynucleetith studying the racemic D,L
-[Co(phen)dpg}* - DNA interactions (dpq = bidentate ligand dipyriig2-d:2,3-
flguinoxaline), the selective intercalation of ctii§ complex to the DNA base
stack with dpq as intercalator were observed. Teisognition event show
obvious enantio-selectivity, site-specificity = and rogve-selectivity. L-
[Co(phen)dpgf* recognizes  pyrimidine—purine/  purine—pyrimidine gios,
especially CG/GC sequence, while the D-isomer mneeeg the pyrimidine—
pyrimidine/ purine—purine region, especially TC/AGequence. In 1993,
Satyanarayana and co-workers has investigated @ébaence-related enantio-
selectivity of [Ru(phen)®* by using competition dialysis . They reported et
A-enantiomer interacted preferentially with GC-rl@BNA and A enantiomer with

the AT-rich DNA.

In a different report, it has been concluded tlatheenantiomer had only
one binding mode (Hioret al, 1990). Binding mode was different between
enantiomers, with-isomer favoring a location with two chelates ire thnajor
groove and\-isomer having a single, non-intercalated chelatéé major groove
parallel to the bases of DNA. Sehal (2009) had synthesized both theandA-
enantiomers of [Ru(bpy(nfip)]** (bpy = 2,2-bipyridine, nfip = 2-(5-nitrofuran-
2-yl)-1H-imidazo[4,5-f][1,10]phenanthroline) for e¢h study of DNA-binding
properties. A subtle but detectable difference wlaserved in the interaction of

both enantiomers with CT-DNA, wher& enantiomer binds with DNA more
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strongly thanA enantiomer. Viscosity experiments provided evidethat both-

[Ru(bpyk(nfip)]?>* andA-[Ru(bpyk(nfip)]** bound to DNA by intercalation.

Last but not least, the research group of FoleY120@eported that the
AA—enantiomer interacted differently with the d(CAACGGATTG)
dodecanucleotide compared with thd—enantiomer, as shown by the different
nuclear magnetic resonance (NMR) spectral chanmgései chemical shift of the
resonances from the enantiomers upon binding. Auidibf the mese (AA)
isomer to d(CAATCCGGATTG)resulted in a doubling of the resonances from
the metal complex: one set of resonances from\thésomer, while the other set
of resonances exhibited shifts consistent witheéhasserved upon addition of the
AA-isomer to d(CAATCCGGATTG) This suggests that the monomeric units
display enantio-selective binding even when part tbé same molecule.
Furthermore, the binding geometry of each monomemd appears to be
dependent upon its absolute configuration and pohuhe interaction of the two
units as a whole. A similar observation was mad@hbgelt et al (1999) for the
DNA binding of dinuclear intercalating complex [{fahen)} {p-
c4(cpdppz}]**  (c4(cpdppzy =  N,N™-bis(12-cyano-12,13-dihydro-Ht

cyclopentap]dipyrido[3,2-h:2’,3’-j]-phenazine-12-carbonyl)-1,4-diaminobutane).

As can be seen above, D- and L-isomers of metalpexes are less

studied for their interaction with DNA or other biolecules.
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2.3 G-quadruplex DNA
Study of interaction of various compounds with DMAw includes G-
guadruplex DNA, a non B-form DNA. However, previbug mostly involves

only B-form DNA.

G-quadruplexes, also known as G-tetrads or G4-DafA, four-stranded
nucleic acid structures which are rich in guanimbese consist of a square
arrangement of guanines (a tetrad), stabilized bgddteen hydrogen bonding.
They are further stabilized by the existence of @aavalent cation (especially
potassium) in the center of the tetrads. Dependmthe direction of the strands
or parts of a strand that form the tetrads, strestunay be described as parallel or

anti-parallel.

2.3.1 Telomere, telomerase and G-quadruplex DNA

Telomere is a region of repetitive DNA sequences tdapped the ends of
all eukaryotic chromosomes, and they play cruoés in maintaining genomic
stability by providing both end-protection and a cm&nism for generating
chromosomal ends (LeBel and Wellinger, 2005). Tel@a protect the
chromosome ends from degradation, recombination RNé repair activities
(Blackburn, 1991; Greider, 1996). In addition, tekre length is progressively
reduced with cell divisions, due to the “end-reglion problem” and the putative
exonuclease activity in the CA-rich strand. Teloenshortening in aging cells

induces replicative senescence (Reddel, 2000; aisSianet al, 2004). When
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telomere lengths reach a critical size, chromosdmeesme unstable and undergo

end-to-end fusions, DNA fragmentation, and mutati(@lackburn, 2000, 2001).

Generally, human telomeric DNA composed of (TTAGGGLCTAA),
repeats and it may fold into a four-stranded qugal@sustructure. This structure is
an attractive potential structure-specific targetapidly dividing cells, such as
eukaryotic parasites and cancer (Cech, 1988; PiduMargny, 2002; Makarost
al., 1997; Reret al, 2002; Wang and Patel, 1993, Parkingtral, 2002). The
key structural feature of a quadruplex is a seviestacked guanine tetrads held
together in a coplanar cyclic array by Hoogsteed ¥#atson-Crick hydrogen
bonds. Each individual strand has the propensitipitm four-stranded structures
(Figure 2.9). The G-rich strand adopts a G-qua@supbnformation stabilized by
G-quartets while the C-rich strand may fold intolanotif based on intercalated
C - C base pairs (Phan and Mergny, 2002; Makatoal, 1997; Reret al, 2002;

Wang and Patel, 1993, Parkinsetral, 2002).

68



Figure 2.9: Folded structure of the G-rich strand A) and C-
rich strand (B) of human telomeric DNA; C: the G-quartet;
D: the C.C+ hemiprotonated base pair of the “Buildhg

blocks” for quadruplex formation (Xu et al, 2006

The quadruplex is also stabilized throughr stacking interactions of the
stacked tetrads as well as by coordination witilonatlocated between or within
the tetrads. Guanine-rich sequences, which arebtamd forming quadruplex
structures, are present in biologically significeegions of the genome including
immunoglobulin switch regions (Sen and Gilbert, 898the transcriptional

regulatory regions of a number of genes such asngwdin gene (Catasét al,
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1996), and also the promoter regions of certainogecnes, such as c-MYC

(Siddiqui-Jairet al, 2002; Simonsson, 1998).

Most telomeric DNA consists of simple repetitiveggences with G-rich
termini (Phan and Mergny, 2002; Makaretval, 1997). The telomeric DNA has
a unique mode of replication based on a speci@rsevtranscriptase-like enzyme
called telomerase (Neidle and Parkinson, 2002prelase is the most important
enzyme involved in telomere maintenance in tumalts celentified so far
(Masutomiet al, 2003; Wong and Collins, 2003). It is a large RN&pendent
DNA polymerase that uses its own associated RNAplat® to catalyse the
addition of telomeric DNA repeats to the 3’-end the single-stranded DNA
telomere (Fengt al, 1995; Nakamurat al, 1997). Moreover, cancer cells often
expressed high levels of telomerase while the sonsatls expressed low level.
This evidence suggested that telomerase inhibitoay be a powerful new
approach to cancer chemotherapy (Ktral, 1994; Greider, 1996). In addition, a
small proportion of tumor cells have an alternatelemere maintenance pathway
(alternative lengthening of telomeres, ALT), whigppears to be independent of
telomere and involves recombination events (Brgaal, 1997; Dunhanet al,

2000; Reactt al, 2001; Schwarzet al, 2001).

Because of the critically essential roles of telem@NAs in both cancer
and parasitic cells, the telomere is a particulatlyactive target for drug design

(Incles, 2003; Kelland, 2005; Mergmy al, 2002; Olausseet al, 2006; Rezleet
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al., 2002; Rezleet al, 2003; Saretzki, 2003; Ya, 2005). The telomeeiguence
and structure varies depending on the organisrhuimans and other vertebrates
and the eukaryotic parasites, telomeres consitrmfem FAG3 repeats that can
adopt a G-quadruplex conformatidn vitro under physiological conditions
(Parkinson, 2002; Wang and Patel, 1993). The de&gowf proteins such as
transcription factors, nucleases and helicasescdmatbind to and even promote
the formation of telomeric quadruplexes suggests tiese structures may exist
in vivo under certain conditions (Fang and Cech, 1993al@ret al, 1994). A
very exciting recent finding is that a radio-laltklé-quadruplex binding ligand
accumulated in nuclei of cultured cells and prefeadly bound to the terminal
regions of the chromosomes, indicating that G-qualéxes do exisin vivo and

are accessible to drugs (Granogéal, 2005).

The formation of higher ordered structures such Gaguadruplexes
prevents hybridization of the telomerase RNA terglanto the primer and
inhibits telomerase activity through an indirecpdtogical mechanism (Zahler
and Williamson, 1991). Regardless of the existarigeative human quadruplexes,
they have recently received attention in the cantéxelomerase inhibition as a
potential anticancer therapy (Rezer al, 2003; Neidle and Parkinson, 2002).
This may due to the reasons that G-quadruplex DNéspa functional role in
transcription of the proto-oncogene-myc, and the presence of potential
guadruplex forming sequences in the promoter sitd2DGF-A, c-abl, c-feslfps,
c-myb, c-src, c-ets, c-yegnd c-vav which are vital in gene regulation.
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Furthermore, strong indication of tirevivo presence of quadruplex motif and its
functional role comes from the transcription intidn of c-mycin HelLa cells by
a quadruplex-specific small molecule. Successrasting expression a-mycin
cancerous cells makes G-quadruplex structurestaresting candidate for design

of potential drugs (Arcinast al, 1994; Arthanaret al, 1994).

Nevertheless, compounds that have been shown tb tbimquadruplex
DNA have traditionally been planar, aromatic compiaithat bindvia external
end-stacking to the G-quartet on either one enlobih ends of the quadruplex
(Incles, 2003; Kelland, 2005; Mergmy al.,, 2002; Olausseet al, 2006; Rezleet
al., 2002; Rezleet al, 2003; Saretzki, 2003; Ya, 2005). These compountish
include anthraquinones, cationic porphyrins, aoedj macrocyclic compounds
and analogs, have planar aromatic surface areasntimaic the large planar
surface of the G-tetrads in quadruplex DNA (Fedoetfal, 1998; Haret al,
1999; Readet al, 2001; Teulade-Fichou, 2003). Since essentidllyk@own
guadruplex DNA binders are based on, or derivethfdoiplex intercalator, many
exhibits little selectivity for quadruplex over dap structures and this can result
in nonspecific cytotoxicity. Increasing the seleityi of telomerase inhibitors for

their quadruplex targets is an important focusesearch (Whitet al., 2007).
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2.3.2 G-quadruplex DNA binding study

Folding of the telomeric G-rich single strand (GGI&), into G-
guadruplex DNA has been found to inhibit telomerasévity (Zahleret al,
1991). It was deduced from this observation thahaecule that favours G-
guadruplex formation locks the telomeric substiate an inactive confirmation
that is no longer recognized nor extended by tharterase (Suret al, 1997).
Stabilization of G-quadruplexes can then be comediex strategy to achieve
antitumor activity (Mergny and Hélene, 1998). G-diuglexes ligands require a
structural selectivity (i. e., preferential binditg G-quadruplexes over duplexes
and single strands). The quadruplex itself whickasy different from classical
double-stranded B-DNA, provides a good structueai$for selective recognition,
and several classes of small molecules that sedbgtdind to G-quadruplex DNA

and inhibit telomerase activity (Rostial,, 2003).

In general, small molecules that stabilize G-qupkx structures have
been found to be effective telomerase inhibitonsl #he use of drugs to target G-
guadruplexes is emerging as a promising way torfere with telomere
replication in the tumor cells and to act as amibes agents (Alberet al, 2003;
Riou, 2004). In fact, a number of small moleculeséhbeen reported in recent
years that stabilize G-quadruplex structures ahiintelomerase activity. Some
of these molecules have been shown to induce tetost®rtening and instability,

triggering apoptosis in various tumor cell linesa(€&owskaet al, 2007).
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In 2007, Galezowska and co-workers reported therastions of G-
guadruplex DNA with oxidation products of papavetirba,12a-diazadibenzo-
[a.g]fluorenylium derivative and 2,3,9,10-tetranti+ 120x0-12H-indolo[2,1-
ajisoquinolium cation. Both ligands were capable ioferacting with G-
guadruplex DNA with binding stoichiometry indicagithat two ligand molecules
bind to G-quadruplex, which agrees with the bindmgdel of end-stacking on
terminal G-tetrads. Furthermore, circular dichroisspectra revealed that
preferences of quadruplex-forming oligonucleotide &adopt a particular
topological structure may also be affected by tkeere@al ligand that binds to
guadruplex (Galezowskat al, 2007). Besides that, a group of researchers
confirmed that two marine compounds, ascididemohraeridine are not just able
to interact with DNA but also recognize triplex amghadruplex structures.
Interestingly, these molecules exhibit a significareference for quadruplexes
over duplexes or single-strands by dialysis contipati assay and mass

spectrometry experiments (Guittgtal, 2005).

The stabilization of different G-quadruplex intrand intermolecular
structures by a number of perylene derivatives adtarized by side chains
ending with linear or cyclic amines was investigateerivatives carrying a cyclic
amine in the side chains, show reduced bindindnéoG-quadruplex form, while
linear amine congeners, exhibit enhanced affiriitye latter efficiently induce
pairing of multiple DNA chains, while the formereanot able to overcome the

original folding of the nuclei acid sequence whistpreserved in the complex. In
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fact, linear alkylamino terminals in the perylengeschains are capable of strong
and selective G-quadruplex recognition, but onlglicyamine end groups favor
duplex-quadruplex transitions that are likely caldio produce biological and

pharmacological effects in living systems (Pivettal, 2008).

Recently, a series of new 9-O-substituted berbedevatives (Figure
2.10) as telomeric quadruplex binding ligands w&yethesized and evaluated.
The results from biophysical and biochemical assalcated that introducing
positive charged aza-aromatic terminal group iht gide chain of 9-position of
berberine significantly improved the binding alyilivith G-quadruplex, and
exhibited the inhibitory effect on the hybridizatiand on telomerase activity. In

addition, these derivatives showed excellent seigct for telomeric G-

guadruplex DNA over duplex (Met al, 2009).

Figure 2.10: 9-O-substituted berberine derivatives
(Ma et al, 2009)
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Other than organic compounds, several groups halized transition
metal complexes to develop quadruplex-binding agyerasically, metal
complexes ideally need to fulfill some basic crdaesf a good quadruplex binding
compound, viz. an delocalized system that can stack on the facehef t
guadruplex; a positive charge that can lie in #etie of the guanine-quartet; and
positively charged terminal groups that can sinmdtasly bind in the grooves
and loops of the quadruplex (Restdal, 2006). It was found that the nickel-based
complexes, Ni(ll)-salphen {salphenNsN’-bis(salicylidene)-3,4-diaminobenzoic

acid}, could selectively bind and stabilise G-quaulex DNA.

Kieltyka et al. (2007) showed that relatively simple platinum
phenanthroimidazole complexes that bind duplex DiyAintercalation can also
recognize and bind to quadruplex structures, aedotiserved binding constants
to quadruplex DNA were nearly two orders of magigtgreater than for duplex
DNA. Moreover, Reed and friends (2007) have alsoatestrated that platinum(ll)
complexes could bind quadruplex structures withhhiffinity. Moreover,
Kieltyka and co-workers (2008) designed and symsees a square-shaped
platinum complex, [Pt(en)(4,4’-dipyridyl(NOs)s, that bound quadruplexes with

high affinity and inhibited telomerase activity.
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2.4 Topoisomerase |

Topoisomerases are isomerase enzymes that acedapblogy of DNA.
The main function for topoisomerases is unwindimgl avinding of DNA, in
order for DNA to control the synthesis of proteired to facilitate DNA
replication. The enzyme is necessary due to inlhguesblems caused by the
DNA's double helix. In order to help overcome th@seblems caused by the
double helix, topoisomerases bind to either sisglanded or double-stranded
DNA and cut the phosphate backbone of the DNA. Thisrmediate break
allows the DNA to be untangled or unwound, andhatend of this process, the

DNA is reconnected again (Champoux, 2001).

2.4.1 Topoisomerase | study

Generally, the process of semi-conservative DNAicafion and accurate
chromosome segregation requires that linking oftwreeinterwined DNA strands
be reduced to exactly zero, and unwinding of the strands can generate
positive supercoiling in front of the replicatioork during DNA replication
process. Topoisomerases are therefore requiredpidly relax the accumulated
positive supercoils to allow progression of thelicgpion fork. Furthermore,
topoisomerases must also function to assure teaDMA strands are completely
unlinked so that the replicated chromosomes caselgeegated to the daughter
cells. In addition, since the overall chemical casifon and connectivity of the

DNA does not change, the tangled and untangled Dar&schemical isomers,
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differing only in their global topology, thus theiame (Wang, 1991; Champoux,

2001).

Fleishmann and co-workers (1984) observed thattdp@isomerase |
(topo 1) became associated with actively transogbieat shock genes but not
with these loci when they were not being transctibie the studies of Chuet al.
(2009), they had suggested that topo | was alsoceged with polymerase I
transcription. These studies were based on an iaisocof topo | with active

sites of transcription.

Furthermore, Shykinet al (1977) have further analyzed the role of the
topo | in activating transcription, and have suggeghat topo | likely functions
during activation by enhancing the formation of aotive TFIID-TFIIA (TF =
transcription factor) complex on the promoter (Shglet al, 1977). In addition,
an analysis of factors that are required for hglels of transcription in response
to a transcriptional activator uncovered anothée for topo | in transcription. A
group of researcher isolated a transcription faftmm mammalian cells termed
DR2 that was necessary for transcriptional activaiimulated transcription.
Interestingly, DR2 was demonstrated to be identig#h topo | (Kretzschmaet

al., 1993).

The indolocarbazoles, typified by the antitumorilgiotic BE-13793C

produced by a strain afctinomycetegKojiri et al, 1991) and its glycosylated
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analog rebeccamycin isolated from a cultureSaiccharotrix aerocolonigenes
(Bush et al, 1987) have been found to be promising anticamgemts. 6-N-
formylamino-12, 13-dihydro-1, 11-dihydroxy-13-(-Dugopyranosyl)-5H-indolo
[2, 3-a] pyrrolo-[3, 4-c] carbazole-5, 7-(6H)-diome commonly known as NB-
506 (Figure 2.11), has shown remarkable efficacgireg a variety of human
tumor xenografts, including lung and colon cancers] metastatic cells. The
exceptional antitumor activity of NB-506 is attried to the capacity of the drug
to intercalate into DNA and to inhibit topoisomegds(Yoshinariet al, 1995).
NB-506 has recently entered clinical trials (Yostniret al, 1995). NB-506 was
able to convert topo | into a cell poison by traygpicovalent DNA-topo |
complexes, thereby enhancing the formation of ptast DNA breaks which led
to the induction of cell death. In that respecg thechanism of action of NB-506
closely resembles that of another series of anttuagents recently introduced in
the clinic, the camptothecins (Pommiet al, 1998). Other aspects of the
mechanism of action of NB-506, including its intran with nucleic acids, have
not been characterized in any detail. Recentlyaresefrom Bailly group reported
that NB-506 intercalates preferentially into GChrgequences of B-DNA (Bailly
et al, 1999). But apart from B-DNA, it is not knownNB-506 can interact with
other nucleic acids structures such as single gfpatymers, RNA, Z DNA, DNA

triple helices, and tetraplexes (Retral., 2000).
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Figure 2.11: Structure of NB-506
(Arakawa et al, 1995)

Moreover, several groups of researchers have lbeported that the
indolocarbazole derivatives have shown complicadéed distinct anti-tumor
mechanisms including Topoisomerase | (Topo ) paisgp and inhibition of
Protein Kinase C (PKC), Protein Kinase A (PKA), CDg&yclin B and
CDK5/p25. Their different mechanisms of action ahee to their structural
diversity at some important substituted positioRer example, Rebeccamycin
and NB-506 can form ternary complex with the DNAg®ol duplex via
intercalation in between the base pairs at theo§il@NA cleavage (Yamashiet
al., 1992; Anizoret al, 1997; Moreawet al, 1999; Baillyet al., 1999; Akinagaet

al., 2000), while their analog termed Saturosporedibits high levels of PKC
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inhibition with no effect toward Topo | (Tamaokt al, 1986; Nakancet al,

1987).

2.4.2 Topoisomerase | inhibitor

As we mentioned before, topoisomerase | (“one dtiaNA cutter”) is the
enzyme that unwind and wind DNA, in order for DN#Adontrol the synthesis of
proteins, and to facilitate DNA replication. In erdto help overcome these
problems caused by the double helix, topoisomerdsed to either single-
stranded or double-stranded DNA and induce trahsteih of the phosphate
backbone of the DNA. In recent years, topoisomeldmses become a focus in the
development of anticancer drug. This is because=sdmmotherapy drugs work
by interfering with topoisomerases in cancer céils. example, topoisomerase |
is the antigen recognized by Anti Scl-70 antibodrescleroderma. These small
molecule inhibitors act as efficient anti-bacterahd anti-cancer agents by
preventing the natural ability of topoisomeraseciteate breaks in chromosomal
DNA. Some chemotherapy drugs called topoisomerasebitors work by
interfering with mammalian-type eukaryotic topoismases in cancer cells. This
induces breaks in the DNA that ultimately lead togpammed cell death, or

apoptosis (Champoux, 2001).

A DNA relaxation reaction assay that tested thealgat activity of
human topo I, was employed to investigate the &ffe€ an asymmetric Tréger

base containing the two well characterized DNA Igd chromophores,
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proflavine and phenanthroline.The compound 3-Amino+,16H-5,15-
methano[1,5]-diazocino[2,8:6,7’]-[1,10]phenanthroline-acridine totally
inhibits the relaxation of supercoiled plasmid DN topo | at a high drug
concentration (>100 puM). The inhibition can be assed with the intercalative
binding of the drug into DNAHence, thissuggested that the drug can act as a
poison for the enzyme, eithby stimulating the cleavage step or by inhibitihg t

religation step in the catalytic cycle of the eney(Baldeyrowet al, 2002).

Zhaoet al.(2004) published the first report of the topohibitory activity
of 2,4,6-trisubstituted pyridine compounds. A stane activity relationship study
indicated that the 2-thienyl-4-furylpyridine skelat was important for topo |
inhibitory activity. The structure—activity relatiship analysis revealed that the 2-
thienyl-4-furylpyridine skeleton exhibited strongpb | inhibitory activity. In
addition, McKnightet al. (2006) have shown the usefulness of the topo |
inhibition assay in determining the relative DNAing affinities of
homologous intercalators and the importance of tdubat size during DNA
binding. It was also used to provide evidence foe tinvolvement of an
intercalative binding mode for Pico Green and gdgssYBR Green which are
two highly sensitive fluorescent dyes routinely dise a variety of double-

stranded DNA assays and real-time PCR protocols.

In the context of the design and synthesis of mgr@ove binding and

intercalating DNA ligands some new oligopyrrolelzatamides were synthesized.
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These hybrid molecules (combilexins) possess aabkriand conformatively
flexible spacer at the N-terminal end. Incubatiathvincreasing concentration of
the various combilexins with supercoiled DNA plagrm the presence of topo |
revealed that the bis-pyrrole compounds efficientijercalate with the co-
planaric chromophore into the DNA helix as evidehbg the efficient formation
of relaxed plasmid DNA using increasing concentrati of those compounds

(David-Cordonnieet al, 2007).

The mode of action of the antitumor drug, camptaihe has been
investigated by use of a partly double-strandeaidei DNA substrate which
enables uncoupling of the cleavage and religatiatf-reactions of topo |
(Kjeldsen et al, 1992). The suicide DNA substrate contains a lsing
topoisomerase | site at which sodium dodecyl self&DS cleavage is strongly
enhanced by camptothecin on normal double-strafiéA. Surprisingly, the
results show that the religation reaction of topoisrase Iper seis strongly
inhibited at this site compared to a site that myomarginally affected by
camptothecin on double-stranded DNA. In additidme tesearch group also
suggested that the inhibitory effect of camptotheon cleavage is due to a
general decrease in the non-covalent interactiotopbisomerase | with partly
double-stranded suicide DNA substrates. Camptathisccapable of inhibiting
both the cleavage and religation steps of topa kg imanner which is likely to

depend on the stability of the noncovalent enzym&@omplex. Therefore, this
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study directly demonstrates that camptothecin-ntedia stability of a

topoisomerase I-DNA complex is sequence-dependgealdsenet al, 1992).

Recently, the investigation of inorganic complexdth topoisomerase has
gained prominence. A series of mononuclear and dian ruthenium(ll)
complexes of 1,10-phenanthroline, have been inyatstil by topoisomerization
experiments. The results suggested that only b@angbhenanthrolyl ruthenium
(I) complexes are able to intercalate between Ipases of the DNA coil in the
presence of 4 mM Mggliving further evidence of their greater affinttywards
DNA when compared to the corresponding mononucléarivatives. The
topoisomer profiles also confirmed the greaterndifiinduced by the triamino
linker. Ruthenium(ll) complexes of the bipyridylres had no effect on the

topoisomerization under the same conditions (Bdaskial, 2004).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials and solutions

In this study, all of the materials and chemicatye of analytical grade
and purchased from commercial suppliers and usethout any further
purification unless otherwise stated. Plasmid DR 322, 6X loading dye
solution, ready-to-use Gene Ruler™ DNA ladder mestriction enzymes and
human DNA topoisomerase | (topo I) were purchaseminf BioSyn Tech
(Fermentas) and was stored at -20 °C. 30 % aquepdregen peroxide (}D,)
from Merck (Germany), L-ascorbic acid from Acrosg@nics (USA), copper(ll)
chloride (CuC)), Tris, Phosphate, 4-(2-hydroxyethyl)-1-piperaathanesulfonic
acid (HEPES), sodium hydroxide (NaOH) and sodiutoraiie (NaCl) were from
Fisher Scientific (UK), 1.5 % Agarose gel (MoleaulBiology grade) from
Promega (USA), synthetic oligonucleotides (PAGEiffad) were ordered from
1% Base Sdn. Bhd. (Malaysia), Calf-Thymus (CT) DNAorfr Sigma, and
Ethidium bromide from BioSyn Tech (Fermentas), wased as supplied. All
solutions for DNA experiments were prepared witlnadpure water from an Elga
PURELAB ULTRA Bioscience water purification systemith UV light

accessory. All the copper(ll) complexes, [Cu(phBri{a)(HO)]CI,
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[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(ED)]CI, [Cu(phen)(L-

threo)(HO)]CI, [Cu(phen)(D-threo)(kD)]NOs, and [Cu(phen)(L-
threo)(HO)]NOs, were supplied by Assoc. Prof. Dr. Ng Chew Heemfro
University Tunku Abdul Rahman. These complexes hmaen fully characterized
by chemistry students, Chin Lee Fang and Wang Véai I3/ means of FTIR
spectroscopy, elemental analysis (CHN), UV-Visibpectroscopy, conductivity

measurement, ESI-MS and X-ray crystallography.

3.2 Physical measurements

UV-visible spectroscopic measurement was carrigdon a Lambda 35
UV/VIS spectrometer from Perkin Elmer (USA), ane fluorescence study was
carried out with LS 55 Fluorescence SpectrometemfiPerkin Elmer (USA).
Fluorescence study of the interaction of metal@dmplexes with CT-DNA,
ds(oligonucleotide) or G-quadruplex DNA was carraad with a 1.0 cm quartz
cell. For studies on aqueous solution samplesillddstwater was filled into the
reference cell while for those on buffered soluioiine corresponding buffer was

the reference material.

3.3 Preparation of copper(ll) complexes solution

In this study, the copper(ll) complexes were wetyhrethe range of 1.0 —
2.0 mg by using analytical balance. Then, the ansahdistilled water needed
for top up purposes to prepare 10 mM of complexesewcalculated (as

calculation shown in the appendix). After that, thelutions were mixed
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thoroughly by using vortex machine and ensure #ibhthe complexes were
dissolved completely in the distilled water. Themmbexes were diluted with
buffer (or autoclaved ultra-pure water) to meetezkpent requirements, by using

Mlvl = M2V2.

The molecular weight for the copper(ll) complex&s i

[Cu(phen)(D-ala)(HO)]CI = 422.34 g/ mol
[Cu(phen)(L-ala)(HO)]CI = 395.32 g/ mol
[Cu(phen)(D-threo)(HO)]CI = 443.36 g/ mol
[Cu(phen)(L-threo)(HO)ICI = 443.36 g/ mol
[Cu(phen)(D-threo)(KO)INOs = 459.90 g/ mol
[Cu(phen)(L-threo)(HO)INO; = 495.93 g/ mol

3.4 Preparation of 1.5 % (w/v) agarose gel

1.5 % agarose gel (100 ml) was prepared by addig Iof agarose gel
powder and 100 ml of 1X TAE buffer in a 500 ml Stthaottle. After that, the
mixture was heated and stirred evenly by using plate stirrer (Favorit,
Malaysia), until all of the agarose gel powder wasnpletely dissolved in the
TAE buffer (pH 7.2). Then, the mixture was pouratbithe gel mold (Thermo)

with comb and it was allowed to solidify at roonrmigerature.
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3.5 DNA cleavage studies (Nucleolytic properties)

Agarose gel electrophoresis experiments were choig on supercoiled
plasmid DNA pBR322 (4.4 kb) using a horizontal ggstem. For the cleavage
studies, each 2QL sample consisted of the complex solution, DNAd dhe
required volume of additional buffer. All samplesr& incubated in the dark in an
incubator at a temperature of 37 °C. The reactioxtumes were prepared as
follows: 1ul of 50 uM copper(Il) complex or CuGlsalt was added to the mixture
of 0.5yl of supercoiled plasmid DNA pBR322 (Oug/ul) and pH 7.2 Tris-NacCl
buffer (5 mM tris; 50 mM NaCl) was added to givéotal volume of 2Qul. The
reactions were performed after incubating the reacnixtures at 37 °C for 2 or
24 hours. 3ul of 6x loading buffer was added to 20 of the given reaction
mixture and each electrophoresis was performed af &r 90 minutes in Tris-
acetate-EDTA (TAE) buffer, pH 8.0, using 1.5 % aga gel. After
electrophoresis, the agarose gel was stained witdiem bromide (EB) solution
(0.5 ug/ml). For the oxidative or reductive cleavage msdincubation of each
sample was similarly carried out. The DNA cleavagefile was analyzed using
1.5 % agarose gel in a horizontal gel tank set withnning time of 2 hours, at a
constant voltage of 80 V. Each reaction mixturesisted of 0.25ug of DNA and
pH 7.2 Tris-NaCl buffer unless otherwise mention€de resultant DNA bands
after the electrophoresis step for each set of raxpats were stained with
ethidium bromide before being photographed undetight using a Syngene Bio

Imaging system and the digital image was vieweth @iene Flash software.

88



Similar experiments were carried out to study thece of varying
complex concentration, pH of buffer, the types offér and exogenous agent
concentration. All final reaction mixtures were aibed by topping up with Tris-

NacCl buffer pH 7.2.

3.6 DNA-binding studies

Stock solutions of calf thymus DNA (CT-DNA) were epared by
dissolving the DNA in buffer solution at 4 °C, atite resultant homogeneous
solutions were used within two days. The conceioimatof CT-DNA per
nucleotide phosphate was calculated from the ahscghat 260 nm by usirg=
6400 M* cmi’. The purity of the DNA was checked by monitorihg Bbsorbance
at 260 and 280 nm. PAGE grade of self-complimenigymer oligonucleotides
(CG), (AT)s, HPLC grade G-quadruplex 22-mer oligonucleotide- 5
AGGGTTAGGGTTAGGGTTAGGG-3, and 17-mer complementary
oligonucleotides 5-CCAGTTCGTAGTAACCC-3, 3
GGTCAAGCATCATTGGG-5' were annealed, to give thepestive duplex and
G-quadruplex, as specified by the supplier (frofnBhse Sdn. Bhd., Malaysia).
The oligonucleotides and G-quadruplex were dilutgith buffer (or autoclaved
ultra-pure water) to meet experiment requiremebys,using formula MV; =
M2V,. Fluorescence (FL) emission spectra in the studgtbidium bromide
guenching assay were recorded in the wavelengtier&ab0-650 nm by exciting
the respectively solutions with light at 545 nmcEation and emission slits were

set at 10 nm. Solutions of DNA, and a series ofpeof)l) complexes were
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prepared in TN buffer (5 mM Tris, 50 mM NacCl) at p2 unless specifically

stated.

3.6.1 Ethidium bromide displacement assay

Ethidium bromide displacement assay were perforimedneasuring the
emission of ethidium bromide bound to DNA which wisdhe enhanced emission
intensity due to its intercalative binding to DNAhe competitive binding of the
copper(ll) complex to the DNA reduces the emissiotensity of ethidium
bromide (EB) with either the bound complex quenghihe emission or a
displacement of the bound EB from the bound to ftke state. Fluorescence
measurements were performed using a Perkin-EImé&5 Lighotoluminescence
spectrometer. All the fluorescence measurementse waken at excitation
wavelengthAex of 545 nm and emission wavelengia,, of 600 nm at room
temperature. For determination of binding constantopper(ll) complex with
CT-DNA, a TN buffer (5 mM Tris, 50 mM NacCl) at pHZwas used. Prior to
titration with the copper(ll) complex, each 3 mixtare of EB (0.32:M) and CT-
DNA (10 uM) was incubated for 24 hours to allow saturatiérDOA with EB
(Senget al.,2009). For the corresponding determination of imgatonstant with
duplex deoxyoligonucleotides, the optimized comaisi were based on previously
reported procedure for high-throughput screenind®dfA of short nucleotide
sequences (Boget al., 2001). The ratio of duplex: EB is 1:2 and the TiNfér
(pH 7.2) composition is 100 mM Tris and 100 mM NaRltior to titration with

copper(ll) complex, each 3 ml mixture of EB ((®1) and duplex oligo (uM)
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was incubated for 24 hours to attain saturatiom.ldeoh cases, the serial titration
was completed by addingullof increasing concentration of copper(ll) complex
from appropriate stock solutions to the series ofl EB-DNA mixtures until the
guenching of DNA-bound EB fluorescence exceeds 50T#e final reaction
mixtures were incubated for 2 hours before measenerof their fluorescence
intensity. The fluorescence intensities were ptbttagainst the complex
concentration to yield a curve that showed thetixeaextent of quenching of
DNA bound EB. The values of the apparent bindingistant, Ky, of the
copper(ll) complex were calculated from the equatiQpp (complex; [COMplex] =
Kapp,edEB] Where Kyppes is the apparent binding constant of EB assumedaeto
10" M, Kappcomplex IS the apparent binding constant of copper(ll) ptax, [EB]

is the concentration of EB used and [complex] is ttoncentration of the

copper(ll) complex at 50% quenching (Rajendrarl.e2806).

3.6.2 Thiazole orange quenching assay

Thiazole orange (TO) quenching studies were corduasing oligo 22G
5-AG3(T.AG3)3-3, and two complementary 17 nucleotide primers; 5
CCAGTTCGTAGTAACCC-3 and 3-GGTCAAGCATCATTGGG-5’
(Monchaud et al., 2006; Paritalaet al., 2009; Senget al., 2009). Previous
researchers have shown that 22 G folds into a @rgpéex while 17 bp adopts a
duplex DNA structure. Binding to each oligonucldetiwas determined by
titrating the test copper(ll) complex into a sabuticontaining the oligonucleotide

(2 uM) and TO (2uM) in Tris-HCI buffer (pH 7.2). The fluorescenceesfra
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were taken and the area of the peak was determsiad the instrument software,
after each addition. Then the area was plottedfasaion of copper(ll) complex
concentration and the concentration of copper@mplex that reduced the area
by 50 % was taken as thesyvalue. Binding constants were calculated assuming
a simple competitive binding model (Stern-Volmeuatpn). The value of the
apparent binding constantad§ of each copper(ll) complex was calculated from
the equation Kyp (complexcOmplex] = Kapp 1d TO] Where Kyppto is the apparent
binding constant of TO assumed to be 3 R NI0', Kappcomplex iS the apparent
binding constant of copper(ll) complex, [TO] is tb@ncentration of TO used and
[complex] is the concentration of the copper(l)ngmex at 50% quenching

(Monchaucet al.,2006).

3.7 Restriction enzyme inhibition assay

The restriction enzyme inhibitory activity was detened by observing
the resultant band of lambda) ONA. Each reaction mixture contained 0.2%
of L DNA, 2 ul of 10x restriction enzyme reaction buffer, p® of copper(ll)
complex or CuGl 5 units of restriction enzyme and sterile deiedizvater. The
total volume of each reaction is 20. Firstly, A DNA was incubated with
copper(ll) complex at 3?C for 60 minutes and then restriction enzyme was
added and the reaction mixture was incubated fothen 2 hours at the same
temperature. The reactions were terminated by didéian of 2ul of 10 % SDS,
and then followed by 3l of dye solution comprising 0.02 % bromophenoleblu

and 50 % glycerol. SDS is required to denatureriotisin enzyme, preventing
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further functional enzymatic activity. The mixturess applied to 2.0 % agarose
gel and electrophoresed for 2 hours at 80 V wittming buffer of Tris-acetate
EDTA, TAE. The gel was stained, destained, and gdraphed under UV light
using a Syngene Bio Imaging system and the digitagie was viewed with Gene

Flash software.

3.8 Human DNA topoisomerase | (topo I) inhibitionsaay

The human DNA topoisomerase | (topo I) inhibitorgtiaty was
determined by measuring the relaxation of superdoplasmid DNA pBR322.
Each reaction mixture contained 10 mM Tris-HCI, pi2, 100 mM NacCl, 1 mM
Phenylmethylsulfonyl fluoride (PMSF), and 1 mM 2neegptoethanol, 0.2hg
plasmid DNA pBR322, 1 unit of topo I, and the tesmpound or copper(ll)
complex at a specified concentration. Total voluwheach reaction mixture was
20 pl and these mixtures were prepared on ice. Upogreezaddition, reaction
mixtures were incubated at 8C for 30 minutes. The reactions were terminated
by the addition of Z2ul of 10 % SDS, and then followed byuB of dye solution
comprising 0.02 % bromophenol blue and 50% glyce&DS is required to
denature topoisomerase |, preventing further foneti enzymatic activity. The
mixtures was applied to 1.2 % agarose gel andrejgubresed for 5 hours at 33V
with running buffer of Tris-acetate EDTA, TAE. Tlgel was stained, destained,
and photographed under UV light using a SyngenelBiaging system and the

digital image was viewed with Gene Flash software.
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Same protocol was repeated in the topo | inhibitondition study. The
only variation is the sequence in adding the mampmonents (topo |, plasmid
DNA pBR322, and copper(ll) complex). Two conditiom®re studied in this
assay. In the first condition, topo | was incubateth copper(ll) complex at 37
°C for 30 minutes and then DNA was added and thetiora mixture was
incubated for another 30 minutes at the same teatyrer In the second condition,
copper(ll) complex and DNA were incubated for 3mes at 37C first before
the addition of topo I. Then, the resultant reactiixture was incubated for
another 30 minutes at the same temperature bdferapplication of the reaction

termination step.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.0 Introduction

Based on the two main objectives of this reseatdh results are divided
into two main parts, viz. nucleolytic study, and ANinding study. In the
nucleolytic study, various factors that might afféite nucleolytic efficiency of
the copper(ll) complexes were investigated by ¢gtteophoresis technique. The
factors are concentration of copper(ll) complex#s, of buffer, type of buffer,
incubation time, and the presence of exogenoustagen hydrogen peroxide

(H20,) and L-ascorbic acid.

For the DNA interaction study, binding constant dndding affinity of
the copper(ll) complexes for different types of DNARere investigated by
photoluminescence techniques, i.e. ethidium bronfi®) quenching assay and
thiazole orange (TO) quenching assay. Differentesymf DNA that were
employed in this experiment were calf thymus (CTNA) double stranded
oligonucleotides with different sequences, and @Gedguplex DNA. The

guenching assay were performed by measuring theseamiof EB or TO bound
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to DNA which shows the enhanced or reduced of eamsmtensity due to its

intercalative binding to DNA in the presence of ger{ll) complexes.

4.1 Nucleolytic study of chiral [Cu(phen)(aa)@D)]X (X = CI, NO3)

In recent years, scientists have made great progresesearch on the
interaction between small organic molecules andenuacid, and in the cleavage
of DNA at specific sites (Sigmaet al, 1979; Rammet al, 1996; Nget al, 2006;
Barcelo-Oliveret al, 2007). Interestingly, many transition metal céemps were
found to be efficient for sites-specific cleavageDNA. The metal complexes
usually contain three components: a binding grooipreécognize the special
sequence of nucleic acid, a chemically active grougleave the nucleic acid and

a spacer to connect the former two parts (Kaalial, 2002; Zhangt al., 2004).

Transition metal complexes capable of cleaving DatA of importance
for their potential use as new structural probesutificial nucleases in nucleic
acids chemistry and as therapeutic agents. Espefoalthe complexes showing
induction of DNA cleavage in the absence of exogenagents are of particular
interest as they can be made effective in highlgetized therapeutic applications

(Reddyet. al, 2004).

Hence, this nucleolytic study involving chelatedirah amino acid is
relatively important and essential in investigatitige factors that affect the

nuclease activity of a chiral metal complex.
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4.1.1 Nucleolytic study without exogenous agent

This nucleolytic study was performed by using deustranded plasmid
DNA, pBR322 with agarose gel electrophoresis teqpimi The pBR322 is a
commonly used plasmid cloning vector in &li (Bolivar et. al, 1977). The
molecule is a double-stranded circular DNA and 4B&ge pairs in length. The
plasmid has unique restriction sites for more tliarty restriction enzymes

(Watson, 1988).

Plasmid pBR322 DNA is useful to study the DNA clag® activity of an
unknown compound due to its high availability, affable price and ease in data
analysis. The consequence of cleavage of circuBR322 is relaxation of the
supercoiled form of DNA into nicked (relaxed opercular) form and/or linear
form (Figure 4.10). Nicked form of DNA will be fored if only one strand from
the double strands has been cleaved. Linear fordNé& will be formed if both
strands of the double stranded pBR322 have beewneatle Different DNA forms
can form as a result of different extent of cleavafithe plasmid DNA and these
can be visualized on the agarose gel. The supedctokrm of DNA has the fastest
migration rate, linear form has intermediate migratrate, and nicked form of
DNA moves the slowest when submitted to agaroselgetrophoresis (Czerss.

al., 1997).
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Figure 4.10: Diagram of agarose gel electrophoresis
shown the plasmid is separated according to its tabogy.

Agarose gel electrophoresis is the easiest anantbse common way of
separating and analyzing DNA. The purpose of gthinique might be to look at
the DNA, to quantify it or to isolate a particulaand. Agarose gels are easily cast
and handled compared to other matrices and nualdds are not chemically
altered during electrophoresis. Samples are alsdye@covered. In addition,
nucleic acid molecules can be easily separatedpbyyiag an electric field to
move the negatively charged molecules through asrogg matrix. Shorter
molecules move faster and migrate farther than domanes because shorter
molecules migrate more easily through the porethefgel. Next, the DNA is
visualized in the gel by addition of ethidium bra®i(EB). EB binds strongly to
DNA Dby intercalating between the bases and the tdelB emits fluorescence

strongly upon UV illumination (Sambrook and Rus2€I01).

Lastly, by observing the plasmid DNA cleavage patten electrophoresis
gel image, the nucleolytic efficiency of a seriesstah complex can be

gualitatively compared.
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4.1.1.1 The effect of complex concentration on DNkeavage activity

The effect of concentration of various copper(Bpmplexes was
investigated over the range 1M — 2 mM in Tris-NaCl buffer (TN buffer), (5
mM Tris; 50 mM NaCl) at pH 7.2, with incubation &rof 24 hours and an
incubation temperature of 3T. In this section, a series of copper(ll) compiexe
[Cu(phen)(D-ala)(HO)]CI, [Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-
threo)(HO)]CI, [Cu(phen)(L-threo)(kO)]CI, [Cu(phen)(D-threo)(ED)]NOs, and
[Cu(phen)(L-threo)(HO)]NOs; were used to investigate the relative contributio
of the type of ligand in moderating the nucleolyiticiency and to study what

kind of ligand will give rise to more efficient nkeolytic metal complex.

Interestingly, not all copper(ll) complexes possesthe same nucleolytic
efficiency. It can be seen that the induction efbelage happened starting from 10
UM for [Cu(phen)(D-ala)(KD)]CI, [Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-
threo)(HO)]CI, and [Cu(phen)(L-threo)#D)]CI (Figure 4.11 (a — d), L4). All
four of these copper(ll) complexes were able toveansome supercoiled DNA
into nicked DNA with the increasing complex concation (Figure 4.11 (a — d),
L4 — 9). In addition, the nucleolytic efficiency fEu(phen)(D-threo)(kD)]NO;
and [Cu(phen)(L-threo)($D)|NO; seems to be very low and very similar to each
other. With the increase of complex concentratimmf 10 uM to 2 mM, both
[Cu(phen)(D-threo)(KHO)]NOsand [Cu(phen)(L-threo)(30)]NOs; were only able
to convert a very small amount of supercoiled DN#oinicked form of DNA
(Figure 4.12, L4 — 9; Figure 4.13, L5 — 10).
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Complex concentration can be an inhibitory or eciranfactor in DNA
cleavage activity for a metal complex. However, ptar concentration seems to
be one of the limiting factors in DNA cleavage wsityi in this study. Although the
DNA cleavage activity was carried out with incregsicomplex concentration,
but there was no further increase in DNA cleavdgjeiency while the complex
concentration was increased. When the complex odrateon was increased
from 10uM — 2 mM, the amount of cleaved DNA seems to rencaimstant after
a certain limiting concentration of copper(ll) coewis reached (Figure 4.11 (a —

d), L4 — 9; Figure 4.12, L4 — 9; Figure 4.13, L30).
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Figure 4.11: Electrophoresis results of incubapi®@R322 (0.5ug/uL) in the
presence of (a), [Cu(phen)(D-ala}®]CI; (b), [Cu(phen)(L-ala)(KD)]CI; (c),
[Cu(phen)(D-threo)(KO)]CI; (d), [Cu(phen)(L-threo)(ED)]CI in 5 mM TN
buffer pH 7.2 at various concentration (1 — 2 mM) for 24 hours at 37°C. L1,
Gene Ruler 1Kb DNA Ladder; L2, Untreated DNA Conhtid3, DNA + 2 mM
CuCh; L4, DNA + 10uM complex; L5, DNA + 5QuM complex; L6, DNA + 200
uM complex; L7, DNA + 500uM complex; L8, DNA + 1 mM complex; L9,
DNA + 2 mM complex.
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Figure 4.12: Electrophoresis results of incubatp®R322 (0.5ug/ul) in the
presence of [Cu(phen)(D-threo®)]NO3z in 5 mM TN buffer pH 7.2 at various
concentration (1@M — 2 mM) for 24 hours at 37°C. L1, Gene Ruler 1 BIKA
Ladder; L2, Untreated DNA Control; L3, DNA + 2 mMuCl; L4, DNA + 10
uM complex; L5, DNA + 50uM complex; L6, DNA + 200uM complex; L7,
DNA + 500 uM complex; L8, DNA + 1 mM complex; L9, DNA + 2 mM
complex.

Figure 4.13: Electrophoresis results of incubatp®R322 (0.5ug/ul) in the
presence of [Cu(phen)(L-threoB)]NO3z in 5 mM TN buffer pH 7.2 at various
concentration (1@M — 2 mM) for 24 hours at 37°C. L1, Gene Ruler 1 BIKA
Ladder; L2, Untreated DNA Control (0.5 pg/pL); LBmpty; L4, DNA + 2 mM
CuCh; L5, DNA + 10uM complex; L6, DNA + 5QuM complex; L7, DNA + 200
uM complex; L8, DNA + 500uM complex; L9, DNA + 1 mM complex; L10,
DNA + 2 mM complex.
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Senget al, 2008 suggested that with the increase of corator of
[M(phen)(edda)], (M = Cu, Co, Zn or Ni), there idvious increase of the
induction of DNA cleavage of plasmid DNA, pBR 322owever, although DNA
cleavage increases with concentration for both @u@o complexes, there seems
to be a limiting concentration, beyond which théeno further increase in
cleavage, and this suggested that the binding leetveemplex and DNA was
site-specific and site-selective. In contrast, DNiAding and cleavage studies of
novel copper(ll) complex with L-phenylalaninate antl,4,8,9-tetra-aza-
triphenylene ligands studied by kt al, 2005, have shown that the supercoiled
plasmid DNA was gradually converted into nicked lmear form of DNA

counterparts with the increase of complex concéatra

Liang et al, 2004, reported that the nickel(ll) complex of,I;&iazecan-
9-ol at 50uM could not cleave pBR322 in the absence of exogemment but it
could completely convert supercoiled DNA into nidkend linear DNA when the
complex concentration was increased to bBD Nevertheless, Songt al, 2006
also stated that when the complex concentratiofiNgRA) »(H»0),]-H,O (RA =
retinoic acid) was> 0.02 mM, the complex could almost promote the detep
conversion of DNA from supercoiled form of DNA tméar form of DNA after

70 minutes incubation in Tris-HCI buffer (pH 7.4)37°C.
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4.1.1.2 The effect of types of buffer on DNA clegesactivity

Buffers are ubiquitous components in miostitro reaction system, due to
the reason that they are used to maintain the ptheoolution constant while
other components in the reaction mixture are vat®ambrooket al, 1987).
DNA cleaving ability has been investigated in thceierent types of buffer at
37 °C using 50 uM of each complex. The reactiontanes were incubated for 24
hours in the absence of any oxidizing or reducigengs. Three different types of
buffer that were chosen are HN, PN, and TN buférgH 7.2. For this variable,
pH 7.2 was chosen for the pH of all buffers as an cdbe considered as

physiological pH.

» Buffer 1 = Hepes-NaCl (HN) (Hepes = 20 mM; NaClG-r8M)
» Buffer 2 = Phosphate-NaCl (PN) (Phosphate = 20 MBI = 30 mM)

» Buffer 3 = Tris-NaCl (TN) (Tris = 20 mM; NaCl = 3aM)

Figures 4.14 - 4.16 show the electrophoretic resuiitthe different types
of buffer on nucleolytic efficiency of the coppdj(tomplexes. Plasmid DNA
alone did not undergo any cleavage or degradafteniacubated for 24 hours in
all these three buffers (Figure 4.14, L2 — 4). @m ather hand, copper salt, CuCl
able to convert supercoiled DNA to nicked and ImEam of DNA in Hepes
buffer, but it only able to convert some superabiENA to nicked form of DNA

in phosphate and Tris buffers (Figure 4.14, L6 — 8)
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As can be seen from the results, P copper(ll) complexes,
[Cu(phen)(D-ala)(HO)]CI, [Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-
threo)(HO)]ClI, [Cu(phen)(L-threo)(KO)]CI, [Cu(phen)(D-threo)(ED)]NOs, and
[Cu(phen)(L-threo)(HO)]NO; were able to convert supercoiled DNA into nicked
and linear form of DNA in Hepes buffer (Figure 4.12, L6, L10 & L14; Figure
4.16, L6, L10). Comparatively, extent of DNA clegeaof the above listed
complexes in both phosphate and Tris buffers wevad to be lesser compared
to Hepes buffer. For complexes [Cu(phen)(D-ala@{CI, [Cu(phen)(L-
ala)(HO)]CI, and [Cu(phen)(L-threo)(#D)]CI, the nucleolytic efficiency was
found to be similar in phosphate and Tris bufferna distinct difference in the
amount of cleaved DNA was observed between thesduffers (Figure 4.15, L3
— 4, L7 — 8, L15 — 16). However, for complexes [ghen)(D-threo)(HO)]CI,
[Cu(phen)(D-threo)(KHO)]NOs, and [Cu(phen)(L-threo)(HO)]NOs;,  the
nucleolytic efficiency was found to be strongempimosphate buffer compared to
Tris buffer as almost all of the supercoiled DNAreveonverted into nicked DNA
after 24 hours incubation time (Figure 4.15, L112; Figure 4.16, L7 — 8, L11 —

12).

The results showed that Hepes buffer was the nuitstbde buffer for the
study of nucleolytic efficiency. Most of the copfercomplexes studied shows
better cleavage ability in Hepes buffer, the supérd DNA being cleaved to

yield nicked and linear form DNA.
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Figure 4.14: Electrophoresis results of incubap@R322 (0.5ug/uL) in the
presence or absence of pBl CuCk at pH 7.2 in various buffers for 24 hours at
37°C. L1, Gene Ruler 1 Kb DNA Ladder; L2 — 4, Uateel DNA control; L5,
Empty; L6 — 8, DNA + 5uM CuCl,.

Figure 4.15: Electrophoresis results of incubap@R322 (0.5ug/uL) in the
presence of 5QM complex at pH 7.2 in various buffers for 24 hoats37°C. L2
— 4, 50uM [Cu(phen)(D-ala)(HO)]CI; L6 — 8, 50uM [Cu(phen)(L-ala)(HO)]CI;

L10 — 12, 50uM [Cu(phen)(D-threo)(HO)]Cl; L14 — 16, 50uM [Cu(phen)(L-
threo)(HO)]Cl; L1 & 17, Gene Ruler 1 Kb DNA Ladder; L5, 923, Empty.

Figure 4.16: Electrophoresis results of incubatp®R322 (0.5ug/ul) in the
presence of 5aM complex at pH 7.2 in various buffers for 24 hoats37°C. L2
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— 4, Untreated DNA control; L6 — 8, DNA + 50 pM [@hen)(D-
threo)(HO)]NOgz; L10 — 12, DNA + 50 uM [Cu(phen)(L-threo){B)]NOs.

In  the study of nucleolytic properties, sometime isth
tris(hydroxymethyl)aminomethane, or commonly knoas Tris, will be the
inhibitory factor for nucleolytic efficiency in Tsitype of buffers if its
concentration is sufficient high. In addition, kerffeffect can be due to their
relative efficiency in scavenging radical specidscol are responsible for DNA
cleavage (Hicks and Gebicki, 1986). However, phaspbuffer can be a problem
for cationic metal complexes due to precipitatiancomplexation (Wang and

Sayre, 1989).

Hepes was previously shown to act as a reductargdioce copper(ll) to
copper(l) in the presence of ligands that stabitiapper(l). This may lead to the
generation of free radicals which was responsitméDiNA cleavage. Besides that,
Hepes is an undeniable, but weakly competitiveatbelof copper(ll), and it does
not seem to bind to metal complexes easily dutstbulkiness (Sokolowsket al.,

2005).

Furthermore, Wenner and Bloomfield, 1999, also rgabthat DNA—-
buffer interactions influenced the rate of cleavageplasmid pBR322 by the
restriction enzym&caRV. This effect was attributed to differences ie thinding
of the enzyméo the DNA in various neutral pH buffers. The cleoaf buffer and

the concentration of buffer component(s) is thgsisicant when ensuring higher
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nucleolytic activity or when comparing the nuclaayefficiency of homologous
or non-homologous metal complexes.
4.1.1.3 The effect of pH of buffer on DNA cleavagetivity

Human body pH is very important because pH conttbés speed of
human body's biochemical reactions. It does thiscbmtrolling the speed of
enzyme activity as well as the speed that eletgtriooves through our body. The
pH of different cellular compartments, body fluidgd organs is usually tightly
regulated in a process called acid-base homeostssid-base homeostasis is a
process that concerns the proper balance betweds and bases, or more
accurately, the pH. The body is very sensitivettopH level, if the pH falls
outside the acceptable range, proteins might batdesd and digested, enzymes
lose their ability to function, and this might batdl. Hence, there exist some
strong mechanisms to maintain it. The pH of bladsually slightly basic with a
value of pH 7.4. This value is often referred tghgsiological pH in biology and

medicine (Wuet al, 2008; McMillan and Cameron, 2005).

In this section, the effect of pH on DNA cleaviagtivity has been
investigated with supercoiled plasmid DNA pBR328, the absence of any
exogenous agent. The plasmid DNA were incubatedh wid pM of each
copper(ll) complex at various pH values of the TiNfér (in the range of 6.2 —

8.2) at 37 °C for 24 hours.
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Figure 4.17 : Electrophoresis results of incubati@R322 (0.5ug/uL) in the
presence or absence of p® CuClkL in TN buffer at various pH values for 24
hours at 37°C. L2 — 4, Untreated DNA control; LfiEy; L6 — 8, DNA + 5QuM
CuCb; L1 & 5, Gene Ruler 1 Kb DNA Ladder.

(©)
Figure 4.18 : Electrophoresis results of incubati@R322 (0.5ug/uL) in the

presence of 5aM (a), [Cu(phen)(D-ala)(kD)]Cl/ [Cu(phen)(L-ala)(HO)]CI; (b),

[Cu(phen)(D-threo)(KO)]CI/  [Cu(phen)(L-threo)(KHO)]CI; (c), [Cu(phen)(D-
threo)(HO)]NOs/ [Cu(phen)(L-threo)(HO)INOs in TN buffer at various pH
values for 24 hours at 37°C. L1, Gene Ruler 1 KbAOlddder; L2 — 4, DNA +
50 uM complex; L5, Empty; L6 — 8, DNA + 50M complex.
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The circular plasmid pBR322 alone (Figure 4.17-2) did not undergo
any DNA cleavage or degradation even in the preseric50 pM Cudl salt
(Figure 4.17, L6 — 8). All of the plasmid DNA remaiin supercoiled form (Form

I) when incubated at 37 °C for 24 hours in TN bu#iepH 6.2, 7.2 and 8.2.

An increase of pH value of the TN buffer from 6@ 8.2 slightly
enhanced DNA cleavage of complexes [Cu(phen)(D1d}8))]CI, [Cu(phen)(L-
ala)(HO)]CI, [Cu(phen)(D-threo)(pD)]Cl, and [Cu(phen)(L-threo)(#D)]ClI
(Figure 4.18 (a — b); L2 — 4, L6 — 8). The nucléiol\efficiency of above listed
complexes was found to be greater in TN buffertat8:2 compared to pH 6.2
and pH 7.2, as they were able to convert almosthallsupercoiled DNA into
nicked DNA (Form Il) and small amount of linear DNRorm IIl) (Figure 4.18
(a = b), L4 & 8). Surprisingly, DNA cleavage by [@ten)(D-threo)(HO)]JNO;
and [Cu(phen)(L-threo)(#D)]NO; complexes were found to be slightly better at
pH 6.2 in TN buffer (Figure 4.18 (c), L2 & 6). Tleesvo complexes were able to
convert almost all the supercoiled DNA into nicketlA in this slightly acidic
pH. However, the nucleolytic properties of [Cu(pJ{&athreo)(HO)]NO;z and
[Cu(phen)(L-threo)(HO)]NO; are suggested to be weaker compared to other four
complexes, as they were only able to convert thperswiled form of DNA into
nicked form of DNA. There is no linear form of DNIAduced at any pH of the
TN buffer. Moreover, for each pairs of D- and L-etiamer, i.e., [Cu(phen)(D-
ala)(HO)]Cl and [Cu(phen)(L-ala)(#D)]CI, [Cu(phen)(D-threo)(kD)]CI and

[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-threo)(ED)]NOs; and [Cu(phen)(L-
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threo)(HO)]NOs, the cleavage affinity over the pH range from 6.8.2 were
very similar to each other, it is very difficult wifferentiate whether D- or L-

enantiomer complexes show better cleavage affatithe particular pH.

In 2006, Songet al. reported that changing pH value had only slight
influence on DNA cleavage by [Ni(RAH.0),]-H,O after incubation for 80
minutes at 37 °C in 10 mM Tris—HCI buffer with 622V NaCl. Rittichet al,
2004, also suggested that the DNA cleavage stielstsd in the presence of free
lanthanide cations—E{ La**, Nd®*, PP* and Gd* showed that pH influence
was not important in tested range (pH 7.0 — pH 89D)t only shown no/ slight
differences in catalytic activity. In addition, tistudies of Wood and Lee, 2004,
conclusively demonstrated that there is very liglmount of double stranded
DNA denatured by Zn(ll) or Ni(ll) during metal idDNA interaction at lower pH,
but the amount of denatured DNA suddenly increadeuH 8.5. Hence, pH can

affect the interaction between metal ion or metahplex and DNA.

Early in 1997, Czenet al. suggested that pH will affect the induction of
DNA cleavage in permeabilized human fibroblastsidac pH-induced strand
breakage (pH-dependent DNA breakage; PDDB) in pebitized human
fibroblasts, with a maximum effect at pH 6.25, aactivation of unknown
endonucleases was suggested to be the factor sslgorBesides that, the anti-

proliferative property of a ruthenium(ll) complex & thiosemicarbazone, tested
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on ovarian carcinoma, has been reported to be amouimes higher at pH 6.0

than at pH 7.4 (Grguric-Siplet al, 2007).

Moreover, 1, 7-dimethyl-1,4,7,10-tetra-azacyclodwtes could hydrolyze
double stranded DNA under physiological conditi@i °C, pH 7.2) (Wart al,
2006). Zhaoet al, 2007, claimed that [2,9-tetramethyl-4,7-diazad4rhethyl$-
piperidinylethyl)-decane-2,9-dithiol], could be nedfective for DNA cleavage,
under physiological condition (pH 7.0). Howevergyet al, 1996, reported that
the nucleolytic efficiency of [G4L)(NO3)2(H20)3](NO3)4-5HO were found to be
pH-dependent. It cleaves DNA slowly in the abseotcél,O, and the cleavage
abilities are more efficient at pH 9 or 10, rathkan pH 7 or 8. All these
evidences clearly show that most of the chemicattrens as well as nucleolytic
efficiency are pH-dependent. The type of coordiddigands used in the current
study may be responsible for allowing pH to afféetir nucleolytic efficiency.
However, the effect of pH on the nucleolytic efficcy of the

[Cu(phen)(aa)(kD)]X is not great.
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4.1.1.4 The effect of incubation time on DNA cleg&activity
The effect of varying the incubation time of therigas copper(ll)

complexes was investigated with plasmid DNA, pBR3R2the presence of 50
uM of copper(ll) complex in TN buffer at pH 7.2. Theaction mixtures were
incubated at 37 °C for 24, 48, and 72 hours, rés@de. The pBR322 DNA alone
(Figure 4.19, L2 — 4) did not undergo any cleavagedegradation over the
incubation period from 24 to 72 hours as the DNAtgra (mainly of the
supercoiled DNA band and small amount of nicked DMAnd) remained
unchanged with time. However, for the metal saltCG, there was some increase
of nucleolytic efficiency with the increase of irmation time. After 72 hours of
incubation period, most of the supercoiled DNA lhaen cleaved into nicked
DNA, and a small amount of DNA has been convertgd iinear DNA (Figure

4.19, L6 - 8).

The nucleolytic efficiency of [Cu(phen)(D-ala){8)]Cl and [Cu(phen)(L-
ala)(HO)]CI are very similar to each other (Figure 4.2R— 4, L6 — 8). It seems
that changing the subsidiary ligands from D-ala th-ala in
[Cu(phen)(aa)(KO)]CI does not affect the nucleolytic efficiencytbke copper(ll)
complexes. After 24 hours of incubation time, géaamount of supercoiled DNA
has been converted into nicked form of DNA. Witle increase of incubation
period from 24 to 72 hours, there was a distinctaase of nucleolytic efficiency

of the above listed complexes. Both the complexexessfully converted all
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supercoiled DNA into nicked and linear form DNAafincubated for 72 hours

(Figure 4.20, L4 & 8).

Interestingly, after 48 hours incubation period, ughen)(D-
threo)(HO)]Cl converted almost all of the supercoiled DN#toi nicked and
linear from of DNA, with only a very faint band etipercoiled DNA can be seen
as shown in L11, Figure 4.20. This complex was #&bleonvert all supercoiled
DNA into nicked and linear form DNA after 72 houngubation time. However,
[Cu(phen)(L-threo)(HO)]CI could only convert most of the supercoiled AN
into nicked and linear form DNA after incubationripel of 72 hours. There was
still a faint band of supercoiled DNA can be obsenn the gel image (Figure
4.20, L16). From here, we concluded that [Cu(pHe+ihfeo)(HO)]Cl is slightly
more effective nucleolytic agent compared to [CefplL-threo)(HO)]Cl in this

study.

However, [Cu(phen)(D-threo)@®d)]NOs and [Cu(phen)(L-
threo)(HO)]NO;s possessed similar nucleolytic efficiency and tloewld only
converted supercoiled DNA into nicked DNA afterubated for 72 hours (Figure
4.21, L2 — 4, L6 — 8). A small amount of superadil2NA still remains uncleared.
Both of these complexes are found to be the medticient nucleolytic agent in
this study, as other four complexes able to cona#risupercoiled DNA into
nicked and linear DNA after incubated for 72 hotdmsom the comparative study,

the order of nucleolytic efficiency of these sixngaexes is [Cu(phen)(D-
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threo)(HO)]ClI > [Cu(phen)(D-ala)(kKO)]Cl = [Cu(phen)(L-ala)(HO)]CI >
[Cu(phen)(L-threo)(HO)]CI > [Cu(phen)(D-threo)(lD)]NOs; =~ [Cu(phen)(L-

threo)(HO)]NOs.
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Figure 4.19: Electrophoresis results of incubapi®@R322 (0.5ug/uL) in the
presence or absence of @l CuChk in TN buffer at pH 7.2 at various incubation
times at 37°C. L2 — 4, Untreated DNA control; L8 -DNA + 50uM CuCh; L1

& 5, Gene Ruler 1 Kb DNA Ladder.
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Figure 4.20: Electrophoresis results of incubapi®@R322 (0.5ug/uL) in the
presence of 5aM complex in TN buffer at pH 7.2 at various incubattimes at
37°C. L2 — 4, DNA + 5QM [Cu(phen)(D-ala)(HO)]CI; L6 — 8, DNA + 50uM

[Cu(phen)(L-ala)(HO)]CI; L10 — 12, DNA + 50 uM [Cu(phen)(D-
threo)(HO)]Cl; L14 — 16, DNA + 5QuM [Cu(phen)(L-threo)(HO)]CI; L1 & 17,

Gene Ruler 1 Kb DNA Ladder; L5, 9 & 13, Empty.
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Figure 4.21: Electrophoresis results of incubap@R322 (0.5ug/ulL) in the
presence of 5aM complex in TN buffer at pH 7.2 at various incubattimes at
37°C. L2 — 4, DNA + 5QM [Cu(phen)(D-threo)(KHO)]NOs; L6 — 8, DNA + 50
uM [Cu(phen)(L-threo)(HO)]NO;3; L1 & 5, Gene Ruler 1Kb DNA Ladder.

The time course study of DNA cleavage by [Ni(RMLO),]-H.O
showed that with the increase of reaction time,singercoiled DNA diminished
gradually and amount of linearized DNA increasette 40 min, the linearized
DNA began to appear, and the supercoiled DNA waslyp@bservable (Sonet
al., 2006). Interestingly, at 72 hours incubation theking of the DNA by the
[M(phen)(edda)] (M = Co, Ni and Zn) complexes wa%ren pronounced
compared to those incubated for 24 and 48 hours.rltleolytic efficiency of

the [M(phen)(edda)] complexes was found to depentath the incubation time

and the nature of metal ion (Seeigal, 2008).

Dixon et al, 1996, also reported that incubation time was ohehe
factors that affected the amount of DNA cleavageobdt complexes,
[(en)Co(OH)(OH)]*, [(cyclenyCo(OH)(OH)]**, and [(tamenCo(OH)(OH)])**
were found to promote hydrolysis of pUC19 plasmidAD With the increase of
incubation period from 0 minute to 6 hours, the ptares slowly converted the

supercoiled DNA into nicked and linear form of DNA.
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4.1.2 Nucleolytic study with exogenous agent

In previous section, we had investigated the e&ffet incubation
conditions, i.e., complex concentration, pH of lkuffnd incubation time, towards
nucleolytic property of the ternary copper(ll) cdenes. In this section, the effect
of exogenous agent on the DNA cleavage of the term@pper(ll) complexes was
studied. The exogenous agents are hydrogen per(ti®) and L-ascorbic acid
(AA). The former is an oxidizing agent while thdtéa is an anti-oxidant and a

reducing agent.

4.1.2.1 Nucleolytic study in the presence of hydeageroxide, HO,

Hydrogen peroxide, $#D,, which is an oxidizing agent that was used in
this study, can be converted into hydroxyl radidgalshe presence of transition
metal ions through Fenton reaction (Lin and Wu,480Generally, HO, did not
cause any significant alteration of DNA moleculeglaysiological concentration.
However, in the presence of transition metal ions, able to generate sufficient
highly reactive oxygen species (viz. *OH and OQ#hich then cause severe
damage to DNA, through induction of DNA strand lxage as well as base

modification (Wood and Lee, 2005).

Fe* + HO, ----> FE* + «OH + OH (Oxidation)

Fe* + H,0, ----> Fé* + «O0OH + H (Reduction)

Figure 4.22: The Fenton Reaction system
(Bréomme et. al, 2002)
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Figures 4.23 and 4.24 show the results of agarekelgctrophoresis of
plasmid DNA incubated with 50M complex in TN buffer (pH 7.2) for 2 hours at
37°C in the presence of 3QiM hydrogen peroxide. Control experiments
suggested that untreated DNA and DNA incubated Wb, alone did not show
any significant DNA cleavage (Figure. 4.23, L2 — Bgry little DNA cleavage
(nicking of DNA) was observed for all the copper@bmplexes under this study
without the addition of kD, in this experimental conditions (Figure. 4.23,+7

10; Figure 4.24, L4 - 5).

All six complexes, [Cu(phen)(D-ala)¢®)]Cl, [Cu(phen)(L-ala)(KHO)]CI,
[Cu(phen)(D-threo)(KHO)]CI, [Cu(phen)(L-threo)(kO)]CI, [Cu(phen)(D-
threo)(HO)]NOs, and [Cu(phen)(L-threo)(#D)]NOs; possessed similar cleavage
abilities as all of them were able to convert altradsthe supercoiled DNA into
the same amount of nicked form DNA, and the sama&lsamount of linear form

of DNA in the presence of @, (Figure 4.23, L14 — 17; Figure 4.24, L7 - 8).

118



Figure 4.23: Electrophoresis results of separatelybating pBR322 (0.hg/uL)
for 2 hours in TN buffer, pH 7.2 at 32 with 50uM copper(ll) complexes in the
presence and absence ofdd (L5, CuCh; L6, [Cu(phen)d]; L7, [Cu(phen)(D-
ala)(HO)]CI; L8, [Cu(phen)(L-ala)(KO)]CI; L9, [Cu(phen)(D-threo)(kD)]CI;
L10, [Cu(phen)(L-threo)(kD)]CI) and in the presence of 3M H,0, (L12,
CuCh; L13, [Cu(phen)C]|; L14, [Cu(phen)(D-ala)(kD)]CI; L15, [Cu(phen)(L-
ala)(HO)ICl;  L16, [Cu(phen)(D-threo)(D)ICI; L17, [Cu(phen)(L-
threo)(HO)]CI). Lane 1, 4 & 11, Gene Ruler 1 Kb DNA Laddeg, Untreated
DNA control; L3, DNA + 30uM H0..

Figure 4.24: Electrophoresis results of separatelybating pBR322 (0.5g/uL)
for 2 hours in TN buffer, pH 7.2 at 32 with 50uM copper(ll) complexes in the
presence and absence of,(d (L4, [Cu(phen)(D-threo)(kD)]NOs; L5,
[Cu(phen)(L-threo)(HO)]NO3) and in the presence of 3AM H,O, (L7,
[Cu(phen)(D-threo)(KO)]NOs; L8, [Cu(phen)(L-threo)(ED)INO3). L1 & 6,
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Gene Ruler 1 Kb DNA Ladder; L2, Untreated DNA cohtlL3, DNA + 30uM
H,0..

Cejudoet al, 2005, suggested that the free hydroxyl radicasevibound
to DNA due to the reaction of reduced copper(llinptexes with HO,, caused
single and/ or double strands breakage in DNA. Jingercoiled plasmid DNA,
pUC18, was converted to nicked or linear DNA whle taddition of HO,. With a
further increase in concentration of®3 from 0.075 to 0.10 mM, the nucleolytic
efficiency of copper(ll) complexes dfi-substituted thiazole sulfonamides was

found to increase.

Nuclease activity exhibited by copper(ll) complexasthe presence of
hydrogen peroxide has also been attributed to dncppation of hydroxyl radical
in DNA cleavage (Nget al, 2006; Umeaet al, 2005). As the kD, concentration
increases, the amount of double-strand scissions ehanced due to the
formation of more and more free hydroxyl radicalsinlg the reduction reaction
between the copper(ll) complexes angdopl Similar results were reported for
DNA strand cleavage induced by other copper(ll) pexes in the presence of

H,O, (Duarte and Jones, 2007).

This phenomenon can be explained by referring totdreWeiss-type
reactions. In these reactions, a transition metakréduces bD, to yield hydroxyl
radical. The hydroxyl radicals produced can dam@y and leads to strand
breakage, depurination/ depyrimidation, and chelmuadification of the bases

or sugar, in addition to lipid peroxidation and fefa modification (Duarte and
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Jones, 2007). In addition, in the presence gdiithe hydoxo-bridged dinuclear
copper(ll)/ phen (1,10-phenanthroline) complex fedrwere found to exhibit
nuclease activity and this also indicates thatftimmation of free radical during

the oxidative reaction (L&t al, 2005).

Arranzet al, 2007 also reported that the increasing conceotratf H,O,
(10 — 100 uM for 5 minutes or 10 — 5 for 30 minutes) induced a significant
increase of DNA strand breaks. Human hepatocelkdacinoma (HepG2) cells
treated with a concentration of 1M H,O, for 5 — 30 minutes markedly
increased the DNA strand breaks in FormamidopyimedDNA glycosylase
(Fpg) sensitive sites, whereas the Endonucleag&nido 11l) sensitive sites were
slightly increased. Maximum increase of DNA stramdaks at Fpg sensitive sites
and Endo Il sensitive sites occurred when thetr@aaenixture was incubated in

the presence of 5oM H,0, for 30 minutes (Arranet al, 2007).
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4.1.2.2 Nucleolytic study in the present of L-Asbar acid

Ascorbic acid (vitamin C) is an essential micromutt and is considered
as the most important water-soluble antioxidartitiiman plasma. The antioxidant
property of ascorbic acid is often considered raspae for its effects against
cardiovascular disease, certain types of cancadsreduces tocopherol radicals
back to their active form at the cellular membrarBesides, as a reducing agent,
it can directly scavenge superoxide radical, singkeygen, hydrogen peroxide

and hydroxyl radical (Duarte and Jones, 2007; Kiaket. al.,2007).

Figures 4.25 and 4.26 showed the results of agayelselectrophoresis of
plasmid DNA induced by 5QM copper(ll) complexes, incubated in TN buffer
(pH 7.2) for 2 hours at 37°C in the presence giNb L-ascorbic acid (AA).
Similarly, control experiments suggested that wateé DNA and DNA incubated
with L-ascorbic acid alone did not show any sigrafit DNA cleavage (Figure.
4.25, L2 — 3). No significant DNA cleavage is ohsel for all the copper(ll)
complexes in this study without the addition of ARAthis experimental condition
(Figure. 4.25 L7 — 10; Figure 4.26, L4 — 5). Witte tpresence of pM AA, the
cleavage efficiency for all six complexes, whicle & u(phen)(D-ala)(ED)]CI,
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(ED)]CI, [Cu(phen)(L-
threo)(HO)]CI, [Cu(phen)(D-threo)(ED)]NOs, and [Cu(phen)(L-
threo)(HO)]NOs, had obviously increased. All supercoiled DNA hiasen
converted into nicked and linear form of DNA (Figu4.25, L14 — 17; Figure

4.26, L7 - 8).
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Figure 4.25: Electrophoresis results of separatelybating pBR322 (0.hg/uL)
for 2 hours in TN buffer, pH 7.2 at 37 with 50uM copper(Il) complexes in the
presence and absence of L-ascorbic acid (AA). QuBZh; L6, [Cu(phen)C]; L7,
[Cu(phen)(D-ala)(HO)]CI; L8, [Cu(phen)(L-ala)(KO)]CI; L9, [Cu(phen)(D-
threo)(HO)]Cl; L10, [Cu(phen)(L-threo)(kD)]CI) and in the presence of M
AA (L12, CuCh; L13, [Cu(phen)Gl; L14, [Cu(phen)(D-ala)(kD)]Cl; L15,
[Cu(phen)(L-ala)(HO)]CI; L16, [Cu(phen)(D-threo)(ED)]CI; L17, [Cu(phen)(L-
threo)(HO)]CI). Lane 1 & 11, Gene Ruler 1 Kb DNA Ladder;, @ntreated
DNA control; L3, DNA + 2uM AA; L4, Empty.
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Figure 4.26: Electrophoresis results of separatelybating pBR322 (0.hg/uL)
for 2 hours in TN buffer, pH 7.2 at 37 with 50uM copper(Il) complexes in the
presence and absence of L-ascorbic acid (AA). (U&u(phen)(D-
threo)(HO)]NOs3; L5, [Cu(phen)(L-threo)(HO)]NO3) and in the presence of 2
uM AA (L7, [Cu(phen)(D-threo)(HO)INOs; L8, [Cu(phen)(L-threo)(bD)]NOs).
L1 & 6, Gene Ruler 1 Kb DNA Ladder; L2, Untreate8i® control; L3, DNA +

2 uM AA.
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In 1999, Sreedharat al. stated that DNA cleavage has been induced
oxidatively by copper(ll)/Neamine complex and cogpgKanamycin A
complex in the presence of 8 or ascorbic acid. Interestingly,
copper(ll)/Kanamycin A complex was also found tdiex DNA cleavage in the
absence of reducing agenia a hydrolytic degradation pathway at the higher
complex concentration used in those studies (Sezadhal, 1999). Besides that,
the mechanistic study into the mechanism of cytottyx of the anticancer
copper(ll) complex of 4,7-dimethyl-1,10-phenantimel and glycinate shows
strong binding of the complex to DNA and degradd$¢ADin the presence of

reducing agents (Mullest al, 2007).

Routieret al, 1998, who studied the nucleolytic property ofesies of
metal complexes of 2,9-bis(2-hydroxyphenyl)-1,1@ménthroline (M = Cu(ll),
Co(Il), Ni(ll) and Mn(lll)), claimed that the cleage of DNA by cobalt(ll)
complex in the presence of reducing agent suchsesrlaic acid. Moreover, a
novel ternary copper(ll) complex, [Cu(phen)(L-thnewe)(HO)](CIO,), was
shown to exhibit potent cytotoxic effects againatious types of normal human
as well as cancer cell line at a particular comegioin. In the presence of
ascorbate, pBR 322 DNA was found to be cleavechbycomplex (Zhanegt al,

2004).

According to the DNA cleavage mechanism proposedigynanet al,

1991, for [Cu(phen)?* complex, a copper(ll) complex was first reduced by

124



ascorbic acid to form the Cu(l) species, which theand to DNA forming a Cu(l)
complex-DNA adduct (Sigmaret al, 1991). The latter then reacted with
hydrogen peroxide to form a ‘copper-oxene’ radicahich was the species
responsible for the cleavage of DNA (Bartral, 1936). It was also possible that
the copper(ll) complex freely diffused to bind ttNB, the DNA-bound copper(ll)
complex approached the deoxyl ribose moiety inntfrgor groove and then was
reduced by ascorbic acid to Cu(l) form. The DNA-bdCu(l) form then reacted
with H,O, or other Q-derived species generated in the presence of wctad
and dioxygen to form a hydroxyl radical, which tHamngs about the abstraction

of the C-1 hydrogen of the deoxyl ribose moiety (Dlas, 1997).

Furthermore, Marciast al, 2005, have stated that transition metal ions
serve as bridge for the reaction of ascorbic ani axygen through the d orbital
of the metals. On the other hand, the radical fofhmascorbic acid (ascorbyl
radical) can react with oxygen to produce oxygemicals. Hence, the
concentration or the amount of complex poses atde#ect in the induction of
ascorbyl radical which leads to DNA cleavage (Masat al, 2005). Similar
mechanism may be responsible for DNA cleavage kycibpper complexes in

this investigation.

Moreover, Sengt al, 2008, found that in the absence of ascorbic adid,
the [M(phen)(edda)] (M = Cu, Co, Ni, Zn) compleX&8 uM) did not induce any
DNA cleavage. However, addition of §M ascorbic acid to the 5QM
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[Cu(phen)(edda)] greatly enhanced the DNA cleavage nearly all the
supercoiled plasmid was converted to nicked arealilDNA (Senget al, 2008).
An acyclic copper(ll) complex had been found todehin a similar manner to
[Cu(phen)(edda)]. This acyclic copper(ll) complexoree, without added
exogenous agent, could cleave DNA at sufficientlyghh micromolar
concentration. At 2mM, the acyclic copper(ll) complex was inactive. WWHEOO
uM of this complex was incubated with ascorbic ad¢ite DNA cleavage was

enhanced in comparison with that by 108 complex alone (Xwt al, 2004).
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4.2 DNA binding study

The interaction of transition metal ions and comptewith DNA has been
extensively studied many years ago (Harteigal, 2002; Stubbe and Kozarich,
1987; Burrows and Rokita, 1994; Banergteal, 1993; Pyle and Barton, 1990;
Klein et al, 1991; Kasprzak, 1991). Generally, metal ions eochplexes have
been identified to have a natural aptitude forrexténg with DNA due to their
cationic character, three-dimensional (3-D) strradtyprofiles and the anionic

nature of DNA (Dettyet al, 2004).

Various types of interaction of metal(ll) complexesh DNA are known.
Some important binding modes are (i) electrostiatieraction that involves the
attraction between the cationic metal(ll) compleithwthe negatively charged
DNA phosphates backbone, (ii) interaction with gre® of DNA, and (iii)
intercalation interaction which causes unwindingtloé base pairs of DNA to
accommodate the intercalating agent (Sigman, 188&set al, 1993; Jiact al,
2005). Binding of these complexes to DNA can béibtad through various
kinds of interaction, such as-stacking associated with the intercalation of
aromatic heterocyclic groups between the base,daydrogen bonding, van der
Waals interactions of functionalities bound alohg grooves of DNA helix, and

hydrophobic effects (Kumaat al.,, 2008).

The interaction of a set of chiral copper(ll) coeygs with DNA was

extensively investigated in this section. Two maiethods were used to study the
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DNA binding properties of copper(ll) complexes,. ifeiorescence intercalator
guenching (FIQ) assay and restriction enzyme itibibiassay. Ethidium bromide
(EB) quenching assay was used to determine ther@mpainding constant (4§,
of copper(ll) complexes towards different kinds @NA (Wang et al, 2005;

Yuanet al, 2006; Liet al, 2007).

4.2.1 Comparative DNA binding study of [Cu(phen)@a)(H.0)]ClI,
[Cu(phen)(L-ala)(H,O)]CI,  [Cu(phen)(D-threo)(HO)]CI,  [Cu(phen)(L-
threo)(H.0)]ClI, [Cu(phen)(D-threo)(HO)]NOs, and [Cu(phen)(L-
threo)(H.O)]NO; with calf thymus (CT) DNA

The comparative study involves six copper(ll) coaxgls with different
types of chiral ligands, viz [Cu(phen)(D-ala}®)]Cl, [Cu(phen)(L-ala)(HO)]ClI,
[Cu(phen)(D-threo)(KO)]CI, [Cu(phen)(L-threo)(kO)]CI, [Cu(phen)(D-
threo)(HO)]NO3, and [Cu(phen) (L-threo)@D)]NOs. The effect of the ligand
(changing the subsidiary ligand) in this seriescopper(ll) complexes was

investigated by EB quenching assay.

The binding strength of the copper(ll) complexeshw€CT-DNA were
determined quantitatively through EB quenching ysddne apparent binding
constant, Ky, of each complex was calculated as explained ati®@e3.5.1. The
CT-DNA apparent binding constants of this seriecabper(ll) complexes are

given in Table. 4.1).
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Table 4.1 : Apparent binding constants of [Cu(pt@ryla)(HO0)]CI,
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(ED)]CI, [Cu(phen)(L-
threo)(HO)]CI, [Cu(phen)(D-threo)(ED)]NOs, and [Cu(phen)(L-
threo)(HO)]JNOs on CT-DNA.

Concentration at | Apparent binding

Complex 50% quenching/ constant (Kapp)

UM M*

[Cu(phen)(D-ala)(HO)]CI 38.76 2.58 +0.04 x f0
[Cu(phen)(L-ala)(HO)]CI 31.43 3.19+0.21x f0
[Cu(phen)(D-threo)(KO)]CI 48.49 2.06 +0.05 x T0
[Cu(phen)(L-threo)(KHO)]CI 54.38 1.84 +0.08 x f0
[Cu(phen)(D-threo)(KO)]NO; 49.16 2.03 +£0.02 x 0
[Cu(phen)(L-threo)(KHO)]NO3 56.49 1.78 £0.19 x f0

Competitive EB binding study was undertaken to mheitee quantitatively
the binding affinity of the copper(ll) complexeshd molecular fluorophore EB
emits intense fluorescence in the presence of CRDNe to its protection from
guenching by water or solvent molecules. In certzoamdition, addition of a
second molecule would lead to displacement of EBhfDNA and quenching of
the EB emission (Yuaet al, 2006; Liet al, 2007). The reduction of the emission
intensity of DNA-EB system on increasing the comptencentration can be due
to displacement of the DNA bound EB by the copperbmplexes, and this
phenomenon is commonly known as quenching effebe @&pparent binding

constants of the copper(ll) complexes were caledldtom the classical Stern-
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Volmer equation at 50% quenching of DNA-bound EBork these values, the
order of increasing binding strength of the copipecomplexes was found to be
[Cu(phen)(L-ala)(HO)ICl (Kapp = 3.19 + 0.21 x 10 M) > [Cu(phen)(D-
ala)(HO)]CI (Kapp= 2.58 + 0.01 x 10M™) > [Cu(phen)(D-threo)(ED)]CI (Kapp

= 2.06 = 0.05 x 10M™) > [Cu(phen)(D-threo)(kD)INOz (Kapp= 2.03 + 0.02 x
100 M) > [Cu(phen)(L-threo)(BD)ICI (Kapp = 1.84 + 0.08 x 10 MY >
[Cu(phen)(L-threo)(H0)]NOs (Kapp= 1.78 + 0.19 x 10M™), respectively (Table

4.1).

The complex [Cu(phen)(L-ala)@®)]Cl binds more strongly compared to
[Cu(phen)(D-ala)(HO)]ClI with the binding constant of 3.19 + 0.21 ¥ M™* and
2.58 + 0.01 x 10M™, respectively. This may due to the L-isomer is ofhthe 22
proteinogenic amino acids, i.e. building blocks pybteins (Doolittle, 1989).
Comparing between subsidiary ligands, i.e. alaming threonine, alanine bind
more strongly compared to threonine. Moreover, dhgroup of alanine and
threonine are different. Alanine having a methybup (hydrophobic) while
threonine having a hydroxyl-alkyl group (hydroptjli this differences of

hydrophobicity may also affect the binding strengtlcopper(ll) complexes.

In addition, the binding constant for [Cu(phen){iDeto)(HO)]CI and
[Cu(phen)(D-threo)(KO)]NO;, as well as [Cu(phen)(L-threo){B)]CI and
[Cu(phen)(L-threo)(HO)]NO; are found to be very similar and close to each

other (Table 4.1). This phenomenon suggests tlgaation, Cland NQ’, does

130



not possess important effect on this DNA interactgtudy. These anions are
probably dissociated from the cationic copper(lbmplex in aqueous solution

and exist as free ions.

From this study, it showed that the metal complexath different

subsidiary ligands can induce a change in the bgdffinity.

4.2.2 DNA sequence selectivity and restriction eneyinhibition studies
Controlling gene expression with small DNA-bindimgplecules has been
a challenge at the interface of medicinal chemiatrg biology. To achieve this
goal, a number of chemical approaches have beetn wsesearch for small
molecules that can selectively bind to DNA and egithctivate or inhibit gene
expression (Qiret al, 2006). Efforts have focused on the rational glesof
ligands capable of binding tightly and specificattyany base sequence of double
stranded DNA. These agents can potentially have wjgplication in elucidating
the mechanism of action of antitumor and antividrsigs, and developing
chemotherapeutic agents (Oleksial, 2006; Lavalleyet al, 2007 Pascuet al,

2008).

Over the past ten years, attention has been foousddrgeting the AT-
rich sequences of DNA. Some small molecules hawn eported to be used
extensively for biomedical applications, such agvaal antibiotics. They exert

significant biological activity by interfering witthe proteins that regulate DNA
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replication and transcription processes by thdectee binding to the AT-rich
sequences of DNA (Patrat al, 2007). In addition, natural ligands, like
neotropsin and distamycin A, are found to have reatde affinity to the DNA
minor groove with AT-rich sequences (Bogar al, 2000; Tkadlecovét al,

2008).

In recent years, much interest has focused onpgeifkc DNA sequence
binding of mixed-ligand complexes which contain plad the modified amino
acid ligands which are to design to achieve motec@fe binding affinity of the
complexes to specific DNA sequence (Mudaairal, 2003). Further detailed
studies using various central metal ions are ne¢deskplore the influence of
geometry, charge, spin state, redox potential, ett.the DNA binding of the

mixed-ligand complexes.

The aim of this study is to investigate the bindaffinity and DNA
sequence selectivity of a series of copper(ll) demgs with different
coordinated/ subsidiary chiral ligand(s). The DNgparent binding constants of
all the copper(ll) complexes were calculated for DNuplexes with different
sequences such as (G&@&nd (AT}, through EB quenching assay. In addition,
restriction enzyme inhibition assay was carried mutnvestigate whether the
copper(ll) complexes binds randomly or selectivelgpecific sites or regions of

the DNA.
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4.2.2.1 Comparative DNA binding study of [Cu(pheb}ala)(H20)]Cl,
[Cu(phen)(L-ala)(H,O)]CI,  [Cu(phen)(D-threo)(HO)]CI,  [Cu(phen)(L-
threo)(H.0)]ClI, [Cu(phen)(D-threo)(HO)]NOs, and [Cu(phen)(L-
threo)(H,O)]NO; with oligonucleotides ds(ATE)and ds(CG&)

The study of binding and DNA sequence selectivity copper(ll)
complexes, [Cu(phen)(D-ala){B®)]Cl, [Cu(phen)(L-ala)(HO)]Cl, [Cu(phen)(D-
threo)(HO)]CI, [Cu(phen)(L-threo)(KO)]CI, [Cu(phen)(D-threo)(kD)]NO3, and
[Cu(phen)(L-threo)(HO)]NOs, were carried out. The function and effect of the
chiral subsidiary ligand and counter ion in coppegomplexes were investigated
by EB quenching assay to study the binding seliégtof copper(ll) complexes

on DNA.

The first part of this investigation was to findtoine DNA binding
preference for CG or AT rich sequences by compl¢kegphen)(D-ala)(KHO)]CI,
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(LD)]CI, [Cu(phen)(L-
threo)(HO)]CI,  [Cu(phen)(D-threo)(lD)INOs, and  [Cu(phen)  (L-
threo)(HO)]NOs. The Kar/Kce ratio is calculated by dividing the apparent
binding constant of copper(ll) complex on ds(AT)NA over the apparent
constant on ds(Ce@DNA. The Kar/Kcg ratio indicates the binding selectivity of
copper(ll) complexes on ds(AJIPNA sequence over the ds(GENA sequence.
The lower the Ki/Kcg ratio value indicates low selectivity towards d§jé

DNA sequence.

133



From the experimental result of EB quenching assayds(CGg and
ds(AT) oligonucleotides (Table 4.2), complexes [Cu(phrgla)(HO)]CI,
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(kD)]NOs, and [Cu(phen) (L-
threo)(HO)]NOs; showed significantly higher apparent binding can& (i.e.,
5.18 + 0.06 x 16M™, 8.26 + 0.16 x 10M™, 2.81 + 0.11 x 10M™, and 2.47 +
0.04 x 16 M respectively) for ds(AE)than ds(CG) this suggested that they

binds preferentially or more selectively to ds(AT)

On the other hand, complexes [Cu(phen)(D-threg))fCI, and
[Cu(phen)(L-threo)(HO)]CI show no preference to either ds(ATOr ds(CGy
oligonucleotides as the binding constants are ghkrse to each other (i.e., 3.24 +
0.06 x 16 M™ and 3.20 + 0.02 x faM™; 2.45 + 0.10 x 16M™, and 3.05 + 0.05

x 10* M, respectively).
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Table 4.2: EB quenching assay results of [Cu(piea)d)(HO)]CI,
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(ED)]CI, [Cu(phen)(L-
threo)(HO)]CI, [Cu(phen)(D-threo)(ED)]NOs, and [Cu(phen)(L-
threo)(HO)]NO3 on ds(AT) and ds(CG)oligonucleotides.

Apparent Apparent
binding binding
Complex Kat/Kes
constant (Kapp) | constant (Kapp)

M™on ds(AT) | M™ on ds(CG})

[Cu(phen)(D-ala)(kO)]CI | 5.18 +0.06 x 1b| 3.35+0.11 x 16| 1.55

[Cu(phen)(L-ala)(HO)]CI | 8.26 +0.16 x 1H| 2.95+0.04 x 1| 2.80

[Cu(phen)(D-threo)(L0)]CI | 3.24 +0.06 x 16| 3.20 £ 0.02 x 16| 1.01

[Cu(phen)(L-threo)(HO)]CI | 2.45+0.10 x 1b| 3.05+0.05x 1b| 0.80

[Cu(phen)(D-threo)(KHO)JNO; | 2.81 +0.11 x 16| 1.50 + 0.01 x 16| 1.87

[Cu(phen)(L-threo)(HO)]NO; | 2.47 +0.04 x 1b| 1.55 + 0.02 x 1H| 1.59

° KAT/KCG = I’atIO Of Kapp, dS(AT)Gl Kapp, dS(CG%

The complex [Cu(phen)(L-ala)@®)]Cl binds strongest on ds(Ad)
oligonucleotides and possessed strongest apparetimdy constant (8.26 = 0.16 x
10" M™1) among the six copper(ll) complexes. Between the of alanine-
containing complexes, [Cu(phen)(L-ala)®)]Cl showed stronger binding
affinity towards ds(ATy9 oligonucleotides than its enantiomeric complex,
[Cu(phen)(D-ala)(HO)]Cl. The Kar/Kcs of [Cu(phen)(L-ala)(HO)]CI (2.80) is

about two folds greater than complex [Cu(phen)(®&K&LO)]CI (1.55). This may
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due to the chirality of the copper(ll) complexesl dne coordination of L-isomer.

In pharmacology, chirality is an important factar determine binding strength
and drug efficacy (Montanat al, 2008). As all the naturally occurring amino
acids are L-isomers, the presence of L-alanin&Cun(fphen)(L-ala)(KHO)]Cl may

make it bind to DNA more strongly.

In addition, the anion, Clnd NQ’, are proposed to dissociate from the
cationic copper(ll) complex in aqueous solution angt as free ions. However,
these anions are found to be affect the DNA bindtgly. In this case, the
copper(ll) complexes with Cl e.g. [Cu(phen)(D-threo)@®)]Cl and
[Cu(phen)(L-threo)(KHO)]CI are found to bind stronger to DNA comparedtie
copper(ll) complexes with N e.g. [Cu(phen)(D-threo)@®d)]NO; and
[Cu(phen)(L-threo)(HO)]NO:s. It is suggested that the size and molecular weigh
of CI' is much more smaller than NOthe steric hindrance and screening effect
of CI' is lower, and hence, the copper(ll) complexes Wdthbind stronger to

DNA.

According to the ratio of K, dS(AT)/ Kapp ds(CG, ie. Kar/Kcg, of this
series of copper(ll) complexes in Table 4.2, thdeorof selectivity towards
ds(AT) is [Cu(phen)(L-ala)(HO)]CI > [Cu(phen)(D-threo)(bD)]INO; >
[Cu(phen)(L-threo)(HO)]NO; > [Cu(phen)(D-ala)(KO)]CI > [Cu(phen)(D-
threo)(HO)]CI > [Cu(phen)(L-threo)(kD)]Cl (Kat/Kce = 2.80 > 1.87 > 1.59 >

1.55 > 1.01 > 0.80, respectively) (Table 4.2)
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4.2.2.2 Restriction enzyme inhibition study of [Qinen)(D-ala)(H:0)]Cl,
[Cu(phen)(L-ala)(H,O)]JCI,  [Cu(phen)(D-threo)(HO)]CI,  [Cu(phen)(L-
threo)(H.0)]CI,  [Cu(phen)(D-threo)(HO)]NOs, and [Cu(phen)(L-
threo)(H.O)]NO; complexes

Restriction endonuclease, or commonly known asicésn enzyme, is a
type of enzyme that is able to cleave double sednal single stranded DNA.
The cleavage of DNA will take place at one or mitvan one, specific and unique

recognized nucleotide sequences, which are knowasasction sites (Roberet

al., 1976).
1.Tsp5091 5— | AATT—3 7.Asel 5—AT|TAAT—3
3—TTAA —5 3—TAATITA—5
2.Haell 5—GC|GC—3 8.Sspl 5—AA|[TATT—3
3—CG1CG—5 3—TTATIAA—S
3.Sall 5—GTCGAC—3 9.Munl 5—C/AATTG—3
3—CAGCTIG—5 3—GTTAAIC—5
4. Pst 5—CTGCA|G—3 10.EcoR| 5—GAATTC—3
3—G}ACGTC—5 3—CTTAAIG—5
5Pwull  5—CAG|CTG—3 11.Ndel 5—CATATG—3
3—GTC1GAC—5 3—GTAT!AC—5
6.Sca 5_AGTACT—3 12.Bst 5—GTA|TAC—3

3—TCATTGA-5 11071 3—CATTATG—5

All the above twelve restriction enzymes were usedexamine the
binding selectivity and specificity (i.e., recogaispecific nucleotide sequences)
of six copper(ll) complexes.. Basically, if the basat the restriction site(s) are

bonded or masked by the metal complex, the resinie&nzyme cannot recognize
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the nucleotide sequence and hence is unable teecteal DNA anymore (Karidi
et al, 2002; Karidiet al, 2005). In this experiment, we can briefly comiguhat
whether there is inhibition of DNA cleavage by resion enzyme or alteration of

DNA cleavage.

Control experiment suggests that Cu€ilt did not alter the restriction
enzyme activity as no prevention of restriction ygne digestion was observed
(Figure 4.27 — 4.28). This may due to CulBéen unable to recognize, bond or
mask the specific nucleotide sequences inAtfiNA, and thus did not prevent

DNA digestion by restriction enzyme.
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Figure 4.27:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absencg@M CuCl for 2 hours at
37°C. Lane 1, 1kb DNA ladder; LaneX2DNA alone (0.5 pug); Lane 3,DNA +
50 uM metal salt; Lane 4,DNA + 5 unit Tsp 509I (control); Lane 5,DNA + 5
unit Tsp 5091 + 50 uM metal salt; Lane’d6DNA + 5 unit Hae IIl (control); Lane
7,x DNA + 5 unit Hae Ill + 50 pM metal salt; Lane 8DNA + 5 unit Sal |
(control); Lane 91 DNA + 5 unit Sal | + 50 uM metal salt; Lane 20DNA + 5
unit Pst | (control); Lane 12, DNA + 5 unit Pst | + 50 uM metal salt; Lane 12,
DNA + 5 unit Pvu Il (control); Lane 13, DNA + 5 unit Pvu Il + 50 uM metal
salt; Lane 14) DNA + 5 unit Sca | (control); Lane 15,DNA + 5 unit Sca | +
50 uM metal salt; Lane 16, 1kb DNA ladder.

Figure 4.28:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absencg@M CuCl for 2 hours at
37°C. Lane 1, 1kb DNA ladder; Lane’2DNA alone (0.5 pg); Lane 3,DNA +
50 uM metal salt; Lane 4,DNA + 5 unit Ssp | (control); Lane 5,DNA + 5 unit
Ssp | + 50 uM metal salt; Lane’l6DNA + 5 unit Ase | (control); Lane & DNA
+ 5 unit Ase | + 50 pM metal salt; Lane’8DNA + 5 unit Mun | (control); Lane
9, A DNA + 5 unit Mun | + 50 uM metal salt; Lane 20DNA + 5 unit EcoR |
(control); Lane 11). DNA + 5 unit EcoR | + 50 uM metal salt; Lane A2DNA +
5 unit Ndel (control); Lane 13, DNA + 5 unit Ndel + 50 uM metal salt; Lane 14,
A DNA + 5 unit Bst 11071 (control); Lane 15,DNA + 5 unit Bst 11071 + 50
UM metal salt; Lane 16, 1kb DNA ladder.
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Figure 4.29:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absencg0qiM [Cu(phen)C}] for 2
hours at 37°C. Lane 1, 1kb DNA ladder; Lan& BPNA alone (0.5 pug); Lane 3,
DNA + 50 uM metal complex; Lane 4,DNA + 5 unit Tsp 509l (control); Lane
5,2 DNA + 5 unit Tsp 5091 + 50 uM metal complex; Lathe. DNA + 5 unit Hae
Il (control); Lane 7). DNA + 5 unit Hae 1ll + 50 uM metal complex; LaBe\r
DNA + 5 unit Sal | (control); Lane 9, DNA + 5 unit Sal | + 50 uM metal
complex; Lane 104 DNA + 5 unit Pst | (control); Lane 11,DNA + 5 unit Pst |
+ 50 uM metal complex; Lane 12,DNA + 5 unit Pvu Il (control); Lane 13,
DNA + 5 unit Pvu Il + 50 uM metal complex; Lane 24DNA + 5 unit Sca |
(control); Lane 15} DNA + 5 unit Sca | + 50 uM metal complex; Lane 1&b

DNA ladder.
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Figure 4.30:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absencg0qiM [Cu(phen)C}] for 2
hours at 37°C. Lane 1, 1kb DNA ladder; Lan& BNA alone (0.5 pg); Lane 3,
DNA + 50 uM metal complex; Lane #,DNA + 5 unit Ssp | (control); Lane 3,
DNA + 5 unit Ssp | + 50 uM metal complex; Laned6DNA + 5 unit Ase |
(control); Lane 71 DNA + 5 unit Ase | + 50 uM metal complex; LaneA8DNA
+ 5 unit Mun 1 (control); Lane 9, DNA + 5 unit Mun | + 50 uM metal complex;
Lane 10 DNA + 5 unit EcoR | (control); Lane 11,DNA + 5 unit EcoR | + 50
MM metal complex; Lane 12,DNA + 5 unit Ndel (control); Lane 13,DNA + 5
unit Ndel + 50 uM metal complex; Lane 24DNA + 5 unit Bst 11071 (control);
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Lane 15A DNA + 5 unit Bst 11071 + 50 pM metal complex; Lak& 1kb DNA
ladder.
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Figure 4.31:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(D-
ala)(H0)]CI for 2 hours at 37°C. Lane 1, 1kb DNA laddesine 2,. DNA alone
(0.5 pg); Lane 3L DNA + 50 uM metal complex; Lane #,DNA + 5 unit Tsp
5091 (control); Lane 5, DNA + 5 unit Tsp 5091 + 50 uM metal complex; Labie
A DNA + 5 unit Hae Il (control); Lane & DNA + 5 unit Hae 11l + 50 uM metal
complex; Lane 8. DNA + 5 unit Sal | (control); Lane 9, DNA + 5 unit Sal | +
50 uM metal complex; Lane 1B,DNA + 5 unit Pst | (control); Lane 11,DNA
+ 5 unit Pst | + 50 uM metal complex; Lane 22DNA + 5 unit Pvu Il (control);
Lane 132 DNA + 5 unit Pvu Il + 50 uM metal complex; Lane, 24DNA + 5
unit Sca | (control); Lane 15, DNA + 5 unit Sca | + 50 uM metal complex;
Lane 16, 1kb DNA ladder.
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Figure 4.32:Electrophoresis results of incubatihdNA (0.5 pg/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(D-
ala)(HO)]CI for 2 hours at 37°C. Lane 1, 1kb DNA laddesne 2. DNA alone
(0.5 ng); Lane 3). DNA + 50 uM metal complex; Lane #,DNA + 5 unit Ssp |
(control); Lane 50 DNA + 5 unit Ssp | + 50 uM metal complex; Lané.@NA
+ 5 unit Ase | (control); Lane 74, DNA + 5 unit Ase | + 50 uM metal complex;
Lane 8L DNA + 5 unit Mun I (control); Lane 9, DNA + 5 unit Mun | + 50 uM
metal complex; Lane 10, DNA + 5 unit EcoR | (control); Lane 11,DNA + 5
unit EcoR | + 50 uM metal complex; Lane 22DNA + 5 unit Ndel (control);
Lane 13\ DNA + 5 unit Ndel + 50 uM metal complex; Lane ADNA + 5 unit
Bst 11071 (control); Lane 15,DNA + 5 unit Bst 11071 + 50 uM metal complex;
Lane 16, 1kb DNA ladder.
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Figure 4.33:Electrophoresis results of incubatihdNA (0.5 pg/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(L-
ala)(H,O)]ClI for 2 hours at 37°C. Lane 1, 1kb DNA laddesne 2, DNA alone
(0.5 pg); Lane 3L DNA + 50 uM metal complex; Lane #,DNA + 5 unit Tsp
509l (control); Lane 5, DNA + 5 unit Tsp 5091 + 50 uM metal complex; Labe
A DNA + 5 unit Hae Il (control); Lane 4 DNA + 5 unit Hae 1l + 50 uM metal
complex; Lane 8. DNA + 5 unit Sal | (control); Lane 9,DNA + 5 unit Sal | +
50 uM metal complex; Lane 1B,DNA + 5 unit Pst | (control); Lane 11,DNA
+ 5 unit Pst | + 50 uM metal complex; Lane 122DNA + 5 unit Pvu Il (control);
Lane 13,L DNA + 5 unit Pvu Il + 50 pM metal complex; Lane, 24DNA + 5

unit Sca | (control); Lane 15, DNA + 5 unit Sca | + 50 pM metal complex;
Lane 16, 1kb DNA ladder.
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Figure 4.34:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absenceé®iuM [Cu(phen)(L-
ala)(H0)]CI for 2 hours at 37°C. Lane 1, 1kb DNA laddesine 2,. DNA alone
(0.5 pg); Lane 3L DNA + 50 uM metal complex; Lane #,DNA + 5 unit Ssp |
(control); Lane 51 DNA + 5 unit Ssp | + 50 uM metal complex; Lané.@)NA

+ 5 unit Ase | (control); Lane 74, DNA + 5 unit Ase | + 50 uM metal complex;
Lane 8,1 DNA + 5 unit Mun I (control); Lane 9 DNA + 5 unit Mun | + 50 pM
metal complex; Lane 10, DNA + 5 unit EcoR | (control); Lane 11,DNA + 5
unit EcoR | + 50 uM metal complex; Lane 22DNA + 5 unit Ndel (control);
Lane 13\ DNA + 5 unit Ndel + 50 uM metal complex; Lane A4DNA + 5 unit
Bst 11071 (control); Lane 15,DNA + 5 unit Bst 11071 + 50 M metal complex;
Lane 16, 1kb DNA ladder.
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Figure 4.35:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(D-
threo)(H0)]CI for 2 hours at 37°C. Lane 1, 1kb DNA laddeane 2,. DNA
alone (0.5 pg); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Tsp 5091 (control); Lane 5, DNA + 5 unit Tsp 5091 + 50 uM metal complex;
Lane 6, DNA + 5 unit Hae Il (control); Lane 7 DNA + 5 unit Hae Il + 50
UM metal complex; Lane & DNA + 5 unit Sal | (control); Lane 9, DNA + 5
unit Sal I + 50 pM metal complex; Lane 20DNA + 5 unit Pst | (control); Lane
11,X DNA + 5 unit Pst | + 50 uM metal complex; Lane 12DNA + 5 unit Pvu
II (control); Lane 13X DNA + 5 unit Pvu Il + 50 pM metal complex; Lane, 24
DNA + 5 unit Sca | (control); Lane 1%, DNA + 5 unit Sca | + 50 pM metal
complex; Lane 16, 1kb DNA ladder.
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Figure 4.36:Electrophoresis results of incubatihdNA (0.5 pg/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(D-
threo)(H0)]CI for 2 hours at 37°C. Lane 1, 1kb DNA laddeane 2,. DNA
alone (0.5 pg); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Ssp | (control); Lane 5, DNA + 5 unit Ssp | + 50 uM metal complex; Lané\6,
DNA + 5 unit Ase | (control); Lane 7, DNA + 5 unit Ase | + 50 pM metal
complex; Lane 8\ DNA + 5 unit Mun | (control); Lane 9, DNA + 5 unit Mun |
+ 50 uM metal complex; Lane 1B,DNA + 5 unit EcoR | (control); Lane 11,
DNA + 5 unit EcoR | + 50 uM metal complex; Lane 22DNA + 5 unit Ndel
(control); Lane 131 DNA + 5 unit Ndel + 50 pM metal complex; Lane 24,
DNA + 5 unit Bst 11071 (control); Lane 15,DNA + 5 unit Bst 11071 + 50 uM
metal complex; Lane 16, 1kb DNA ladder.
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Figure 4.37:Electrophoresis results of incubatihdNA (0.5 pg/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(L-
threo)(HO)]CI for 2 hours at 37°C. Lane 1, 1kb DNA laddeane 2,A DNA
alone (0.5 pug); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Tsp 5091 (control); Lane 5, DNA + 5 unit Tsp 5091 + 50 uM metal complex;
Lane 6, DNA + 5 unit Hae Ill (control); Lane 7 DNA + 5 unit Hae Il + 50
UM metal complex; Lane & DNA + 5 unit Sal | (control); Lane 9, DNA + 5
unit Sal I + 50 pM metal complex; Lane 20DNA + 5 unit Pst | (control); Lane
11,X DNA + 5 unit Pst | + 50 uM metal complex; Lane 12DNA + 5 unit Pvu
II (control); Lane 13X DNA + 5 unit Pvu Il + 50 pM metal complex; Lane, 24
DNA + 5 unit Sca | (control); Lane 1%, DNA + 5 unit Sca | + 50 pM metal
complex; Lane 16, 1kb DNA ladder.
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Figure 4.38:Electrophoresis results of incubatihdNA (0.5 pg/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(L-
threo)(HO)]CI for 2 hours at 37°C. Lane 1, 1kb DNA laddeane 2,A DNA
alone (0.5 pg); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Ssp | (control); Lane 5 DNA + 5 unit Ssp | + 50 pM metal complex; Lané\6,
DNA + 5 unit Ase | (control); Lane 7, DNA + 5 unit Ase | + 50 pM metal
complex; Lane 8, DNA + 5 unit Mun | (control); Lane 9, DNA + 5 unit Mun |
+ 50 uM metal complex; Lane 1D,DNA + 5 unit EcoR | (control); Lane 11,
DNA + 5 unit EcoR | + 50 pM metal complex; Lane 22DNA + 5 unit Ndel
(control); Lane 132 DNA + 5 unit Ndel + 50 pM metal complex; Lane 24,
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DNA + 5 unit Bst 11071 (control); Lane 15,DNA + 5 unit Bst 11071 + 50 uM
metal complex; Lane 16, 1kb DNA ladder.
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Figure 4.39:Electrophoresis results of incubatihdNA (0.5 pg/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(D-
threo)(HO)]NO; for 2 hours at 37°C. Lane 1, 1kb DNA ladder; La&npa DNA
alone (0.5 pug); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Tsp 5091 (control); Lane 5, DNA + 5 unit Tsp 5091 + 50 uM metal complex;
Lane 6, DNA + 5 unit Hae Ill (control); Lane 7 DNA + 5 unit Hae Il + 50
KM metal complex; Lane & DNA + 5 unit Sal | (control); Lane 9, DNA + 5
unit Sal I + 50 pM metal complex; Lane 20DNA + 5 unit Pst | (control); Lane
11,X DNA + 5 unit Pst | + 50 uM metal complex; Lane 12DNA + 5 unit Pvu
II (control); Lane 13X DNA + 5 unit Pvu Il + 50 pM metal complex; Lane, 24
DNA + 5 unit Sca | (control); Lane 1%, DNA + 5 unit Sca | + 50 pM metal
complex; Lane 16, 1kb DNA ladder.
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Figure 4.40:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absencé®iuM [Cu(phen)(D-
threo)(HO)]NO;s for 2 hours at 37°C. Lane 1, 1kb DNA ladder; La&n& DNA
alone (0.5 pg); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Ssp | (control); Lane 5, DNA + 5 unit Ssp | + 50 uM metal complex; Lané\.6,
DNA + 5 unit Ase | (control); Lane 7, DNA + 5 unit Ase | + 50 pM metal
complex; Lane 8, DNA + 5 unit Mun | (control); Lane 9, DNA + 5 unit Mun |
+ 50 uM metal complex; Lane 1D,DNA + 5 unit EcoR | (control); Lane 11,
DNA + 5 unit EcoR | + 50 pM metal complex; Lane 22DNA + 5 unit Ndel
(control); Lane 132 DNA + 5 unit Ndel + 50 pM metal complex; Lane 14,
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DNA + 5 unit Bst 11071 (control); Lane 15,DNA + 5 unit Bst 11071 + 50 uM
metal complex; Lane 16, 1kb DNA ladder.
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Figure 4.41:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absenceés®iuM [Cu(phen)(L-
threo)(HO)]NO;s for 2 hours at 37°C. Lane 1, 1kb DNA ladder; La&n& DNA
alone (0.5 pg); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Tsp 5091 (control); Lane 5, DNA + 5 unit Tsp 5091 + 50 uM metal complex;
Lane 6,L DNA + 5 unit Hae Il (control); Lane 7 DNA + 5 unit Hae Il + 50
MM metal complex; Lane 8 DNA + 5 unit Sal | (control); Lane 9, DNA + 5
unit Sal I + 50 uM metal complex; Lane 20DNA + 5 unit Pst | (control); Lane
11,X DNA + 5 unit Pst | + 50 uM metal complex; Lane 1ZDNA + 5 unit Pvu
Il (control); Lane 13X DNA + 5 unit Pvu Il + 50 puM metal complex; Lane, 24
DNA + 5 unit Sca | (control); Lane 1%, DNA + 5 unit Sca | + 50 puM metal
complex; Lane 16, 1kb DNA ladder.
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Figure 4.42:Electrophoresis results of incubatihdNA (0.5 ug/uL) with 5 unit
of restriction enzyme in the presence or absenceé®iuM [Cu(phen)(L-
threo)(HO)]NO;3 for 2 hours at 37°C. Lane 1, 1kb DNA ladder; La&n& DNA
alone (0.5 pg); Lane 3,DNA + 50 uM metal complex; Lane #,DNA + 5 unit
Ssp | (control); Lane 5 DNA + 5 unit Ssp | + 50 pM metal complex; Lané\6,
DNA + 5 unit Ase | (control); Lane 7, DNA + 5 unit Ase | + 50 pM metal
complex; Lane 8, DNA + 5 unit Mun | (control); Lane 9, DNA + 5 unit Mun |
+ 50 uM metal complex; Lane 1D,DNA + 5 unit EcoR | (control); Lane 11,
DNA + 5 unit EcoR | + 50 pM metal complex; Lane 22DNA + 5 unit Ndel
(control); Lane 132 DNA + 5 unit Ndel + 50 pM metal complex; Lane 14,
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DNA + 5 unit Bst 11071 (control); Lane 15,DNA + 5 unit Bst 11071 + 50 uM
metal complex; Lane 16, 1kb DNA ladder.

Figure 4.29 — 4.30 showed the electrophoresis teesil incubationi
DNA with 5 units of restriction enzyme in the prese or absence of 5M
[Cu(phen)CY] for 2 hours at 37°C. The restriction enzymes HaeAse |, Ssp |,
Nde | and Bst 11071 which recognize the base seggeb-GCGC-3’, 5'-
ATTAAT-3', 5-AATATT-3’, 5-CATATG-3’ and 5-GTATAC -3’ respectively,
were unable to digest thle DNA into expected fragments in the presence of
[Cu(phen)C}] complex. In other words, the result indicated ttl@mplex
[Cu(phen)C}] was able to prevent these enzymes from cuttie@ DNA at these

sequences 5-GCGC-3’, 5-ATTAAT-3', 5-AATATT-3’, SCATATG-3' and

5-GTATAC-3..

The result above suggested that the complex mighdtto DNA bases and
masked the unique recognition sites of these fatriction enzymes, and hence,
these restriction enzymes were unable to recoghaae DNA sequences anymore
and digest the& DNA into expected fragments (Karidt al, 2002; Karidiet al,

2005; Heet al, 2009).
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Table 4.3: Inhibition of restriction enzymes adivby Copper(ll) complexes,
[Cu(phen)(aa)(KO)]X.

Haelll | Sspl| Asel| Ndel 1?3;1

CuChL (Control)

[Cu(phen)C}] (Control) v v v v v
[Cu(phen)(D-ala)(KHO)]CI \' \'
[Cu(phen)(L-ala)(HO)]CI v v v v
[Cu(phen)(D-threo)(KO)]CI \ \ \
[Cu(phen)(L-threo)(KHO)]CI \ \'
[Cu(phen)(D-threo)(KO)]NO3 \' \' \'
[Cu(phen)(L-threo)(HO)]NO3 \ \

On the other hand, complex [Cu(phen)(L-algdHCl was able to inhibit
the restriction enzyme activity of Ase |, Ssp I,eNid and Bst 11071. These four
enzymes recognize base sequences 5-ATTAAT-3', ATFATT-3’, 5'-
CATATG-3 and 5’-GTATAC-3, respectively (Figure 37 — 4.38). Interestingly,
the selectivity and specificity is improved wher th-ala ligand is replaced with
its enantiomer, D-ala. The complex [Cu(phen)(D{&apP)]Cl could inhibit the
activity of only two restriction enzymes, which aBsp | and Nde I, while
[Cu(phen)(L-ala)(HO)]CI could inhibit four. It seems that the chitgliof
coordinated amino acid can affect the ability opmer(ll) complexes to inhibit
particular type of restriction enzymes. Some regeagroups reported that
chirality is an important factor in drug efficaddbout 56% drugs currently in use
are chiral compounds, and about 88% of these ckyathetic drug are used

therapeutically as racemic (Rentsch, 2002; Joh@320n addition, Montanat al
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(2002) also reported that the platinum(ll) complesis-[(1S,2R,3S)-1,7,7-
trimethylbicyclo[2.2.1]heptane-2,3-diamine]dichlptatinum(ll) was shown to
bind stronger towards calf thymus (CT) DNA than #mantiomer, cis-
[(AR,2S,3R)-1,7,7-trimethylbicyclo[2.2.1]heptan&-2liamine]dichloroplatinum

().

The complex [Cu(phen)(D-threo){B)]Cl was able to inhibit the enzyme
activity of Ssp I, Nde I, and Bst 11071 enzymes olthrecognize the base
sequences 5-AATATT-3’, 5-CATATG-3, and 5-GTATAG’, respectively
(Figure 4.35 — 4.36). The complex with D-threo lidawas able to inhibit three
restriction enzymes activity, while complex withthreo ligand was able to
inhibit only two enzymes activity, which are Ssanid Nde I. The selectivity and
specificity of complex is found to be slightly ingwed, when the D-threo ligand
is replaced by its enantiomer, L-threo. Again, thiggests that the chirality of
coordinated amino acid, will affect the bindingestivity and specificity of the

copper(ll) complex.

Furthermore, the results of complexes [Cu(phen(fed)(HO)]NOs and
[Cu(phen)(L-threo)(HO)]NO; are found to be exactly the same as the complexes
[Cu(phen)(D-threo)(KO)]CI and [Cu(phen)(L-threo)(}®)]CI (Figure 4.35 —
4.42). Both [Cu(phen)(D-threo)g®)]Cl and [Cu(phen)(D-threo)(#D)]NOs were
able to inhibit the enzyme activity of Ssp I, Ndand Bst 11071 which recognize

the base sequences 5-AATATT-3', 5-CATATG-3’, an8-GTATAC-3,
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respectively. On the other hand, both [Cu(phenhfied)(HO)]Cl and
[Cu(phen)(L-threo)(HO)]NOs; were able to inhibit activity of only two enzymes,
which are Ssp | and Nde | that recognize the bagaesices 5-AATATT-3’ and
5-CATATG-3’, respectively. This result can be eaipled that both Cand NQ
anion might dissociated from the cationic coppgrgtmplex in aqueous solution
and exist as free ions, the [Cu(phen)(aa}Ji’ cations are the same and hence

they doesn’t show any effect in complex bindingsgVity.

Lastly, we suggest that observed DNA recognitiorcasferred by the
ability of the complexes to intercalate between WA bases and/or form
hydrogen bonds with DNA through various hydrogenatoand acceptor groups
on the subsidiary ligand. The chirality of subsigidigand(s), for example,
replacement of D-amino acid with L- amino acid wpper(Il) complexes may
affect their ability in recognition and binding tawds DNA. In short, the
phenanthroline (phen) has recognition ability ahd thirality of amino acid

affects DNA binding selectivity to some extent.

/ S | Ot |2 Flt \ +
N NH.—C — H
S e =
o /
| O—C=0

N J
R= -CH or -CH(OH)CH
(Alanine’ (Threcnine’

Figure 4.43: General structure of complex [Cu(ptem)HO)] .
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4.3 G-quadruplex (telo21) Interaction Studies

G-quadruplexes are higher-order DNA and RNA stmas formed from
G-rich sequences that are built around tetrads/dfdgen-bonded guanine bases.
They are further stabilized by the existence of @aavalent cation (especially
potassium) in the center of the tetrads. Dependmthe direction of the strands
or parts of a strand that form the tetrads, strestmay be described as parallel or
antiparallel (Neidle & Balasubramanian, 2006). Gdpuplexes have become
valid targets for new anticancer drugs in past tegades. Recent studies have
demonstrated that small molecules can facilitagefthmation of, and stabilize,
G-quadruplexes. In addition, many leading compouhdstarget these structures
have been reported, and a few of them have entgesdinical or clinical trials

(Ouet al, 2008; Haret al, 2000).

Thiazole orange (TO) quenching assay was carriédooinvestigate the
G-quadruplex DNA binding selectivity of copper(iipmplexes, [Cu(phen)(D-
ala)(H0)]Cl, [Cu(phen)(L-ala)(HO)]ICI, [Cu(phen)(D-threo)(LD)]CI,
[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-threo)(ED)]JNOs, and [Cu(phen)(L-
threo)(HO)]NOs. This assay has been extensively used to measulendp of
small molecules to DNA (Wangt al, 2005; Yuaret al, 2006; Liet al, 2007). In
this assay, the binding of the test compounds isitoked by a change in
fluorescence due to the displacement of a bouraidkcent dye. Recently, it was

shown that thiazole orange is an excellent dyettiese studies since it is safer
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than EB and binds equally well to both quadrupdexi double stranded DNA

(Monchaucet al, 2006; Parital&t al, 2009).

Thiazole orange quenching studies were conducted) ugigo 22G 5'-
AG3(TAG3)3-3, and two complementary 17 nucleotide primers- 5
CCAGTTCGTAGTAACCC-3 and 3-GGTCAAGCATCATTGGG-5’
(Monchaucet al, 2006; Parital&t al, 2009; Sengt al, 2009). The details of this
method are explained in section 3.5.2. Binding tams and the ratio of

guadruplex to duplex is shown in table 4.4.

Table 4.4 : Thiazole orange quenching assay studiesxamine quadruplex
binding by [Cu(phen)(D-ala)(3D)]Cl, [Cu(phen)(L-ala)(HO)]Cl, [Cu(phen)(D-
threo)(HO)]ClI, [Cu(phen)(L-threo)(KO)]CI, [Cu(phen)(D-threo)(ED)]NOs, and
[Cu(phen)(L-threo)(HO)]NO; ternary copper(ll) complexes.

Quadruplex DNA Duplex DNA Ratio

Complex apparent binding apparent binding 22G/
constant 22G (M%) | constant 17bp (M%) | 17bp

[Cu(phen)(D-alajH,0)]|ClI 9.33+0.03x 16 6.33 £0.05 x 10 1.47
[Cu(phen)(L-alafH-0)]CI 9.53+0.08 x 10 6.53+0.03 x 10 1.4¢

[Cu(phen)(D-threqH,O)]CI 7.49 +0.05 x 16 6.33£0.03 x 1 1.1¢

[Cu(phen)(L-threa)H,0)]CI 9.56 + 0.07 x 16 6.41 £ 0.06 x 10 1.4¢

[Cu(phen)(D-thredH,0)INO; | 7.40 +0.17 x 16 5.89 +0.06 x 10 1.2¢

[Cu(phen)(L-threafH,O)]NO; | 9.26 +0.02 x 16 7.42 £0.08 x 10 1.2¢
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In this study, the effect of varying the subsidiaaa-ligand in
[Cu(phen)(aa)(KO)]X complexes (aa = amino acid, D-ala, L-ala, Deth L-
threo; X = anion, Cl, Ng) was investigated by thiazole orange quenchingyass
to assess the G-quadruplex selectivity of the [Beifp(aa)(HO)]X complexes.
The complex [Cu(phen)(L-threo)¢B®)]Cl has the greatest binding affinity and
selectivity towards G-quadruplex DNA with the high2G/17bp ratio of 1.49
and apparent binding constant on G-quadruplex DKiA= 9.56 + 0.07 x 10
(Table 4.4). The G-quadruplex DNA selectivity of ngoex [Cu(phen)(L-
ala)(HO)]Cl is just a little bit lower than [Cu(phen)(b#eo)(HO)]CI with the 22
G/17 bp ratio of 1.46 and apparent binding constanG-quadruplex DNA, K+~
9.53 + 0.08 x 10 There was a distinct difference in the bindinnity and
selectivity of complexes [Cu(phen)(D-threo}®]ClI and [Cu(phen)(L-
threo)(HO)]CI with apparent binding constant on G-quadryfNA, Ky~ 7.49
+ 0.05 x 1d and 9.56 + 0.07 x fqTable 4.3). However, for the enantiomer pairs
of [Cu(phen)(D-ala)(KO)]Cl and [Cu(phen)(L-ala)($D)]CI, the binding affinity
are very close to each other with apparent bindiagstant on G-quadruplex

DNA, Kap= 9.33 +£0.03 x 1tand 9.53 + 0.08 x fqTable 4.4).

The tentative order of DNA binding affinity and eelivity on G-
guadruplex DNA of the [Cu(phen)(@a}®)]X series of complexes is
[Cu(phen)(L-threo)(HO)]CI = [Cu(phen)(D-ala)(HO)]CI = [Cu(phen)(L-
ala)(HO)]Cl > [Cu(phen)(L-threo)(kD)]NOs = [Cu(phen)(D-threo)(kD)]NO; >

[Cu(phen)(D-threo)(KO)]CI. The result suggested that the [Cu(phen)ka®)f]X
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complexes that are substituted with different siibsy ligand possess different
extent of binding affinity and selectivity toward3-quadruplex DNA. In this
series of complexes, the results indicated that ¢benplex [Cu(phen)(L-
threo)(HO)]Cl binds strongest and possess the highesttsafyedowards G-
guadruplex DNA. Conversely, thEcu(phen)(D-thredH,O)]CI complex has a

poorer affinity and selectivity towards G-quadrup2NA.

From the result, it is found that the binding @itiy and selectivity of the
enantiomer pairs, i.e., [Cu(phen)(D-threa@HCI and [Cu(phen)(L-
threo)(HO)]CI are very distinct, suggesting that the cliyadf subsidiary ligands
can play a role in governing the binding affinitpdaselectivity towards G-
guadruplex DNA. Some research groups also repainiidchirality is one of the
crucial factors for the control of stereospecifitdastereoselective interactions
(Corrandiniet al., 2007). Moreover, Fentoet al. (1997) reported that the two
different R- and S-enantiomers of platinum(ll) cdexes, [(R)- and (S)-3-
aminohexahydroazepine]dichloro-platinum(ll) exhildiverse binding modes
with DNA — an inherently chiral target, with onerrfio of DNA remaining
dominantly active over the other. Hence, this stidnd taken into consideration in

designing anti-cancer agent and any artificial Gefuplex binder.
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4.4 Human DNA Topoisomerase | (topo 1) Inhibitiont&dy

Topoisomerases (topo) are isomerase enzymesdhahdhe topology of
DNA. DNA topos are ubiquitous and essential enzythat solve the topological
problem accompanying key nuclear processes suchDId8 replication,
transcription, repair, and chromatin assembly ltigoaucing temporary single- or
double-strand breaks in the DNA. These enzymeslysatahe breaking and
rejoining of DNA strands. Type | topoisomerase airts strand of a DNA double
helix, relaxation occurs, and then the cut stranceannealed. On the other hand,
Type Il topoisomerase cuts both strands of one RIdAble helix, passes another
unbroken DNA helix through it, and then reannehks ¢ut strands (Champoux,

1990, 2001; Wang, 1996, 2002).

Topos control the degree of supercoiling and acpired for undoing
knots and tangles in the DNA. Such problems areitaigle in eukaryotic nuclei,
where several metres of DNA, rotating at high spdedng replication, are
twisted and folded into a space only a few micraesoss. The mechanical
challenge facing these enzymes is to maintainma @rip on the two cut ends of
one DNA duplex, while folding themselves around tteer intact duplex as it
passes through the break. Losing hold could besastér (Wang, 1991). These
enzymes are essential for DNA replication and awgortant targets for anti viral,
anti bacterial and anti tumour drugs (Berger, 1998)addition, these enzymes

fine-tune the steady-state level of DNA supercgilito facilitate protein
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interactions with DNA and to prevent excessive scqéng that is deleterious

(Careyet al, 2003).

Human DNA topoisomerase | (topo ) is a 765-amacal (aa) (91-kDa)
enzyme that catalyzes the relaxation of both negatnd positive supercoils in a
reaction that does not depend on an energy-ricactmf or divalent cations
(Champoux, 1990). In co-crystal structures of tdpgnd DNA, the enzyme is
tightly clamped around the DNA helix. After cleagagnd covalent attachment of
the enzyme to the 3’-end at the nick, DNA relaxatiequires rotation of the

DNA helix downstream of the cleavage site (Caetsql, 2003).

Supercoiled plasmid DNA pBR322 is a suitable sabstfor study with
topo I, which is a one strand DNA cutter. The suopded pBR322 is very
compact and moves faster in the gel during elebvmsis. When one strand of
the supercoiled DNA is cut, the resultant unwind@dye relaxed open circular
pBR322 is formed and this nicked DNA moves slow&hen two strands of the
supercoiled DNA are cut, the linear DNA is formeuiat moves at intermediate
speed. The commercial pBR322 (4.4 kb) has a smadLat of both more relaxed
nicked and linear forms of DNA (Figure 4.44, L2).the current DNA relaxation
assay, one unit of topo | can completely convelrttla supercoiled plasmid
pBR322 (4.4 kb) to fully relaxed topoisomers, whistthe completely unwound

covalently bonded closed circular DNA (Figure 4.44).
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Figure 4.44: Topo | inhibition assay by gel eleptroresis. Electrophoresis results
of incubating topo | (1 unit/32d) with pBR322 (0.25ug) in the absence or
presence of 5-4QM of metal salt, CuGl Lane 1 & 5, gene ruler 1 Kb DNA
ladder; Lane 2, DNA alone; Lane 3, DNA + 40 pM nhefat (control); Lane 4,
DNA + 1 unit topo | (control); Lane 6, DNA + 5 pMetal salt + 1 unit topo I;
Lane 7, DNA + 10 uM metal salt + 1 unit topo [; lea8, DNA + 20 uM metal
salt + 1 unit topo I; Lane 9, DNA + 40 uM metaltsall unit topo |.
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Figure 4.45: Topo | inhibition assay by gel eleptroresis. Electrophoresis results
of incubating topo | (1 unit/32d) with pBR322 (0.25pug) in the absence or
presence of 5-4QM of complex, [Cu(phen)G]. Lane 1 & 5, gene ruler 1 Kb
DNA ladder; Lane 2, DNA alone; Lane 3, DNA + 40 (cdimplex (control); Lane
4, DNA + 1 unit topo | (control); Lane 6, DNA + BMucomplex + 1 unit topo I;
Lane 7, DNA + 10 uM complex + 1 unit topo I; LaneC3NA + 20 uM complex

+ 1 unit topo |; Lane 9, DNA + 40 uM complex + lituiopo .
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Figure 4.46: Topo | inhibition assay by gel eleptroresis. Electrophoresis results
of incubating topo | (1 unit/2l) with pBR322 (0.25ug) in the absence or
presence of 5-20@M of complex, [Cu(phen)(D-ala)@D)]Cl or [Cu(phen)(L-
ala)(HO)]CI. Lane 1, 6 & 12, gene ruler 1 Kb DNA laddegne 2, DNA alone;
Lane 3, DNA + 200 uM [Cu(phen)(D-ala)}(&)]CI (control); Lane 4, DNA + 200
UM [Cu(phen)(L-ala)(HO)]CI (control); Lane 5, DNA + 1 unit topo | (coot);
Lane 7, DNA + 5 uM [Cu(phen)(D-ala)¢B)]Cl + 1 unit topo I; Lane 8, DNA +
10 uM [Cu(phen)(D-ala)(kD)]ClI + 1 unit topo I; Lane 9, DNA + 50 uM
[Cu(phen)(D-ala)(HO)]CI  + 1 unit topo I; Lane 10, DNA + 100 pM
[Cu(phen)(D-ala)(HO)]CI  + 1 unit topo I; Lane 11, DNA + 200 pM
[Cu(phen)(D-ala)(KHO)]Cl + 1 unit topo I; Lane 13, DNA + 5 pM [Cu(pmgL-
ala)(HO)]CI + 1 unit topo I; Lane 14, DNA + 10 pM [Cu(@h)(L-ala)(HO)]CI

+ 1 unit topo I; Lane 15, DNA + 50 uM [Cu(phen)(lagH.O)]CI + 1 unit topo
I; Lane 16, DNA + 100 pM [Cu(phen)(L-ala){8)]ClI + 1 unit topo I; Lane 17,
DNA + 200 pM [Cu(phen)(L-ala)($D)]CI + 1 unit topo I.

160



Figure 4.47: Topo | inhibition assay by gel eleptroresis. Electrophoresis results
of incubating topo | (1 unit/32d) with pBR322 (0.25ug) in the absence or
presence of 5-20Q@M of complex, [Cu(phen)(D-threo)@®)]Cl. Lane 1 & 5,
gene ruler 1 Kb DNA ladder; Lane 2, DNA alone; La®ieDNA + 200 uM
complex (control); Lane 4, DNA + 1 unit topo | (¢om); Lane 6, DNA + 5 uM
complex + 1 unit topo I; Lane 7, DNA + 10 uM comple 1 unit topo |; Lane 8,
DNA + 50 uM complex + 1 unit topo I; Lane 9, DNA160 uM complex + 1 unit
topo I; Lane 10, DNA + 200 uM complex + 1 unit tdpo

Figure 4.48: Topo | inhibition assay by gel eleptroresis. Electrophoresis results
of incubating topo | (1 unit/3d) with pBR322 (0.25ug) in the absence or
presence of 5-20@M of complex, [Cu(phen)(L-threo)(@®)]CIl. Lane 1 & 5,
gene ruler 1 Kb DNA ladder; Lane 2, DNA alone; LaBieDNA + 200 pM
complex (control); Lane 4, DNA + 1 unit topo | (¢om); Lane 6, DNA + 5 uM
complex + 1 unit topo I; Lane 7, DNA + 10 uM comple 1 unit topo |; Lane 8,
DNA + 50 uM complex + 1 unit topo I; Lane 9, DNA160 uM complex + 1 unit
topo I; Lane 10, DNA + 200 uM complex + 1 unit tdpo
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Figure 4.49: Topo | inhibition assay by gel eleptroresis. Electrophoresis results
of incubating topo | (1 unit/32d) with pBR322 (0.25ug) in the absence or
presence of 5-20QM of complex, [Cu(phen)(D-threo)@®)]NOs. Lane 1 & 5,
gene ruler 1 Kb DNA ladder; Lane 2, DNA alone; LaBieDNA + 200 pM
complex (control); Lane 4, DNA + 1 unit topo | (¢osl); Lane 6, DNA + 5 uM
complex + 1 unit topo I; Lane 7, DNA + 10 uM compke 1 unit topo |; Lane 8,
DNA + 50 uM complex + 1 unit topo I; Lane 9, DNA160 uM complex + 1 unit
topo I; Lane 10, DNA + 200 uM complex + 1 unit tdpo

Figure 4.50: Topo | inhibition assay by gel eleptroresis. Electrophoresis results
of incubating topo | (1 unit/32d) with pBR322 (0.25ug) in the absence or
presence of 5-20QM of complex, [Cu(phen)(L-threo)(#D)]NOs. Lane 1 & 5,
gene ruler 1 Kb DNA ladder; Lane 2, DNA alone; La®ieDNA + 200 pM
complex (control); Lane 4, DNA + 1 unit topo | (¢oml); Lane 6, DNA + 5 uM
complex + 1 unit topo I; Lane 7, DNA + 10 uM comple 1 unit topo |; Lane 8,
DNA + 50 uM complex + 1 unit topo I; Lane 9, DNA160 uM complex + 1 unit
topo I; Lane 10, DNA + 200 uM complex + 1 unit tdpo
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As can be seen from Figure 4.44% — L9), at low concentration range, 5
— 20uM, the metal salt, Cugldid not inhibit topo | activity, as the DNA bands
are the same as those observed for DNA incubatéd toypo | alone (L4). At
higher concentration of Cug£(40 uM), high level of inhibition effect of the topo
| activity was observed, as some not fully relai@sbisomers were formed (L9).
Interestingly, incubating the pBR322 with topo dancreasing concentration of
all the copper(ll)-phen-amino acid complexes irstheries, viz. [Cu(phen)(D-
ala)(H0)]Cl, [Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(kD)]CI,
[Cu(phen)(L-threo)(HO)]CI, [Cu(phen)(D-threo)(ED)]NOs; and [Cu(phen)(L-
threo)(HO)]NOs, gave rise to the increasing reduction of the edckand
(containing nicked and fully relaxed DNA) and fotma of various faster
moving bands of topoisomers with different degreestaxation (Figure 4.46, L7
— L11, L12 — L17; Figure 4.47 — 4.50, L6 — L10).eThppearance of faster
moving bands of less relaxed topoisomers was obdemwith increasing
concentration of the copper(ll) complexes. Thessulte showed that these
complexes were able to inhibit the function of tdpa relaxing the supercoiled
pBR322, and also showed that the degree of inbibitif copper(ll)-phen-amino

acid complexes is concentration dependent.

In addition, all six copper(ll)-phen-amino acid quiexes posses similar
extent of inhibition effect on topo I activity, which the initial inhibitory effect
started from 5uM complex concentration and the inhibitory effestenhanced

with the increasing complex concentration from 200 uM (Figure 4.46, L7 —
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L11, L12 — L17; Figure 4.47 — 4,53, L6 — L10). Susmgly, for complexes
[Cu(phen)(D-ala)(HO)]CI, [Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(L-
threo)(HO)]CIl, and [Cu(phen)(D-threo)@)]NOs, there is almost a total

inhibition of topo | activity at the concentratioh 200 M.

The results of the topo | inhibition assay suggkstat the topo | activity
inhibition effect on plasmid DNA pBR 322 is affedtby the type of substituent
ligand in a copper(ll) complex. For both [Cu(phd&vgla)(HO)]ClI and
[Cu(phen)(L-ala)(HO)]CI, a thick supercoiled band can be observed0&tuM
complex concentration (Figure 4.46, L11 & L17). §duggested that both of
these copper(ll) complexes greatly inhibit the \agti of topo | at 200uM. A
thick supercoiled band can be observed at L00 for both [Cu(phen)(D-
ala)(HO)]CI and [Cu(phen)(L-ala)(}D)]CI (Figure 4.46, L10 & L16), while for
100 uM [Cu(phen)(D-threo)(KO)]CI and [Cu(phen)(L-threo)#D)]CI, only
topoisomers (but not supercoiled band) can be foiigure 4.47, L9; Figure
4.48, L9). These results suggested that the alamunwining copper(ll)
complexes showed better inhibitory effect compai@dhose with threonine.
Moreover, comparing between pair of enantiomesaich sets of the complexes -
[Cu(phen)(D-ala)(HO)]ClI  and  [Cu(phen)(L-ala)(D)]Cl, [Cu(phen)(D-
threo)(HO)]ClI and [Cu(phen)(L-threo)#D)]CIl, as well as [Cu(phen)(D-
threo)(HO)]NOs; and [Cu(phen)(L-threo)(#D)]NOs, there are no significant
difference in topo | activity inhibition due to tlshange in chirality of amino acid.

Furthermore, the ligand Chnd NQ" are found to have least or no effect on this
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inhibition of topo | activity, as they are suggekt® be dissociated from the
complex when dissolved in the water and exist as fons. Nevertheless, €u
ion (e.g., exist as [Cu@®d)e]*") cannot inhibit topo | activity but could do so if

the coordinated water molecule(s) is/ are repladgdd phen and/ or amino acid.

As a preliminary investigation into the mechanishaction of the above
topo | inhibition, we used three variations of mithe DNA, topo | and the
copper(ll)-phen-amino acid complex (at M) were used for the topo |

inhibition assay.
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Figure 4.51:. Effect of sequence of mixing for thepd | inhibition assay.
Electrophoresis results of incubating topo | (1ti2duL) with pBR322 (0.5
ug/uL) and 50uM copper(ll) complexes.

Lane 1, Gene Ruler 1kb DNA ladder

Lane 2, Untreated pBR322 DNA ((QuB/uL) (control)
Lane 3, DNA + 50uM [Cu(phen)(D-al@).0)]CI (control)
Lane 4, DNA + 50uM [Cu(phen)(L-al@),O)]CI (control)
Lane 5, DNA + 1 unitopo | (control)

[Complex + DNA are incubated for 30 minutes firefdre topo | is added]
Lane 6, Gene Ruler 1kb DNA ladder
Lane 7, DNA + 50uM [Cu(phen)(D-al@}),O)]Cl + 1 unittopo |

Lane 8, DNA + 50uM [Cu(phen)(L-al@&)>O)]Cl + 1 unittopo |
Lane 9, [Empty]

[Complex + topo | are incubated for 30 minutestfioefore DNA is added]

Lane 10, DNA + 50uM [Cu(phen)(D-al#),0O)]Cl + 1 unittopo |
Lane 11, DNA + 50uM [Cu(phen)(L-al@d),O)]Cl + 1 unittopo |
Lane 12, Gene Ruler 1kb DNA ladder
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Figure 4.52: Effect of sequence of mixing for thepd | inhibition assay.
Electrophoresis results of incubating topo | (1ti2duL) with pBR322 (0.5
ug/uL) and 50uM copper(ll) complexes.

Lane 1, Gene Ruler 1kb DNA ladder

Lane 2, Untreated pBR322 DNA ((Qug/uL) (control)
Lane 3, DNA + 50uM [Cu(phen)(D-thrgdj,0)]Cl (control)
Lane 4, DNA + 50uM [Cu(phen)(L-thre@d),O)]ClI (control)
Lane 5, DNA + 1 unitopo | (control)

[Complex + DNA are incubated for 30 minutes firefdre topo | is added]
Lane 6, Gene Ruler 1kb DNA ladder

Lane 7, DNA + 50uM [Cu(phen)(D-thrgj,O)]Cl + 1 unittopo |

Lane 8, DNA + 50uM [Cu(phen)(L-thre@),O)]Cl + 1 unittopo |

Lane 9, [Empty]

[Complex + topo | are incubated for 30 minutestfioefore DNA is added]
Lane 10, DNA + 50uM [Cu(phen)(D-thrd$},O)]CI + 1 unittopo |

Lane 11, DNA + 50uM [Cu(phen)(L-thregd),O)]CI + 1 unittopo |

Lane 12, Gene Ruler 1kb DNA ladder
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Figure 4.53:. Effect of sequence of mixing for thepd | inhibition assay.
Electrophoresis results of incubating topo | (1ti2duL) with pBR322 (0.5
ug/uL) and 50uM copper(ll) complexes.

Lane 1, Gene Ruler 1kb DNA ladder

Lane 2, Untreated pBR322 DNA ((Qug/uL) (control)
Lane 3, DNA + 50uM [Cu(phen)(D-thrgéj,O)]NO3 (control)
Lane 4, DNA + 50uM [Cu(phen)(L-thre@d),O)]NO3 (control)
Lane 5, DNA + 1 unitopo | (control)

[Complex + DNA are incubated for 30 minutes firsfdre topo | is added]
Lane 6, Gene Ruler 1kb DNA ladder

Lane 7, DNA + 50uM [Cu(phen)(D-thredj,O)NO3 + 1 unittopo |
Lane 8, DNA + 50uM [Cu(phen)(L-thredJ,O)]NO; + 1 unittopo |
Lane 9, [Empty]

[Complex + topo | are incubated for 30 minutestfioefore DNA is added]
Lane 10, DNA + 50uM [Cu(phen)(D-thrg6),O)]NO; + 1 unittopo |

Lane 11, DNA + 50uM [Cu(phen)(L-thre#)>O)NO; + 1 unittopo |

Lane 12, Gene Ruler 1kb DNA ladder
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From the gel images presented in Figure 4.51 3, 4/hen the DNA was
first incubated with the copper(ll)-phen-amino a@dmplex for 30 minutes
before adding in topo I, it can be observed thestrd was some bands of
topoisomers and only a small amount or no supeddidrm of DNA (L7 — L8).
These results showed that the inhibitory effectapo | activity were not strong.
When incubating the topo | with the copper(ll) cdexpfirst before adding DNA,
the amount of supercoiled DNA has been increasgd(&i 4.51 — 4.53, L10 —
L11). The existence of more supercoiled DNA showvikdt the copper(ll)
complex possessed higher inhibitory effect if prieging of copper(ll) complex
with topo |. From the results, it is suggested that initial binding of copper(ll)
complexes towards topo | or the DNA may give rzéifferent mode of action. It
is concluded that the inhibitory effect on toposl greatest when copper(ll)
complexes interact first with topo I, and the iafgion inactivate the topo | from

exercising its function.

From the results, both complexes with alanine dsidiary ligand, i.e.,
[Cu(phen)(D-ala)(HO)]Cl and [Cu(phen)(L-ala)(D)]Cl were able to inhibit
almost all topo | activity and give rise to a thibknd of supercoiled DNA and
bands of faster moving, less relaxed topoisometsaragarose gel image (Figure
451, L10 & L11). On the other hand, for complexath threonine as subsidiary
ligand, ie., [Cu(phen)(D-threo)@@)]Cl, [Cu(phen)(L-threo)(KD)]CI,
[Cu(phen)(D-threo)(KHO)]NO; and [Cu(phen)(L-threo)(3D)]NOs, there are

mainly topoisomers (very little supercoiled DNA bidrcan be found in the gel
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image. These results suggested that the subsitigayd play a main role in
affecting the inhibitory property of copper(ll) cpiexes, and contributing effect
of alanine in the topo | inhibitory property of [(Ehen)(aa)(HO)]X is greater

than that of threonine.

Interestingly, the inhibitory property of topo Itadty between D- and L-
enantiomers are found to be different. In this casemplex [Cu(phen)(D-
ala)(HO)]Cl and [Cu(phen)(D-threo)@#D)]NO; (Figure 4.51; Lane 7 & 10,
Figure 4.53; Lane 7 & 10) are found to be slighbetter compared to
[Cu(phen)(L-ala)(HO)]CI and [Cu(phen)(L-threo)(#D)]NO3 (Figure 4.51; Lane
8 & 11, Figure 4.53; Lane 8 & 11), respectively,iimibiting topo | activity.
Again, these results suggested that the substitigamd does play a role in this
topo | activity, even a small difference, i.e. eti@mer of the ligand, may give
rise to different extent of topo | inhibitory adti. Nevertheless, changing of
amino acid from alanine to threonine of the sulasidiigands showed a distinct
difference. In this case, contributing effect oarahe in the topo I inhibitory

property of [Cu(phen)(aa)@®)]X is greater than that of threonine.

Furthermore, the counter anion"@hd NQ doesn’t give any effect on
this inhibitory property of topo I. The anion prdityadissociates from the cationic
complex when it is dissolved in water and exisfras anion. For example, when
both set of copper(ll) complexes, [Cu(phen)(D-th¢egO)]Cl and [Cu(phen)(D-

threo)(HO)]NOs3;, as well as [Cu(phen)(L-threo){8)]ClI and [Cu(phen)(L-
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threo)(HO)]NOs dissolved in the water, the cations present irsthiation are the
same (i.e., [Cu(phen)(D-threo}@)]" and [Cu(phen)(L-threo)(D)]",

respectively). This explained why the reactivitythése two sets of copper(ll)
complexes looks very similar to each other (Figu®2 — 4.53; L7 — L8, L10 —

L11).
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CHAPTER 5

CONCLUSION

In this study, the nucleolytic and DNA binding pevpes of three pairs of
ternary copper(ll) complexes with 1,10-phenantim®las main ligand and chiral
amino acid (aa) as variable subsidiary ligand va&toelied by using agarose gel
electrolysis, fluorescence quenching assay, résticenzyme inhibition and
human DNA topoisomerase | (topo [) inhibition te3the general formula of this
series of complexes can be abbreviated as [Cu(@#@®(HO)]X, where aa is
amino acid, and X is a chloride or nitrate. Theramacids used were D-alanine,

L-alanine, D-threonine and L-threonine.

The experiments were divided into two main paris, mucleolytic study
and DNA interaction study. For nucleolytic studjetmain objective is to
investigate the factors that affect the nucleolgfiiciency of the complexes. The
factors studied included complex concentrationesypf buffer, pH of buffer,
incubation time, and the presence of exogeneous &iggdrogen peroxide, 4.,
or L-ascorbic acid). Interestingly, the type of feufwas found to be one of the
factors that affected the DNA cleavage efficieneyhis study. All six copper(ll)
complexes, [Cu(phen)(D-ala){B)]Cl, [Cu(phen)(L-ala)(HO)]CI, and
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[Cu(phen)(D-threo)(KO)]CI, [Cu(phen)(L-threo)(kO)]CI, [Cu(phen)(D-
threo)(HO)]NOs, and [Cu(phen)(L-threo)(#D)]NO; showed better cleavage
ability in HEPES buffer. They were able to convarpercoiled DNA into nicked

and/ or linear form of DNA in Hepes buffer.

The pH of the buffer was also found to affect tié/ADcleavage efficiency
of the complex. [Cu(phen)(D-ala)¢{B)]|Cl, [Cu(phen)(L-ala)(KHO)]CI,
[Cu(phen)(D-threo)(KO)]CI, and [Cu(phen)(L-threo)(#D)]Cl showed slightly
better cleavage efficiency in TN buffer at basic @@ 7.2 or pH 8.2) than acid
pH (pH 6.2) while [Cu(phen)(D-threo)g@)[NO; and [Cu(phen)(L-
threo)(HO)]NOs; complexes were found to be slightly better at pR & TN
buffer. The DNA cleavage efficiency of the compigas found to increase with
increasing incubation time. [Cu(phen)(D-algg(y]ClI and [Cu(phen)(L-
ala)(HO)]CI showed slightly better cleavage compared ties. After
incubation with DNA for 48 hours, both were ablecdanvert almost all of the
supercoiled DNA into nicked and linear from of DNAhe presence of
exogeneous (either hydrogen peroxide or L-ascorditd) enhanced the
nucleolytic efficiency of the complexes. Howevehet cleavage efficiency
between pairs of enantiomer (D- and L-) are vemyilar in the presence of either

hydrogen peroxide or L-ascorbic acid.

For DNA interaction study, the aim is to investgainding selectivity or

specificity of the copper(ll) complexes towardsfeliént types and different
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sequences of DNA. Types of DNA that were used is plart were calf thymus
(CT) DNA, G-quadruplex DNA télo21), and oligonucleotides with different
sequences, viz. ds(Adand ds(CG&) The complexes [Cu(phen)(D-alay®)]Cl,
[Cu(phen)(L-ala)(HO)]CI, [Cu(phen)(D-threo)(FD)]NOs, and [Cu(phen)(L-
threo)(HO)]NO;s binds preferentially or more selectively to ds(Affjan ds(C&)
The [Cu(phen)(D-threo)(30)]ClI and [Cu(phen)(L-threo)(#D)]Cl seemed to
have no preference as their binding constantsddr ds(AT) and ds(C&G)were
very close. The complex [Cu(phen)(L-ala)®)]ClI bound most strongly to
ds(AT)s oligonucleotides as its apparent binding constg®6 + 0.16 x 1O6M™)

is distinctly higher than those of other five oésle copper(ll) complexes.

The binding selectivity is higher if the complexhibits lesser restriction
enzymes. A non-selective, random complex will lmihall the twelve restriction
enzymes used. All six complexes were able to imhbi— 4 of the twelve
restriction enzymes. In this series of complexeSu(phen)(L-ala)(HO)]CI
inhibited the four restriction enzymes, viz. AseSkp I, Nde |, and Bst 11071
while [Cu(phen)(D-ala)(ED)]CI inhibited two, viz. Ssp | and Nde I
[Cu(phen)(D-threo)(KO)]CI and [Cu(phen)(D-threo)@D)]NOs inhibited Ssp I,
Nde | and Bst 11071 while [Cu(phen)(L-threo®]ClI and [Cu(phen)(L-
threo)(HO)]NOs inhibited Ssp | and Nde I. Thus, the DNA binding o
[Cu(phen)(D-ala)(HO)]Cl is more selective than that of  [Cu(phen)(L-
ala)(HO)]Cl while the DNA binding of both [Cu(phen)(biieo)(HO)]CI and

[Cu(phen)(L-threo)(HO)]NOs; are more selective than those of [Cu(phen)(D-
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threo)(HO)]CI and [Cu(phen)(D-threo)(#®D)]NOs. These results show that both
chirality and the type of amino acid influence DA binding selectivity of the
chiral [Cu(phen)(aa)(kD)]X complexes. Interestingly, [Cu(phen)(L-ala)®)]Cl
has the least DNA binding selectivity as it inhdoitfour restriction enzymes
while the other complexes inhibited two or threee Afe still unclear about the

cause of the differences or the similarities.

The human DNA topoisomerase | (topo 1) inhibitissay suggested that
the topo | activity inhibition effect on plasmid NpBR 322 is affected by the
type of subsidiary ligand in a copper(ll) compl&om the results, both 2QM
of both [Cu(phen)(D-ala)($0)]Cl and [Cu(phen)(L-ala)($D)]Cl could inhibit
almost all topo | activity and gave rise to a thiidnd of supercoiled DNA in the
agarose gel image. The topo | inhibition of the rgpabdf [Cu(phen)(D-
threo)(HO)]CI and [Cu(phen)(D-threo)@D)]NOs;, as well as [Cu(phen)(L-
threo)(HO)]CI and [Cu(phen)(L-threo)(#®)|NOs; were the same. The counter
anion, Cl and NQ might dissociate from the complex and producedsidime
cationic species, [Cu(phen)(threo)®]” when they dissolved in water, hence,
we can conclude that the counter aniona@d NQ™ doesn’t give to any effect on

this inhibitory of topo I.

Last but not least, according to the apparent bopdtonstants and
22G/17bp ratio obtained through the thiazole oradgplacement assay, the

order of G-quadruplex DNA binding affinity and sdigity of
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[Cu(phen)(aa)(kD)]X series of complexes is [Cu(phen)(L-threa@H|Cl =
[Cu(phen)(D-ala)(HO)]ClI = [Cu(phen)(L-ala)(HO)ICI > [Cu(phen)(L-
threo)(HO)JINOs =  [Cu(phen)(D-threo)(bD)JNOs >  [Cu(phen)(D-
threo)(HO)]CI, with the ratio of quadruplex DNA apparennhling constant 22G
over duplex DNA apparent binding constant 17bpjdR22G/ 17bp of 1.49, 1.47,
1.46, 1.25, 1.24, and 1.18, respectively. Theselteeshow that the chirality of
subsidiary ligands could affect the binding affindand selectivity towards G-

guadruplex DNA.
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APPENDICES

APPENDIX A

The recipe for the preparation of buffers and soluibns

The recipe for the preparation of 50X Tris-AcetaEEDTA electrophoresis

buffer stock solution.

1.

The following chemicals were dissolved in 800 mktdrile distilled water.
242 g Tris Base (Formula Weight = 121.14)

57.1 ml glacial acetic acid

100 ml 0.5 M EDTA, pH 8.0

Final volume was adjusted to 1 liter with steriléstiled water. Mix
thoroughly.
The buffer was stored indefinitely at room temperat

The recipe for the preparation of Phosphate buff@ii 7.5.

1.

4.

The following chemicals were dissolved in 800 mktdrile distilled water.
0.5193 g Sodium dihydrogen

4.3516 g Disodium hydrogen

1.7532 g Sodium Chloride (NaCl)

Final volume was adjusted to 1 liter with steriléstiled water. Mix
thoroughly.

pH was adjusted to pH 7.5 by using Hydrochloric dA¢HCI) or Sodium
Hydroxide (NaOH).

The buffer was stored indefinitely at room temperat
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The recipe for the preparation of Hepes buffer, pHb5.

1.

The following chemicals were dissolved in 800 mktdrile distilled water.
5.6662 g/L Hepes (4-(2-hydroxyethyl)-1-piperazimastesulfonic acid)
1.7532 g/L Sodium Chloride (NaCl)

Final volume was adjusted to 1 liter with steriléstiled water. Mix
thoroughly.

pH was adjusted to pH 7.5 by using Hydrochloric dA¢HCI) or Sodium
Hydroxide (NaOH).

The buffer was stored indefinitely at room temperat

The recipe for the preparation of 0.5 mMJ@,.

1.

2.1 pl of standardized #@, solution is transferred to an Eppendorf tube and
top up with 997.9 pl of sterile distilled water. &boncentration of this stock
solution is 20 mM.

Dilution been carried out to dilute the stock samlntto concentration of 0.5
mM.

25 ul of HO; has been transferred from stock solution to nepeBdorf tube

and top up with 975 ul of sterile distilled water.

The recipe for the preparation of 10 uM Ascorbic IgAA).

1.
2.

Ascorbic Acid in powder forms were weight in thega of 1.0 — 1.5 mg.
Volume of sterile distilled water needed for toppyrposes to prepare 10mM
stock solution is calculated (shown in Appendix C).

Serial dilution been carried out to dilute the &tsolution to concentration of
10 U M.

100 pl of AA has been transferred from stock soluto new Eppendorf tube
and top up with 900 pl of sterile distilled wat&@. pl has been transferred out
from this mixture, to the new Eppendorf tube, aoy wp with 990 ul of sterile
distilled water.
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APPENDIX B

Protocol for preparation, stain, and view of DNA sanples.

. Plasmid DNA, pBR 322 is pipetted out and transtérre a sterile
Eppendorf tube (autoclaved).

. Addition of buffer, complex, exogenous agent (AAHyO,) into the
tube followed the sequence as stated above.

. Samples have been spin by centrifuge machine ab tpth for 1
minute.

. Samples were sending for incubation.

. After incubation, samples were get out from theubator and spin at
1500 rpm for 1 minute.

. The samples were quenched by addition of 3 uL ofogding dye.

. The samples were spin at 1500 rpm for 1 minute.

. Samples were loaded into 1.25 % agarose gel, anctr@0 V for 1
hour.

. The agarose gel for each experiment were stainéd @b pg/ pL
ethidium bromide for 30 minutes, then visualized bging UV

transilluminator and photographed by using GendHtesgramme.
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APPENDIX C

The calculation in the preparation of buffers and slutions

The calculation to get volume of buffer/ solutioneeded for top up purposes.

Weight (mg)
Molecular Weight

Molarity (M)

Volume of Buffer/ Solution =

i.,e., Complex A weight=1.5 mg
Molecular weight of complex A = 198.11 g/ mol
Molarity needed = 0.01 M

Volume of Buffer/ Solution =

Hence, 757 pl of buffer/ solution needed to pre@addM of complex A.
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The calculation for dilution purposes.

MiV1 =MV,
M; = Molarity of stock solution
V4 = Volume of stock solution needed for dilution
M, = Molarity needed (after dilution)
\ = Volume of diluted solution needed

ie.,

M; =10 M

Vi =X

M, =0.01 M

V,  =1000 pl
Mi1V1 = MV

(10)(X) = (0.01)(1000)
X = 10/10
=1

Hence, 1 pl of stock solution needed to top up @88 pl distilled water or
buffer to get 0.01 M diluted solution.
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