
DNA and DNA-Interacting Proteins
as Anticancer Drug Targets

Item Type text; Electronic Dissertation

Authors Punchihewa, Chandanamalie

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:06:52

Link to Item http://hdl.handle.net/10150/194379

http://hdl.handle.net/10150/194379


DNA AND DNA-INTERACTING PROTEINS

AS ANTICANCER DRUG TARGETS

By

Chandanamalie Punchihewa

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF PHARMACEUTICAL SCIENCES

In Partial Fulfillment of the Requirements

For the Degree

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2006



2

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Chandanamalie Punchihewa
entitled DNA and DNA-interacting proteins as anticancer drug targets
and recommend that it be accepted as fulfilling the dissertation requirement for the
Degree of Doctor of Philosophy

_______________________________________________________________________ Date: 08.25.2006
Dr. Danzhou Yang

_______________________________________________________________________ Date: 08.25.2006
Dr. Laurence Hurley

_______________________________________________________________________ Date: 08.25.2006
Dr. Myron Jacobson

_______________________________________________________________________ Date: 08.25.2006
Dr. William Montfort

_______________________________________________________________________ Date: 08.25.2006
Dr. Nancy Horton

Final approval and acceptance of this dissertation is contingent upon the candidate’s
submission of the final copies of the dissertation to the Graduate College.

I hereby certify that I have read this dissertation prepared under my direction and
recommend that it be accepted as fulfilling the dissertation requirement.

________________________________________________ Date: 08.25.2006
Dissertation Director: Dr. Danzhou Yang



3

STATEMENT BY THE AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an

advanced degree at The University of Arizona and is deposited in the University Library

to be made available to borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without special permission,

provided that accurate acknowledgement of source is made. Requests for permission for

extended quotation from or reproduction of this manuscript in whole or in part may be

granted by the head of the major department or the Dean of the Graduate College when in

his or her judgement the proposed use of the material is in the interests of scholarship. In

all other instances, however, permission must be obtained from the author.

SIGNED: Chandanamalie Punchihewa



4

ACKNOWLEDGEMENTS

I would first like to thank to my mentor, Dr. Danzhou Yang, for the knowledge,

guidance, support and inspiration. She has been an extraordinary supervisor and a truly

complete mentor. The volume of knowledge, both scientific and otherwise, that I have

accumulated under her tutelage will, no doubt, aid me greatly in the future. I would also

like to thank my committee Dr. Laurence Hurley, Dr. Mike Jacobson, Dr. Bill Montfort

and Dr. Nancy Horton for their help throughout my graduate studies. I have been both

inspired and supported by two special people that I would like to acknowledge at this

point. I would not be where I am today without the inspiration of Dr. Nalin Goonesekera

and the late Dr. Maya Gunasekera, former professors of the University of Colombo.

A special thanks to my husband Manoj, for being there with me throughout my

graduate training period, and for his love and understanding. I am profoundly grateful to

my parents who supported me and provided me with guidance throughout my life.

Without their nurture and love I wouldn’t be the person I am today. I would also like to

acknowledge all of my lab members, especially Dr. Megan Carver, for their helpful

scientific discussions, companionship, laughter and spirit.



5

TABLE OF CONTENTS

LIST OF FIGURES .........................................................................................................10

LIST OF TABLES ...........................................................................................................15

ABSTRACT......................................................................................................................16

CHAPTER I: BACKGROUND......................................................................................18
1.1 DNA as a target for anticancer agents .....................................................................18

a. Alkylating agents ...................................................................................................20
b. Code-reading molecules.........................................................................................20
c. DNA intercalators ..................................................................................................21
d. DNA secondary structures .....................................................................................22
e. Three-way junctions...............................................................................................23

1.2 Dissertation overview ..............................................................................................24

CHAPTER II: HUMAN TOPOISOMERASE I AND ITS INHIBITORS.................27
2.1 Introduction..............................................................................................................27

2.1.1 Human topoisomerase I ....................................................................................27
2.1.2 Biological functions of human topoisomerase I ...............................................30
2.1.3 Human Topoisomerase I inhibitors...................................................................33

2.2 Structural and biochemical analysis of human topoisomerase I
C-terminal domain .....................................................................................................40
2.2.1 Topoisomerase I C-terminal domain and its significance.................................40
2.2.2 Statement of problem and specific aims ...........................................................43
2.2.3 Materials and methods ......................................................................................44

Vector construction........................................................................................44
Protein expression and purification ...............................................................45
CD spectroscopy ............................................................................................46
Fluorescence measurements...........................................................................46
NMR sample preparation...............................................................................47
NMR data collection ......................................................................................48
Molecular computer modeling.......................................................................48

2.2.4 Results...............................................................................................................50
a. Modification of topo6.3 protein indicate that addition of multiple

lysines to the C-terminus, but not the N-terminus, significantly
increases the solubility of topo6.3 ....................................................................50

b. Far-UV CD analysis indicates that topo6.3 proteins contain a
significant population of α-helix structure, but the secondary
structures are not completely ordered ...............................................................52



6

TABLE OF CONTENTS - CONTINUED

c. Thermal denaturation patterns measured by CD indicate the lack of
co-operative folding in topo6.3 proteins...........................................................54

d. ANS fluorescence spectroscopic study indicates the molten globule
states of all three topo6.3 proteins ....................................................................56

e. NMR studies of topo6.3 proteins indicate a fluctuating structure for
all three topo6.3 proteins...................................................................................58

f. Tryptophan fluorescence spectra of topo6.3 proteins indicate the
surface location of tryptophans.........................................................................63

g. Near-UV CD spectra of topo6.3 proteins imply the lack of a rigid
tertiary structure ................................................................................................65

h. Molecular modeling study shows that the 5-lysine extension adopts
different conformations at the C-terminus and the N-terminus
of topo6.3 proteins ............................................................................................67

2.2.5 Discussion .........................................................................................................69
a. Topo6.3 protein is in a molten globule state .....................................................69
b. Topo6.3 protein contains extensive hydrophobic surface and thus

low water solubility, while the hydrophobicity can be changed by
addition of multiple lysine residues .................................................................70

c. Implication in the formation of a productive topoI complex ............................71

2.3 DNA interactions of homocamptothecin topoisomerase I inhibitors ......................77
2.3.1 Homocamptothecins .........................................................................................77

a. Development of homocamptothecins................................................................77
b. Pharmacology of hCPT.....................................................................................80
c. Fluorinated hCPTs ............................................................................................81

2.3.2 Statement of the problem and specific aims .....................................................82
2.3.3 Materials and methods ......................................................................................83

Drugs......................................................................................................................83
Synthesis and purification of nucleic acids............................................................83
High performance liquid chromatographic (HPLC) studies ..................................84
UV-Visible spectroscopy.......................................................................................85
NMR studies ..........................................................................................................85

2.3.4 Results...............................................................................................................86
a. hCPT has increased lactone stability in the presence of DNA...............................86
b. hCPT intercalates with DNA .............................................................................90

2.3.5 Discussion .........................................................................................................94

2.4 The role of camptothecin and topoisomerase I in the inhibition of
Hypoxia-inducible factor-1......................................................................................96



7

TABLE OF CONTENTS - CONTINUED

2.4.1 Hypoxia-Inducible Factor 1 (HIF-1)............................................................ 96
a. Structure and function of HIF-1.........................................................................98
b. Pharmacological targeting of HIF-1 ..................................................................99
c. Topoisomerase I mediated inhibition of HIF-1................................................100

2.4.2 Statement of the problem and specific aims ...................................................102
2.4.3 Materials and methods ....................................................................................103

Expression and purification of human topoisomerase I.......................................103
Topoisomerase I cleavage assays.........................................................................104
Electrophoretic mobility shift assays ...................................................................105

2.4.4 Results..............................................................................................................105
a. Re-evaluation of the cleavage complex stabilization site of

camptothecins ..................................................................................................105
b. Topoisomerase I cleavage complex stabilization occurs within

the HRE............................................................................................................109
c. Topoisomerase I bound to an HRE containing sequence is stabilized by

camptothecin ....................................................................................................111
2.4.5 Discussion .......................................................................................................114

CHAPTER III: MECHANISM OF ACTION OF XR5944: MODE OF DNA
INTERACTION AND SUBSEQUENT INHIBITION OF TRANSCRIPTION......117

3.1 Inroduction.............................................................................................................117
a. Development of XR5944 .................................................................................117
b. Antitumor activity of XR5944 .........................................................................120
c. Biological characterization of XR5944............................................................123
d. Inhibition of transcription by XR5944.............................................................124

3.2 Determination of the solution structure of XR5944-DNA complex......................126
3.2.1 Statement of the problem and specific aims ...................................................126
3.2.2 Materials and methods ....................................................................................126

Sample preparation ..............................................................................................126
NMR experiments................................................................................................127
Distance restrained molecular dynamics simulation............................................128

3.2.3 Results.............................................................................................................129
a. Sequence specific binding of XR5944 with d(ATGCAT)............................. 129
b. NMR spectroscopic analysis...........................................................................131
c. Protonation of XR5944 phenazine ring.......................................................... 135
d. NMR structure determination .........................................................................135
e. Global complex structure and DNA conformation… .....................................141



8

TABLE OF CONTENTS - CONTINUED

3.2.4 Discussion .......................................................................................................144
a. Unexpected XR5944 conformation.................................................................144
b. XR5944 base-stacking interactions with DNA and binding

site specificity of 5’-T ....................................................................................145
c. XR5944 linker-DNA interactions and sequence specificity ...........................148
d. Biological implications ...................................................................................151

3.3 Inhibition of AP-1 transcription factors by XR5944 .............................................153
3.3.1 AP-1 transcription factors ...............................................................................153

a. AP-1 regulation and function ...........................................................................153
b. AP-1 in cell proliferation and apoptosis ..........................................................156
c. AP-1 in cancer..................................................................................................158

3.3.2 Statement of the problem and specific aims ...................................................159
3.3.3 Materials and methods ....................................................................................160

Drug samples ......................................................................................................160
Electrophoretic mobility shift assays ...................................................................160
Cell culture...........................................................................................................162
Cryogenic preservation of cells ...........................................................................163
Preparation of nuclear extracts.............................................................................163
Luciferase reporter assays....................................................................................164

3.3.4 Results.............................................................................................................166
a. XR5944 inhibits the DNA binding of AP-1 proteins in vitro .........................166
b. XR5944 inhibits the transcriptional activity of AP-1 proteins

in cultured cells ...............................................................................................173
c. UVB induced AP-1 protein expression, in contrast to AP-1 

 mediated transactivation, is not affected by XR5944 .....................................176
d. XR5944 inhibits the AP-1 transactivation in cells having

high transcriptional activity of AP-1 proteins.................................................178
e. XR5944 has reduced effect on AP-1 transactivation in cells

having low activity of AP-1 proteins ..............................................................180
3.3.5 Discussion .......................................................................................................182

3.4 Inhibition of estrogen receptors by XR5944.........................................................186
3.4.1 Estrogen receptors (ER)..................................................................................186

a. Role of estrogen receptors...............................................................................186
b. Structure of estrogen receptors .......................................................................187
c. Transcriptional activity ...................................................................................190
d. ER in cancer ....................................................................................................192
e. ER antagonism and its limitations...................................................................195

3.4.2 Statement of the problem and specific aims ...................................................197



9

TABLE OF CONTENTS – CONTINUED

3.4.3 Materials and methods ....................................................................................198
Drug samples .......................................................................................................198
Electrophoretic mobility shift assays ...................................................................198
DNase I footprinting assays .................................................................................199
Transient transfection assays ...............................................................................200
Drug dose determination for microarray experiment...........................................201
Microarray analysis..............................................................................................201

3.4.4 Results.............................................................................................................202
a. XR5944 directly inhibits the estrogen receptor binding

to estrogen response element (ERE) in vitro ...................................................202
b. XR5944 has higher specificity for binding at a 5’-TG site

compared to other sites of the ERE probe .......................................................207
c. XR5944 inhibits estrogen receptor mediated transcription..............................209
d. Effect of XR5944 is observed only in the inducible ER

transactivating function, but not in the constitutive
promoter activity..............................................................................................213

e. XR5944 preferentially inhibits transcription initiation...................................215
f. XR5944 displays a certain degree of specificity in action ..............................217
g. Microarray analysis indicated the effect of XR5944 on

specific cell cycle- and signaling pathway-related genes ...............................220
3.4.5 Discussion .......................................................................................................224

CHAPTER IV: DETERMINATION OF DNA SECONDARY STRUCTURE
CONFORMATIONS IN THE HUMAN TELOMERES ...........................................227

4.1 Introduction............................................................................................................227
a. DNA telomeres as anticancer drug targets...........................................................227
b. The structure of telomeric DNA ..........................................................................228
c. The conformation of telomeric DNA G-quadruplex............................................232

4.2 Statement of the problem and specific aims ..........................................................236
4.3 Materials and methods ...........................................................................................236

Synthesis of oligonucleotides .................................................................................236
CD spectroscopy .....................................................................................................237

4.4 Results....................................................................................................................237
a. Investigation of the array of different G-quadruplexes

formed by the human telomere sequence in the presence of K+..........................237
b. Determination of the most favored G-quadruplex conformations

for human telomere sequence ..............................................................................248
4.5 Discussion ..............................................................................................................250

APPENDIX A:PUBLICATIONS .................................................................................255
REFERENCES...............................................................................................................256



10

LIST OF FIGURES

Figure 1.1. DNA-interaction modes of different DNA-interactive agents .................19

Figure 2.1.1. Structure of the human topoisomerase I ...................................................29

Figure 2.1.2. Structures of topoisomerase I inhibitors...................................................36

Figure 2.1.3. Structure of the topoisomerase I-DNA-topotecan ternary complex.........38

Figure 2.2.1. Models of the structure of topoisomerase I C-terminal domain...............41

Figure 2.2.2. Picture of a denaturing polyacrylamide gel containing purified

C-terminally modified topo6.3 protein .....................................................51

Figure 2.2.3. Far-UV CD spectra of topo6.3 proteins....................................................53

Figure 2.2.4. Thermal denaturation curve of C-terminally modified topo6.3

Protein .......................................................................................................55

Figure 2.2.5. Fluorescence emission spectra of 1-anilinonaphthalene-8-sulfonic

acid in the presence and absence of topo6.3 proteins ...............................57

Figure 2.2.6. The 15N-1H HSQC spectrum of the modified topo6.3-5K protein ..........59

Figure 2.2.7. The NH-CHα region of the NOESY spectrum of the C-terminally

modified topo6.3 protein..........................................................................61

Figure 2.2.8. The amide/aromatic region region of the NOESY spectrum of

the C-terminally modified topo6.3-5K protein. .......................................62

Figure 2.2.9. Tryptophan fluorescence spectra of the topo6.3-5K protein in the

denatured form and non-denatured form .................................................64

Figure 2.2.10. Near-UV CD spectra of the topo6.3-5K protein......................................66



11

LIST OF FIGURES-CONTINUED

Figure 2.2.11. The molecular models of the C-terminally modified topo6.3 protein

after molecular dynamics calculation ........................................................68

Figure 2.2.12.Cartoon presentation of the proposed pathway for the formation

of a productive topo I complex ..................................................................74

Figure 2.3.1. Chemical structures and hydrolysis of camptothecin and

Homocamptothecin ....................................................................................79

Figure 2.3.2. HPLC separation of the carboxylate and lactone of homocamptothecin…..87

Figure 2.3.3. Kinetic profile of the rate of lactone ring opening for BN80915…………..89

Figure 2.3.4. UV absorption spectra of BN80915 in the absence and presence of DNA...91

Figure 2.3.5. 1H NMR spectra depicting the titration of BN80915 to DNA

oligonucleotides…………………………………………………………...93

Figure 2.4.1. Examples of HIF-1 target genes .................................................................97

Figure 2.4.2. Topoisomerase I cleavage assay with oligonucleotides containing

either a canonical topoisomerase I binding site or HRE site ...................108

Figure 2.4.3. Topoisomerase I cleavage assay with oligonucleotides containing a

modified HRE site and a canonical topoisomerase I binding site ...........110

Figure 2.4.4. EMSA showing the stabilization of topoisomerase I-DNA complex

by topotecan .............................................................................................113



12

LIST OF FIGURES-CONTINUED

Figure 3.1.1. Chemical structures of DACA, phenazinecarboxamide and XR5944 ......119

Figure 3.2.1. 1H NMR spectra showing the sequence-specific binding of XR5944

to DNA......................................................................................................130

Figure 3.2.2. The expanded regions of the nonexchangeable two-dimensional

NOESY spectra of the DNA-XR5944 complex .......................................134

Figure 3.2.3. Schematic diagram of the intermolecular NOE cross-peaks

between XR5944 and DNA ......................................................................136

Figure 3.2.4. Superimposed 15 final refined structures of DNA-XR5944 complex .....139

Figure 3.2.5. A representative model of refined XR5944-DNA complex

structure in stereo view ............................................................................143

Figure 3.2.6. Base stacking interactions between XR5944 and the intercalation

site of DNA..............................................................................................147

Figure 3.2.7. Sequence-specific interactions between the carboxamide

aminoalkyl linker of XR5944 and the DNA major groove......................150

Figure 3.3.1. Structure of heterodimeric complex of the bZIP domains of

human c-fos and c-jun..............................................................................155

Figure 3.3.2. Electrophoretic mobility shift assays of the c-jun DNA binding.............167



13

LIST OF FIGURES-CONTINUED

Figure 3.3.3. Electrophoretic mobility shift assay showing the recombinant

NF-kB protein binding to its consensus DNA ...........................................168

Figure 3.3.4. Effect of known DNA intercalators on c-jun DNA binding......................170

Figure 3.3.5. Electrophoretic Mobility Shift Assay of HeLa nuclear extract

and AP-1 consensus binding sequence ......................................................172

Figure 3.3.6. Inhibition of UVB induced AP-1 activity by XR5944 in HCL14 cells.....175

Figure 3.3.7. Electrophoretic mobility shift assay of HaCaT cell nuclear extract

with AP-1 consensus binding probe .........................................................177

Figure 3.3.8. Representative picture of inhibition of AP-1 transactivation in

MCF-7 cells by XR5944............................................................................179

Figure 3.3.9. Effect of XR5944 on AP-1 transactivation in HeLa cells .........................181

Figure 3.4.1. Structural domains of the human ER and Erß .........................................188

Figure 3.4.2. A model for the regulation of ER-mediated transcription of ER

responsive genes .......................................................................................191

Figure 3.4.3. Electrophoretic Mobility Shift Assay of MCF-7 nuclear extract

and ERE .................................................................................................... 204

Figure 3.4.4. Electrophoretic Mobility Shift Assay of recombinant ERα and ERE.......206

Figure 3.4.5. DNase I footprinting assay of the ERE probe ...........................................208

Figure 3.4.6. Effect of XR5944 on ER transactivation in MCF-7 cells..........................210

Figure 3.4.7. Effect of actinomycin D on ER transactivation in MCF-7 cells................212



14

LIST OF FIGURES-CONTINUED

Figure 3.4.8. Effect of XR5944 on luciferase reporter gene expression by the

pGL3 promoter vector...............................................................................214

Figure 3.4.9. Effect of actinomycin D on luciferase reporter gene expression

by the pGL3-promoter vector ...................................................................216

Figure 3.4.10.Effect of XR5944 on Sp1 transactivation in MCF-7 cells........................218

Figure 3.4.11.Effect of actinomycin D on Sp1 transactivation in MCF-7 cells .............219

Figure 3.4.12.MCF-7 cell microarray analysis data for treatment with XR5944 ...........223

Figure 4.1. DNA secondary structure forming units in telomeres ..............................231

Figure 4.2. Different folding conformations identified for the human

telomeric G-quadruplexes........................................................................235

Figure 4.3. The different folding patterns that are possible for the telomere

intramolecular G-quadruplex ...................................................................241

Figure 4.4. CD spectra of the wild type and different hybrid forming-type

telomeric sequences .................................................................................243

Figure 4.5. CD spectra of the wild type and different Chair forming-type

telomeric sequences .................................................................................245

Figure 4.6. CD spectra of the wild type and different Basket forming-type

telomeric sequences .................................................................................247

Figure 4.7. The melting curves of the wild type and specific BrG substituted

oligonucleotides .......................................................................................249



15

LIST OF TABLES

Table 3.1.1. Cytotoxicity [IC50 (nM)] of XR5944 in sensitive, and

topoisomerase I- or multidrug-resistant human cell lines...........................121

Table 3.2.1. 1H NMR Chemical Shift (ppm) of the 1:1 DNA-XR5944 Complex

and the Free DNA d(ATGCAT)2...............................................................132

Table 3.2.2. Structural statistics for 15 refined structures............................................. 140

Table 3.4.1. Microarray data showing the XR5944-affected genes in MCF-7 cells.......222

Table 4.1. Oligonucleotides used in the study showing the specific

8-bromoguanine (BrG) substitutions...........................................................240



16

ABSTRACT

DNA is both the oldest and newest of targets for cancer therapy. While it is

already being targeted by many anticancer drugs in the clinic, the development of

sequence-specific DNA binders has brought it back to the limelight as a valuable

anticancer drug target.

My studies on DNA interacting agents was initiated with the DNA intercalator

campotothecin, and also included topoisomerase I enzyme. I have evaluated the structure

of topoisomerase I C-terminal domain that consists of the active site tyrosine. My data

indicate that this domain exists in a molten globule conformation with a fluctuating

tertiary structure. These fluctuations are suggested to be important in interaction with the

topoisomerase I core domain and DNA. I have also evaluated the DNA interactions of the

camptothecin analogue homocamptothecin and have determined that homocamptothecin

intercalate with DNA in the absence of topoisomerase I, and that such intercalation

results in its lactone stabilization. Subsequently, the mechanism of topoisomerase I

mediated inhibition of HIF-1 by camptothecin was explored. I have shown that

camptothecin stimulate topoisomerase I cleavage complex formation in the HIF-1

binding site, which is suggested to prevent the DNA binding of HIF-1.

The second part of this study was focused on understanding the mechanism of

action of another DNA binder, XR5944. Designed as a dual topoisomerase inhibitor,

XR5944 was subsequently shown to have a different mechanism of action - inhibition of

transcription. The NMR structural analysis, in our lab, of the drug-DNA complex showed

that XR5944 bis-intercalate with DNA, while binding in the DNA major groove. Driven
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by these combined interaction modes, XR5944 is shown to inhibit the DNA binding and

the subsequent transcriptional activity of specific transcription factors such as estrogen

receptors and AP-1, which are overexpressed in certain cancers.

Finally, I have analyzed G-quadruplex structures formed by telomeric DNA. The

formation and stabilization of DNA G-quadruplexes in the human telomeric sequence

have been shown to inhibit the activity of telomerase. Thus the telomeric DNA G-

quadruplex has been considered as an attractive anticancer drug target. Telomeric DNA

forms multiple G-quadruplex conformations, and my data reveal the conformations of the

major G-quadruplexes formed by human telomeres.
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CHAPTER I: BACKGROUND

1.1 DNA as a target for anticancer agents

DNA contains the information that encodes life itself, and as such is the most

evolutionary conserved molecule. Soon after the recognition of its double helical

structure about fifty years back, design of drugs targeting DNA was initiated to combat

diseases such as cancer and viral infections. Although drug candidates can be developed

to work also with RNA and proteins, it is easier to target DNA, as only one molecule of

the drug target is required. Despite this advantage, DNA binding drugs in general have a

limitation associated with nonspecificity, which result in broad cytotoxic effects.

Conventional DNA binding drugs use one of three modes of DNA recognition; (i)

direct bond formation with the DNA bases, (ii) binding in the DNA grooves, and (iii)

intercalation between DNA base pairs. Such methods specifically involve duplex DNA.

But more recently, new modes of targeting non-canonical DNA structures have been

identified. These consist of DNA secondary structures such as G-quadruplexes and the

newly identified three-way junctions (Oleksi et al. 2006). Such DNA structures are

potential anticancer drug targets since they can be stabilized by different compounds,

thereby inhibiting the transcription and replication processes of specific cells (Figure 1.1)

The ideal anticancer agents would discriminate between normal and cancer cells,

and this is not easy to be achieved with DNA-interactive drugs. Nevertheless DNA is the

molecular target of many anticancer drugs, and all the above modes of targeting DNA are

still being pursued in order to develop anticancer agents with increased specificity and

reduced cytotoxicity.
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Figure 1.1. DNA-interaction modes of different DNA-interactive agents (A) Alkylating

agents, (B) Code-reading molecules, (C) DNA intercalators with and without DNA

interacting proteins, (D) Different G-quadruplex conformations and one potential drug

interaction mode, (E) DNA-ligand complex of a three-way junction
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a. Alkylating agents.

The first kind of DNA interacting compounds that was identified was the

alkylating agents, which form direct bonds with the DNA bases (Figure 1.1A). While

monoalkylating drugs like temozolomide interact with a single DNA strand (Clark et al.

1995), the more potent alkylating agents crosslink DNA strands. Examples of these are

the clinically used drugs like cyclophosphomide and mephalan, which crosslink the two

complementary DNA strands (Glodacre et al. 1949), and the platinum drugs, which result

in intrastrand crosslinking. Discovered in the mid 1960s, platinum drugs are among the

most widely used anticancer agents in the clinic today.

b. Code-reading molecules

This class of DNA-interacting drugs recognizes the DNA grooves and generally

has more sequence selectivity than alkylating agents (Figure 1.1B). The discovery of

minor groove recognition molecules such as distamycin and netrospin paved the way for

the design and synthesis of more specific code-reading molecules, and currently drugs

that specifically target either the minor groove or the major groove of DNA are being

developed ((Hurley 2002) and references therein). An important candidate within this

class is the pyrrole-imidazole polyamides that sequence-specifically bind in the DNA

minor groove, and can distinguish all four Watson-Crick base pairs. Such groove binding

results in allosteric inhibition of the protein binding to DNA at those sites, and have been

shown to block several different classes of eukaryotic transcription factors from binding

their cognate DNA sites (Dickinson et al. 1998; McBryant et al. 1999; Ehley et al. 2002).
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These polyamides have recently been further modified to increase their specificity of

action by pairing with amino acid moieties such as an Arg-Pro-Arg positive patch, which

competes with protein side chains for DNA backbone phosphate contacts (Dervan and

Burli 1999). A different type of code-reading molecule that is being investigated is

oligonucleotides, which can interact in the major groove and form sequence-specific

triple helices with the target DNA. Although such pyrrole/imidazole oligomers and

triplex-forming oligonucleotides are conceptually superb as sequence-specific DNA

targeting molecules, their large size impose limitations on their usefulness as anticancer

agents.

c. DNA intercalators

Another common mode of DNA recognition used by drugs is DNA intercalation

(Figure 1.1C). These molecules contain polycyclic aromatic rings, which yield favorable

stacking and hydrophobic interactions with base pairs. Intercalation typically results in

DNA structural distortion, which eventually lead to their anticancer effects. Most

intercalating molecules generally interact with 2-4 bp and it is unlikely that drugs that

merely intercalate will have sequence specificity to be selectively toxic in tumor cells.

This limitation of DNA intercalators is attempted to be overcome by combining

intercalation with other modes of DNA recognition. For example, the combined effect of

the polyaromatic (intercalator) and cyclic peptide (minor groove recognition) moieties

imparts higher sequence specificity to actinomycin D than either one alone. Other DNA

intercalators like doxorubicin and camptothecin exploit protein-DNA complexes to
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enhance their DNA sequence specificity. They are topoisomerase inhibitors that target a

transient kinetic intermediate of the enzyme-DNA complex, and are a prototype for small

molecule DNA binders endowed with high DNA sequence specificity. Both

topoisomerase I and II are involved in maintaining DNA structure and superhelicity and

therefore require the formation of transient breaks in DNA. The most common inhibitors

of these enzymes intercalate with DNA within the covalent complexes formed by protein

and DNA and interfere with enzyme activity, eventually resulting in programmed cell

death. An interesting feature of this class of DNA-interacting agents is that their drug-

binding sites do not correspond to the binding sites of physiological ligands, and exist

only when the macromolecular complex is assembled (Pommier and Cherfils 2005).

Thus, the sequence specificity of the enzymes is directed towards increasing the sequence

specificity of the drug, and this type of chemical agents foresee a novel approach to

develop sequence-specific DNA binders that can repress gene transcription at selected

genomic loci.

d. DNA secondary structures

As identified by Watson and Crick, DNA most often exist as double helical

molecules, and until recently, was assumed to be lacking any complex three-dimensional

structures. However, when released from its duplex base-pairing constraints, DNA can

fold into different secondary structures. G-quadruplexes are one such example, which

consist of stacked tetrads, each arising from a planar association of four guanines in a

cyclic Hoogsteen hydrogen-bonding arrangement (Figure 1.1D). First predicted in 1965,
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they were identified much later in telomeric DNA, and were shown to inhibit the activity

of telomerase, the telomere polymerizing enzymes (Zahler et al. 1991). The interest in

G-quadruplexes as an anticancer drug target arose based on such observations, and G-

quadruplex interactive drugs are expected to inhibit telomerase by sequestration of

single-stranded DNA primers.

G-quadruplex structures can vary in several different ways, including strand

stoichiometry and strand orientation. Several compounds that stabilize G-quadruplex

DNA and inhibit telomerase have been described (Sun et al. 1997; Arthanari et al. 1998;

Fedoroff et al. 1998). Among these, small molecules that stack with the G-tetrad planes

such as telomestatin have gained much attention (Shin-ya et al. 2001). The peculiar

geometry of the G-quadruplex structure, with four grooves of negative electrostatic

potential, is also predicted to allow specific recognition by ligand side chains, and

contribute to overall stability and selectivity (Mergny and Helene 1998).

Despite these advances in development of G-quadruplex stabilizing drugs, specificity and

cytotoxicity are major limitations of such ligands identified thus far, and improved

inhibitors are widely being pursued.

e. Three-way junctions

Three-way junctions are the most recently recognized mode of drug interaction

with DNA (Oleksi et al. 2006). The interest in three-way junctions as an anticancer drug

target was initiated subsequent to the recent structural analysis of a three-way junction in

complex with a synthetic tetracationic supramolecular helicate (Oleksi et al. 2006).
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DNA junctions are unique branched structures that consist of several double

strands converging at one point. The four-way junction, also known as a Holliday

junction, is a key intermediate in homologous recombination, and has been subjected to

much charaterization. In contrast, the simplest and most abundant nucleic acid branched

structures, the three-way junctions, had not been so well characterized. These junctions

occur both in RNA and DNA, with their major occurrence in DNA being the formation of

replication forks (Singleton et al. 2001).

The drug binding within a three-way junction occurs in a well-defined

hydrophobic cavity at the center of the junction (figure 1.1E). The tetracationic

supramolecular helicate is formed by three bis-pyridylimine organic strands wrapped

about two Fe2+ ions, and the positive charge due to Fe2+ ions as well as their large

hydrophobic surface act as driving forces in specific recognition of these junctions by the

chemical agent. Such novel mode of drug-DNA interaction has much potential to be

useful in design of anticancer agents due to the unusual nature of these DNA structures

and their common occurrence in cancerous cells.

1.2 Dissertation overview

The research described in this work has been focused on extending the current

knowledge on DNA and DNA-interacting proteins that are important as anticancer drug

targets.
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Out of the five different modes of drug-DNA interaction described above, I have

explored certain aspects of three of them, namely, DNA intercalation, groove binding,

and secondary DNA structures.

In the first part of this research, I have carried out numerous studies that in the

long run would help in further understanding the activity of camptothecin DNA

intercalators. Since topoisomerase I proteins are vital in the DNA binding and anticancer

activities of camptothecins, I have carried out structural analysis of the C-terminal

domain of topoisomerase I, which contains the active-site. Independent of the enzyme, I

have evaluated the DNA binding properties and resultant consequences of a novel

camptothecin analog, the homocamptothecin. Since camptothecins have been shown to

inhibit the HIF-1 protein acitivity, and the mechanism of such inhibition is not known, I

have also initiated studies that would help in understanding its mechanism of action.

The second part of this study was based on a different DNA intercalator XR5944.

It was developed as a DNA intercalator that inhibits topoisomerase I and II, but was

subsequently shown to be a transcription inhibitor. The studies in our lab indicated it to

be having groove binding properties in addition to intercalation, and thus, based on its

combined DNA-interacting modes, the drug was hypothesized to work by a new

mechanism of transcription factor inhibition. Thus, I carried out numerous assays to

determine its ability to inhibit the DNA binding of transcription factors. My data indicate

that XR5944 inhibit the DNA binding and transcriptional activity of specific transcription

factors such as estrogen receptors and AP-1 proteins.
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DNA secondary structures, the DNA G-quadruplexes, have emerged to be

promising anticancer drug targets, with the best-characterized example being the

telomeric DNA G-quadruplex. A clear understanding of their conformations is vital in

designing DNA interacting agents that specifically target these DNA secondary

structures. Thus we explored the different G-quadruplex structures likely to be formed by

human telomeric DNA, with the aim of identifying the most stable of them, and thereby

characterizing the components of the heterogenous mixture of intramolecular G-

quadruplexes formed by human telomeric DNA.



27

CHAPTER II: HUMAN TOPOISOMERASE I AND ITS INHIBITORS

2.1 Introduction

2.1.1 Human Topoisomerase I

Topoisomerases are enzymes that manage the topology and organization of

intracellular DNA. The fundamental need for topoisomerases derives from the double

helical structure of DNA. For most processes like DNA replication, transcription and

recombination that must access the information stored in the DNA, the two strands of the

helix must separate, but the circular nature of bacterial chromosomes and the large size of

eukaryotic DNA molecules preclude a simple winding solution. In addition to solving

these topological predicaments arising out of strand separations, topoisomerase activity is

also required for other DNA related functions such as relaxation of DNA supercoils that

are introduced during association with histones, untangling of completely replicated

DNA before cell division and fine-tuning the supercoiling to achieve the level required

for initiation of transcription from certain promoters. (Champoux 2001)

Management of the topological states of DNA by topoiosmerases is accomplished

by either passing one strand of DNA through a break in the opposing strand or by passing

a region of duplex through a double stranded break in the same or different molecule.

Topoisomerases that cleave only one strand of the DNA are defined as type I, while those

that cleave both strands are defined as type II subfamily members of topoisomerases

(Champoux 2001).
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Human DNA topoiosmerase I is a type I topoisomerase and was first purified

from HeLa cells in 1981 (Liu and Miller 1981). The cDNA encodes a 91 kDa polypeptide

of 765 amino acids, 40% of which are charged. Based on limited proteolysis and

fragment reconstitution experiments, human topoisomerase I protein has been subdivided

into four distinct domains (Figure 2.1). The N-terminal 214 amino acids of the enzyme

contains four nuclear localization signals and sites for interaction with other cellular

proteins, but is dispensable for relaxation activity. This domain is followed by a highly

conserved core domain that contains the majority of the catalytic residues. A poorly

conserved linker domain comprised of 77 amino acids connects the core domain to the C-

terminal domain. The C-terminal domain contains active site Tyr723 that is involved in

covalent interaction with DNA during relaxation.
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Figure 2.1.1. Structure of the human topoisomerase I; Top- Domain structure of

topoisomerase I with their properties summarized in the lower portion of the figure.

Bottom- Structure of human topoisomerase I (pdb entry 1A36) viewed from the side

with DNA axis horizontally oriented. The ball and stick structure represent DNA and

the ribbon structure represent the protein with the C-terminal domain colored red and

the different subdomains of the Core domain colored blue, green and yellow
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The crystal structures of several forms of the human topoisomerase I with both

non-covalently and covalently bound DNA and with topoisomerase inhibitors have been

determined (Redinbo et al. 1998; Stewart et al. 1998; Staker et al. 2002) (Figure 2.1).

Based on the crystal structures, the core domain associates closely with the C-terminal

domain to form a bi-lobed tight protein clamp around DNA. Although both the core and

the C-terminal domain interact with DNA, there is little evidence for sequence-specific

DNA recognition.

2.1.2 Biological functions of human topoisomerase I

Human topoisomerase I can relax both positive and negative supercoils in DNA.

Supercoils are generated in intracellular DNA during a number of DNA-related processes

including replication and transcription. During semi-conservative replication, due to the

topological restraints in DNA, positive supercoils are generated ahead of the replication

fork as parental strands come apart behind it. It has been suggested that transcription also

drives positive supercoiling of the DNA template ahead of the polymerase and negative

supercoiling of the DNA template behind it (Wang 1996). In the absence of

topoisomerase I, replication or transcription fork movement would be arrested by the

accumulation of torsional strain in the DNA template.

The DNA relaxation activity of human topoisomerase I does not require ATP or

Mg(II). They bind only to double stranded DNA and change the linking number of DNA

by 1 in each cycle (Pommier et al. 1998). A number of studies have indicated that this

enzyme prefers supercoiled over relaxed plasmid DNA as substrate (Muller 1985;
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Camilloni et al. 1989). The topoisomerase I catalytic cycle includes DNA binding,

cleavage, single strand passage and finally DNA religation. Upon binding of

topoisomerase I to supercoiled DNA, the O-4 oxygen of Tyr723 carries out a nucleophilic

attack on the scissile phosphate generating a phosphodiester link between the tyrosine

and the 3´ phosphate, releasing a 5´ hydroxyl. The DNA relaxation then occurs in this

cleavage complex in a processive manner where the enzyme remains associated with a

given substrate molecule through multiple rounds of cleavage and religation. Following

DNA relaxation, the religation of the cleaved DNA occurs by a second esterification

reaction in which the exposed 5’ hydroxyl group of the cleaved DNA strand now serves

as a nucleophile, attacking the phosphotyrosine linkage and rejoinins the cleaved DNA.

Finally a DNA molecule with reduced superhelicity is released, allowing the enzyme to

undergo another cycle of DNA binding and relaxation.

In addition to the DNA nicking-closing activity that is critical for regulation of

DNA supercoiling and DNA rearrangements, human topoisomerase I has other functions,

some of which are also related to its amino-terminal domain. For example, eukaryotic

DNA topoisomerase I has also been proposed to have a role in chromosome

condensation. In yeast, DNA topoisomerase I and the product of the TRF4 gene seem to

share such a role in mitotic cells where double mutants of these genes have been

attributed to a deficiency in mitotic chromosome condensation, spindle elongation and

nuclear segregation (Wang 2002).

Furthermore, topoisomerase I has been linked to DNA repair and recombinations

based on indirect evidence and in vitro data, (Pommier et al. 1995; Lanza et al. 1996) and
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it has been shown to recognize and nick base mismatches at the cleavage site (Yeh et al.

1994).

In addition to the regulation of transcription through the catalytic activity of

relieving torsional stress, topoisomerase I regulates transcription initiation also by direct

interaction with transcription factors. Topoisomerase I co-immunoprecipitates with the

TFIID complex, and binds to TATA binding protein (TBP). Consequently, it suppresses

basal transcription in the absence of activator, and stimulates transcription in the presence

of activator in genes containing a TATA box. Interestingly, DNA relaxation activity is

not required for transcription initiation because the topoisomerase I catalytic mutant

T723F remains capable of enhancing transcription in the presence of activator. The

domain of topoisomerase I involved in the interaction with transcription factors is not

known.

A function of human topoisomerase I that is independent of DNA binding is its

phosphorylation activity. Human topoisomerase I specifically phosphorylates members of

the SR-protein family (Rossi et al. 1996; Rossi et al. 1998). SR proteins (SC35,

SF2/ASF) are splicing factors, which are phosphorylated in vivo, and their

phosphorylation states affect their splicing activity. Although topoisomerase I lacks a

canonical ATP-binding motif, it binds ATP with a dissociation constant similar to that of

known protein kinases (Rossi et al. 1996). While the kinase activity of topoisomerase I

has been localized to the C-terminal domain of the enzyme, it has been shown to be

independent of the catalytic activity and the Tyr723 site (Rossi et al. 1998).
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2.1.3 Human Topoisomerase I inhibitors

The immense interest in topoiosomerases derives not only from their crucial role

in managing DNA topology, but also from their importance in pharmacology and clinical

medicine. A wide variety of topoisomerase-targeted drugs have been identified, including

antibiotics and toxins that target bacterial topoisomerase enzymes, and anti-cancer agents

targeting eukaryotic topoisomerases. (Wang 1996)

Topoisomerase I inhibitors can be grouped into two main classes: topoisomerase I

poisons and topoisomerase I suppressors. Both inhibit enzyme catalytic activity. While

topoisomerase I poisons trap cleavage complexes, topoisomerase I suppressors do not.

Topoisomerase I poisons kill cells by trapping cleavage complexes rather than by

inhibiting the catalytic activity. The drugs that act as topoisomerase I poisons include the

widely-studied camptothecin and its derivatives (Figure 2.1.2) as well as other non-

camptothecin compounds like Indolocarbazoles (NB-506, rebeccamycin), Intoplicine,

Ecteinascidine 743, Hoechst 33342, Nitidine, fagaronine and Indenoisoquinolines.

Camptothecin was first identified as a drug with potential antitumor activity in

1966 as a result of a US National Cancer Institute screening program (Wall et al. 1966). It

was originally isolated from the Chinese tree Camptotheca acuminata. Camptothecin’s

broad spectrum of antitumor activity in animal models, especially activity against colon

tumors, led to the clinical trials in the early 1970s. However, because camptothecin

lactone had low solubility, researchers used the sodium salt of camptothecins in trials,

which was a ring-open form. Subsequent to this formulation change, very high

concentrations of the drug were required for clinical activity and the toxic effects of the
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drug were severe and unpredicatable. Excessive toxicity resulted in termination of the

trials (Chen and Liu 1994). It is now known that the ring-open form of camptothecin is

inactive against its molecular target, topoiosmerase I. Furthermore, a primary reason for

the toxicity would be the dissociation of sodium salt followed by lactone ring closure due

to the acidity in the bladder, resulting in large amounts of active drug in the urine

(Pizzolato and Saltz 2003).

The cellular effects of camptothecin have been studied extensively where it was

found that camptothecin inhibits both DNA and RNA synthesis and selectively kills S-

phase cells and arrests cells in the G2 phase. It was also observed that camptothecin

induces fragmentation of chromosomal DNA, and removal of camptothecin from the

medium rapidly restores integrity of chromosomal DNA (Chen and Liu 1994). This

unusual phenomenon led to the identification of topoisomerase I as the target of

camptothecin (Hsiang et al. 1985; Hsiang and Liu 1988).

Results of early experiments showed camptothecin sensitivity in cancer cell lines

was directly correlated to topoisomerase I concentrations. Other investigators reported

topoiosmerase I to be overexpressed in tumor tissue of patients with different tumor

types. Identification of topoisomerase I as a viable target for antineoplastic treatment, and

elucidation of its inhibition as the mechanism of action of camptothecin, led to renewed

efforts to develop soluble analogues of camptothecin (Pizzolato and Saltz 2003).

Topotecan (Figure 2.1.2) was the first camptothecin analogue to be approved for

clinical use by the US Food and Drug Administration. It is water soluble because of its

side-chain at carbon 9 of the A ring. Topotecan is used for the treatment of cisplatin-



35

refractory ovarian carcinoma, and for second-line therapy in small-cell lung cancer.

Irinotecan was the first water-soluble semisynthetic derivative of camptothecin to enter

clinical trials. Initially developed in Japan, this drug has been approved in the USA for

the treatment of advanced colorectal cancer refractory to fluorouracil. Other

camptothecin derivatives such as exatecan mesylate (DX-8951f), 9-aminocamptothecin

and rubitecan (9-nitrocamptothecin) are in phase I/II clinical trials.
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N N-OOC

NH2

Camptothecin R1 R2 R3 R4

Derivative
---------------------------------------------------------------------------------------------------

Camptothecin H H H H

Topotecan H -CH2-N(CH3)2 -OH H

Irinotecan (CPT-11) -CH2-CH3 H A H

SN-38 -CH2-CH3 H -OH H

Exatecan (DX-8951f) B -CH3 F

Rubitecan (9-nitroCPT) H -NO2 H H

9-amino CPT H -NH2 H H

---------------------------------------------------------------------------------------------------

A=

B=

Figure 2.1.2. Structures of topoisomerase I inhibitors. SN-38 is the active metabolite of

irinotecan.
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Camptothecins reversibly stabilize the topoisomerase I cleavage complexes by

inhibiting their religation. The drug-binding mode has been structurally determined using

a complex of fully active topoisomerase I construct covalently joined to double stranded

DNA in the absence and presence of topotecan (Staker et al. 2002). A comparative

analysis of these structures demonstrates that topotecan intercalates at the site of DNA

cleavage, forming base stacking interactions with both the –1 (upstream) and +1

(downstream) base pairs (Figure 2.1.3). The planar 5-membered polycyclic ring system

of topotecan mimics a DNA base pair in the DNA duplex and occupies the same space as

+1 base pair in the structure without the drug bound. Such intercalation results in a 3.6Ǻ

shift of the downstream base pair and displaces the reactive 5’-OH of the cleaved strand

away from the phosphotyrosine.
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Figure 2.1.3. Structure of the topoisomerase I-DNA-topotecan ternary complex (PDB ID

1K4T). Top-side view, Bottom-looking into the DNA.
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While camptothecins stabilize cleavage complexes by intercalating at the

cleavage site, the cytotoxic lesions that lead to camptothecin induced cell death are not

these cleavage complexes per se. Instead, cytotoxic lesions result from interaction

between the drug-stabilized cleavage complexes and advancing replication or

transcription forks. While the cleavage complex formation and stabilization is reversible,

collision of these with advancing replication and transcription forks result in irreversible

double stranded breaks in DNA. The cellular response to these double strand breaks

include initiation of damage induced signaling, cell cycle arrest, activation of pathways

involved in repair and engagement of enzymatic machinery that results in apoptosis

(Kaufmann 1998). The biochemical changes that accompany this cell death process

include: (a) expression of genes that encode the transcription factor jun and tumor

necrosis factor-α homolog Fas ligand, (b) release of cytochrome c from the

intermembrane space of mitochondria into the cytosol, (c) activation of caspase-3 and

other effector proteases, (d) selective cleavage of a variety of intracellular polypeptides,

(e) cleavage of genomic DNA into large (50-600 kb) fragments, (f) further cleavage of

DNA in the linker regions between adjacent nucleosomes to yield a ladder of small DNA

fragments (180 bp and upwards) and (g) loss of membrane integrity (Kaufmann 1998).

These steps constitute an intrinsic biochemical program that is conserved in its essential

features in organisms ranging from roundworms to Drosophila to humans and are

observed after treatment with a variety of chemotherapeutic agents.
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2.2 Structural and biochemical analysis of human topoisomerase I

C-terminal domain

2.2.1 Topoisomerase I C-terminal domain and its significance

The COOH-terminal domain (C-terminal domain) is comprised of residues

Glu696 to Phe765 and contains the catalytically active residue Tyr723 that covalently

binds with DNA. While the C-terminal domain is inactive by itself, the topoisomerase I

activity can be reconstituted by mixing individually expressed core and C-terminal

domains. A series of deletion constructs that remove residues from both ends of a 12 kDa

C-terminal fragment have been generated in order to define the minimal C-terminal

fragment capable of reconstituting activity (Stewart et al. 1997). Subsequently it has been

determined that a protein fragment from Gln713 to Phe765 (topo6.3) is sufficient for core

domain binding and reconstitution of activity. Interestingly, a fragment of Thr718-

Phe765 binds perfectly well to core but fails to display any reconstituted activity (Stewart

et al. 1997).

Thus the human topoisomerase I C-terminal domain is characterized as a globular

polypeptide of 53 residues ranging from Gln713 to Phe765 (topo6.3) (Figure 2.2.1).

Based on the crystal structure of reconstituted enzyme bound to DNA, it is composed of

five short α helices (Redinbo et al. 1998). The core domain interacts closely with the C-

terminal domain primarily by way of 3 specific α helices. The interface is largely

hydrophobic and buries ~1300 Ǻ of solvent accessible surface on each domain (Figure

2.2.1).
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Figure 2.2.1. Models of the structure of topoisomerase I C-terminal domain (topo6.3

protein) extracted from the crystal structure (1K4T) of topo70-DNA-topotecan ternary

complex (Staker et al. 2002). Top- Schematic representation of the topo I C-terminal

domain and its amino acid sequence. The helix forming residues are underlined. Bottom-

The interface between the topo I C-terminal domain and the core domain (Bottom). The

C-terminal domain is shown in solid surface representation color-coded by relative

hydrophobicity as indicated by the color code bar: red represents high hydrophobicity and

blue represents high hydrophilicity. The core domain is shown in dotted representation.
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Overall, the interest in topoisomerase I C-terminal domain (topo6.3) as a separate

protein fragment arises due to a number of reasons.

(i) topo6.3 is an independently folding globular protein and contains the active site

Tyr723.

(ii) Based on fragment complementation studies, it is assumed to be completely folded

before association with the core domain, but further structural analysis is required for

formal confirmation of this idea (Stewart et al. 1997).

(iii) Sequence alignment between the cellular topoisomerase I enzymes and the much

smaller (37 kDa) vaccinia viral topoisomerase I reveal that the highest level of sequence

homology is found within the last ~7 kDa of the two enzymes. This segment is equivalent

to the minimal 53 residue C-terminal domain identified as topo6.3.

(iv) Several CPT resistant point mutations have been identified in topoisomerase I, and

some of these are located in the C-terminal domain (G717V, N722S, T729A and T729I).

Structural differences of these mutants and the wild type protein have not yet been

established.

(v) In addition to the active site Tyr723, the C-terminal domain has other specific

residues that seem to be important in catalytic activity. This is suggested by two major

observations; (a) C-terminal domain fragment of residues Thr718-Phe765 fails to display

any reconstituted activity although it binds well to the core, while a protein of residues

Gln713-Phe765 displays both core domain binding and cleavage activities (b) residues

715-719 are ordered in the crystal structure of the noncovalent complex of DNA and
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reconstituted enzyme but disordered in the covalent complex, suggesting the involvement

of these residues in covalent complex formation (Redinbo et al. 1998).

(vi) Topoisomerase I also carries out splicing factor phosphorylating activity (Rossi et al.

1998) and the region of ATP binding has been localized to a 14 kDa C-terminal fragment

of the protein. The kinase function is independent of the active site Tyr723 and therefore

it is likely that the phophorylation activity is carried out by free enzymes that are not

bound to DNA. The exact ATP binding sites have not yet been identified.

2.2.2 Statement of the problem and specific aims

Detailed structural characterization of human topoisomerase I have so far been

possible only for the DNA bound form of the enzyme. Much information can be gained

from the free form of the enzyme including structural changes undergone by the enzyme

during DNA binding. Specifically, structural analysis of the C-terminal domain by itself

would be useful in understanding the effect of specific point mutations in camptothecin

resistance, the ATP binding domain related to kinase activity, and folding characteristics

of the protein, among others.

Specific Aim - To study the structure of topo6.3 protein

The small size of topo6.3 especially makes it a good candidate for structural

characterizations using NMR. The goal of this work was to characterize the

topoisomerase I C-terminal domain using different biophysical methods, with the aim of

identifying structural changes necessary for the protein to complex with the core domain
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and bind DNA. The long-term goals included studying the active site conformation with

different drugs bound to the protein/DNA complex and also studying the conformation of

camptothecin resistant mutant forms of the C-terminal domain.

2.2.3 Materials and methods

Vector construction

A pGEX-3X vector containing the topo6.3 coding region (Stewart et al. 1997) was

used as the template for construction of modified topo6.3 DNA fragments using a PCR

reaction. The N-terminal modification used a forward primer coding for five extra lysines

and a reverse primer coding for a new EcoRI site following the stop codon. The C-terminal

modification used a forward primer complementary to the vector fusion domain including

the 5′ region of wild type topo6.3 coding region and a reverse primer coding for five

additional lysine residues, a stop codon and a new EcoRI site. Following PCR reaction, the

DNA was purified using a PCR purification kit (Qiagen). The amplified fragments of

correct length were purified using agarose gel electrophoresis followed by DNA extraction

with a gel purification kit (Geneclean). Subsequently, the DNA fragments were

BamHI/EcoRI-digested to create cohesive ends for directional cloning. The digested

fragments were gel-purified again and cloned directly into double-digested and purified

pGEX-3X vector. The plasmids were transformed and amplified in E. coli BL21 and the

sequences were verified by DNA sequencing. Each of the vectors encodes GST followed

by a Factor Xa cleavage site 5′ to the topo6.3 start site.
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Protein expression and purification

Protein expression was carried out as described in (Stewart et al. 1997). E. coli

BL21 cells containing the wild type or modified topo6.3 coding sequence cloned into

pGEX-3X plasmids. Cells were cultured in rich growth medium and protein expression was

induced at an OD595 of 0.7 by addition of 40mg/l IPTG. Following incubation for a further

3 hours, the cells were harvested by centrifugation at 5500xgmax for 10 minutes and frozen

overnight at -20˚C. Pelleted cells were then resuspended in Sonication Buffer (500mM

KCl, 10mM Tris-HCl (pH 7.4), 1 mM DTT, 1 mM EDTA, 0.2% Triton-X100, 0.1 mM

PMSF) and sonicated for 3 minutes. The sample was then centrifuged again at 17500xg for

50 minutes to remove the cell debris. The supernatant was incubated with glutathione-

Sepharose 4B beads (Pharmacia) overnight at 4˚C and then eluted by gravity using an

Econo-Pac column (Pharmacia). The matrix was washed with one column volume of

sonication buffer and 2 column volumes of Wash Buffer (500 mM KCl, 10 mM Tris-HCl

(pH 7.5), 1 mM EDTA). At the end of the washes, more Wash Buffer, equal to the volume

of beads, was added into the same column and the final CaCl2 concentration was adjusted

to 3mM. The sample was incubated for 24 hrs with Factor Xa (New England Biolabs) to

cleave the protein off the beads and the GST tag. Final samples of topo6.3 were eluted

from the column and dialyzed into 2.5 mM KCl. The presence of topo6.3 protein in the

resultant solution was confirmed by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE). Final protein concentration was determined by Bio-Rad

protein assay (Bio-Rad Laboratories).
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The labeled topo6.3 expression was carried out in M9 minimal medium containing

22.4 mM 15NH4Cl, 42.3 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 0.5% glucose, 2

mM MgSO4, 10 mg/l biotin, 2 mg/l thiamine, 50 mg/l ampicillin, 0.02% yeast extract, 0.1

mM CaCl2 and trace elements. The incubation after IPTG addition was longer compared to

the expression in rich medium due to the slower growth of cells in minimal medium. There

was no difference in the method of protein purification between the unlabeled topo6.3

samples described above and the 15N labeled samples.

CD spectroscopy

CD spectra were recorded on a Jasco J-810 spectropolarimeter and CD measurements were

done in pH 7 PBS solution and in 50 mM pH 6 phosphate buffer. For far-UV CD, protein

concentrations were between 2.5-50 µM and the measurements were done in a 1mm

pathlength cuvette. For near-UV CD, the C-terminally modified topo 6.3 protein (topo6.3-

5K) was used at a concentration of 0.6 mM and the measurements were done in a 1cm

cuvette due to the low sensitivity in the range of near-UV CD. For thermal denaturation

experiments, the temperature was changed from 200C to 900C and the CD at 222 nm was

monitored. For all other experiments the temperature was kept constant at either 250C or

370C. A scan rate of 100 nm/min was used for each measurement. Each data point in each

CD spectrum was the average of three individual scans. All spectra were blank-subtracted

using a KCl or phosphate buffer solution.

Fluorescence measurements



47

Fluorescence was measured using a Molecular Devices SpectraMAX GeminiXS 96w

fluorescent plate reader. The sample solutions were mixed in a 96-well plate, which was

subsequently used for fluorescence measurement. ANS dye was used to determine exposed

hydrophobic patches in each protein sample. A 10 mM ANS stock solution in water was

used to obtain a final concentration of 300 µM in each well. Each protein sample was at a

concentration of 4 µM. The excitation wavelength was 379 nm and the spectra were

recorded from 425 nm to 600 nm. The spectra of the samples with urea were blank-

subtracted with a solution containing the relevant amount of urea. Each experiment was

repeated three times. The intrinsic tryptophan fluorescence was measured using 5-

10 µΜ solutions of each protein. The excitation wavelength was set at 280 nm and the

emission spectra were recorded in the range of 300-400 nm.

NMR sample preparation

Approximately 1mg of each of the wild type and N-terminally modified topo6.3

samples and 5 mg of C-terminally modified protein was dissolved in 500µl of 50 mM

phosphate buffer (pH 6.0). Subsequently 100 µl of D2O was added into the solution and

mixed. The precipitated protein was removed by centrifugation and the solution was

transferred to a new tube. The protein concentration in each sample was determined using

the Bio-Rad Protein Assay system. The wild type and N-terminally modified topo6.3 were

at an approximate concentration of 0.06 mM and the C-terminally modified topo6.3 was at

a concentration of ~0.9 mM.
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NMR data collection

Single- and two-dimensional NMR spectra were acquired at 10-15˚C using a Bruker

Avance 600 spectrometer. Homonuclear NOESY spectra were collected using States-TPPI

method with a sweep width of 12 ppm in two dimensions. The relaxation delay was 2

seconds and the mixing time was 200 ms. Watergate method was employed to suppress

solvent peaks. For the sample of urea-denatured protein, multiple solvent peak suppression

was achieved by using a train of shaped pulses targeted at the solvent peaks during the

relaxation delay to presaturate the solvent peaks. All homonuclear 2D spectra had 2048

complex data points in the direct acquisition dimension and 1024 FIDs collected in the F1

dimension. The 90 degree shifted square sinebell function was used as the window

function. After zero-filling and Fourier transformation, the size of the final spectra was

2048x1024. For the 15N-labeled samples, the gradient-enhanced heteronuclear single-

quantum coherence (HSQC) spectra were acquired with 2048 complex points in t2 and 512

points in t1. The sweep width in F1 and F2 dimensions was 40 ppm and 20 ppm,

respectively. A 90 degree shifted square sinebell function was applied in both dimensions.

Forward linear prediction in the F1 dimension and Fourier transformation was applied to

get the spectra with a size of 2048x1024 data points. All spectra were processed using

Xwinnmr version 3.5 and analyzed with the SPARKY program.

Molecular computer modeling

Molecular modeling calculations were performed using Insight II/Discover III software

package (version 2000.1 Accelrys, CA). Multiple modules of Insight II were used for the
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calculation. The initial coordinates of topo6.3 protein was taken from the C-terminal

fragment of the crystal structure of the ternary complex consisting of 70 kD human

topoisomerase I, 22-base pair DNA and topotecan (pdb ID: 1K4T ) (Staker et al. 2002).

All hydrogen atoms were added at pH 6.0, and the missing side chains were added using

the Insight II Biopolymer module. Bond orders of topo6.3 were corrected in Insight II.

The starting model of the 5K-topo6.3 was generated by adding the random coil sequence

G-I-P-K-K-K-K-K at the N-terminus of topo6.3. The starting model of the topo6.3-5K

was generated by adding residues G-I-P at the N-terminus and five lysine residues at the

C-terminus of topo6.3 fragment. Bad geometrical contacts from the crystal structure were

first fixed by manually selecting the preferred rotamer of side chain conformation without

changing the backbone conformation, followed by a series of minimizations to gradually

relax the starting structure. A CFF force field in Insight II was used for all of the

calculations (Maple et al. 1998), with the non-bond cell multipole method. The energy

minimization was carried out by first using the steepest descent method and then using

the conjugate gradient method until the system convergence of 0.01 Kcal/mol/Å was

reached, using a distance-dependent dielectric constant (ε=4rij) to simulate the aqueous

solvation effect (Orozco et al. 1990; Garemyr and Elofsson 1999). The minimized

structure was soaked in water solvent and subjected to further energy minimization to a

gradient of less than 1 Kcal/mol/Å. The energy-minimized structure was then subjected

to a molecular dynamics calculation with 20 ps equilibration and 80 ps simulations at 300

K. The dynamics time step was 1 fs and dynamic trajectories were recoded every 0.5 ps
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for analysis. The lowest energy structure from the dynamics simulation was subjected to

further energy minimization to a convergence of 1 Kcal/mol/Å.

2.2.4 Results

a. Modifications of topo6.3 protein indicate that addition of multiple lysines to the C-

terminus, but not the N-terminus, significantly increases the solubility of topo6.3

The C-terminal domain of the human topo I protein is an α-helical globular protein

fragment, based on the crystal structures of DNA or DNA/drug complexes of topo I

(Redinbo et al. 1998; Stewart et al. 1998; Redinbo et al. 1999; Staker et al. 2002) (Figure

2.2.1). The protein we have studied consists of 53 residues from the C-terminus of topo I

plus three additional residues, Gly-Ile-Pro, from the expression vector. Wild-type topo6.3

protein, whose pI is calculated to be 6.3, exhibits relatively low water solubility (0.06 mM)

under physiological conditions. In an attempt to improve solubility properties, five lysine

residues were added either to the N-terminus (5K-topo6.3) or to the C-terminus (topo6.3-

5K) of the topo6.3 protein, a strategy that has been used in many systems (Park et al. 2003;

Terpe 2003). Each expression vector was sequenced for verification of the presence of the

correct coding sequence, and the presence of topo6.3 protein in the solution was verified by

SDS-PAGE analysis at the end of protein purification as well as by mass spectroscopic

analysis (Figure 2.2.2). Addition of multiple lysines to the C-terminus increases the

solubility of topo6.3-5K protein to 0.9 mM, more than ten-fold higher than that of the wild-

type protein; however, the same modification on the N-terminus makes no obvious change

in the solubility.
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Figure 2.2.2. (A) A denaturing polyacrylamide gel containing purified C-terminally

modified topo6.3-5K protein (right lane). The left lane consists of standard protein

solution containing proteins of known molecular weight. (B) Mass spectrum of the

topo6.3-5K protein. The calculated molecular weight of topo6.3-5K is 7203.
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b. Far-UV CD analysis indicates that topo6.3 proteins contain a significant population of α-

helix structure but the secondary structures are not completely ordered.

All topo6.3 proteins in pH 7 PBS solution showed double minima at 205 and 222

nm, indicating the existence of a considerable population of α-helical secondary structure

in topo6.3 proteins (Figure 2.2.3) (Venyaminov and Yang 1996). However, the negative

ellipticity at 222 nm was much less compared to the ellipticity at 205 nm. These spectral

features are commonly seen with molten globule states of proteins (Peng and Kim 1994;

Demarest et al. 1999; Song et al. 2001), in addition to proteins containing mixed secondary

structures. While the helix content is estimated to be approximately 55% in the C-terminal

domain of the crystal structures (Figure 2.2.1) (Redinbo et al. 1998; Stewart et al. 1998;

Redinbo et al. 1999; Staker et al. 2002), the ratio of ellipticity minima at 205 nm and 222

nm indicates only about 35-40% helix population for topo6.3 proteins, (Dyson et al. 1992;

Venyaminov and Yang 1996), indicating that the secondary structures in topo6.3 proteins

are not completely ordered. No change in the shape of spectrum was detected by increasing

the sample temperature to 37°C, the physiological temperature. Far-UV CD measurement

of denatured topo6.3 proteins in 8 M urea showed no detectable ellipticity, confirming that

topo6.3 proteins in solution are in a state that is distinct from an unfolded state. Similar

spectra were observed for the proteins in pH 6-phosphate buffer, the solvent used in

subsequent NMR experiments. Even though the C-terminally modified topo6.3-5K exhibits

a ten-fold higher water solubility, its CD spectrum is similar to that of the wild-type

topo6.3 protein, suggesting that a similar overall folding occurs for both topo6.3 proteins.
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A

B

C

Figure 2.2.3. Far-UV CD spectra of topo6.3 proteins, (A) wild-type topo6.3, (B) C-

terminally modified topo6.3-5K, and (C) N-terminally modified 5K-topo6.3. Each protein

was used at a concentration of 15-20 µM in PBS.
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The CD measurements were performed for different concentrations of the three

proteins to verify that the observed folding state of topo6.3 proteins was not a result of

protein aggregation. In the range of CD measurements (5-50 µM), all three topo6.3 proteins

appear to be monomeric, as no concentration dependence was detected.

c. Thermal denaturation patterns measured by CD indicate the lack of co-operative folding

in topo6.3 proteins

CD spectroscopy is an important method in the study of protein folding. The ellipticity at

222 nm is usually correlated with the α-helical content of a protein and therefore is a

parameter commonly monitored to observe folding and unfolding transitions of a protein.

The thermal transition pattern obtained for C-terminal-modified topo6.3 protein by

monitoring ellipticity at 222 nm, indicated a non-cooperative transition (Figure 2.2.4). This

observation is consistent with the molten globule conformation of the topo6.3-5K protein.

Non-cooperative transitions were also observed for the wild-type and the N-terminal-

modified proteins.
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Figure 2.2.4. Thermal denaturation curve of C-terminally modified topo 6.3 protein

obtained by measuring the ellipticity at 222 nm. 20 µM protein was used in phosphate

buffer. The temperature was changed from 20 ºC to 90 ºC in 1ºC steps.
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d. ANS fluorescence spectroscopic study indicates the molten globule states of all three

topo6.3 proteins.

ANS (1-anilinonaphthalene-8-sulphonate) is a hydrophobic fluorescence probe that

has been extensively used to monitor the molten globule states of proteins (Semisotnov et

al. 1991; Li and Jing 2000; Vamvaca et al. 2004). ANS fluorescence studies were carried

out with the different forms of topo6.3 protein. All three forms of topo6.3 protein bind

ANS in water solution and give rise to enhanced fluorescence intensity with a characteristic

blue shift of the emission maximum, indicating that the topo6.3 proteins are in a molten

globule like state (Figure 2.2.5). Other molten globule proteins have been shown to exhibit

similar increases in fluorescence upon ANS binding (Li and Jing 2000; Vamvaca et al.

2004).

Very weak ANS binding was observed for the non-folded form of denatured

topo6.3 proteins in 8 M urea. It is important to note that while topo6.3-5K exhibits much

better solubility than the wild-type topo6.3, which is likely caused by the presence of a less

extensive hydrophobic surface in topo6.3-5K (see below), topo6.3-5K exhibits similar ANS

binding to that of the wild-type topo6.3. Thus the enhanced ANS binding of topo6.3

proteins are likely due to the molten globule states of conformation, rather than to the

extensive hydrophobic surface of the topo6.3 proteins.



57

A

B

C

Figure 2.2.5. Fluorescence emission spectra of 1-anilinonaphthalene-8-sulfonic acid

(ANS) in the presence (solid lines) and absence (dotted lines) of topo6.3 proteins: (A)

wild-type topo6.3, (B) C-terminally modified topo6.3-5K, and (C) N-terminally modified

5K-topo6.3. Results shown are from one experiment of three performed.
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e. NMR studies of topo6.3 proteins indicate a fluctuating structure for all three topo6.3

proteins.

The 15N-1H HSQC spectra were collected for all three topo6.3 proteins; however,

they all exhibit poor signal dispersion and substantial line broadening. The spectral line

broadening appears to be independent of protein concentration as monitored by NMR.

Because of the higher solubility of the topo6.3-5K protein (0.9 mM) compared to those of

the topo6.3 and 5K-topo6.3 proteins (0.06 mM), the NMR study was focused on the

topo6.3-5K protein. The HSQC NMR spectra of topo6.3-5K in pH 6 phosphate buffer and

in 8M urea are shown in Figure 2.2.6. This HSQC spectrum is very similar to those of

previously reported molten globule proteins (Schulman et al. 1997; Redfield et al. 1999;

Song et al. 2001; Ramboarina and Redfield 2003; Wahlberg et al. 2003; Zhang et al. 2005).

The line broadening of NMR resonances is characteristic for conformational fluctuations

on a millisecond time scale. The existence of a dynamic equilibrium of multiple

conformations can be clearly seen in the HSQC spectra. For example, the topo6.3-5K

protein contains two asparagines and two glutamines (Figure 2.2.1), whose characteristic

side chain N-H crosspeaks all appear to be crosspeak clusters with broad linewidth (Figure

2.2.6). Thus, the NMR data indicate that topo6.3 proteins are in a fluctuating molten

globule state.
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Figure 2.2.6. The 15N-1H HSQC spectra of the C-terminally modified topo6.3-5K protein

at a concentration of 0.9 mM in pH 6 phosphate buffer (A) and in 8 M urea solution (B).

The side-chain crosspeaks of Gln/Asn residues are indicated by arrows.
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In addition, we have carried out a hydrogen/deuterium exchange experiment on the

topo6.3-5K sample. We found that the hydrogen/deuterium exchange rate is faster than that

can be detected by NMR. When H2O was added to the deuterated sample, the amide

protons can be readily detected in a couple of minutes (data not shown). The HSQC

spectrum of the denatured topo6.3-5K sample in 8 M urea is also shown in Figure 2.2.6.

There are a total of 61 residues in the topo6.3-5K protein, including three prolines, so 58

amide crosspeaks should be seen for the denatured topo6.3-5K sample. 56 amide peaks can

be clearly seen in the HSQC spectrum, while the remaining two peaks are likely to be

overlapping with other peaks. The purity of this sample is also supported by the SDS-

PAGE gel and mass spectral analysis (Figure 2.2.2).

Because trifluoroethanol (TFE) has been known to be capable of stabilizing the α-

helix secondary structure (Buck 1998), NMR spectra of topo6.3 proteins were also

obtained in the presence of 10-20% TFE. The addition of TFE did not improve the HSQC

NMR spectra, namely, the signal dispersion and line-broadening.

2D-NOESY spectra have also been collected for topo6.3 proteins. The CαH protons

of topo6.3 proteins are clearly up-field shifted (0.2-0.3 ppm) with respect to the denatured

topo6.3 protein as observed in 2D-NOESY spectra (Figure 2.2.7), suggesting the presence

of α-helix secondary structure in topo6.3 proteins (Wishart et al. 1992). Poor signal

dispersion and line broadening associated with structural fluctuations were also observed in

the NOESY spectra (Figure 2.2.8).
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Figure 2.2.7. The NH-CHα region of the NOESY spectrum of the C-terminally modified

topo6.3 protein.
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Figure 2.2.8. The amide and aromatic regions of NOESY spectrum of the wild-type

topo6.3 protein
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f. Tryptophan fluorescence spectra of topo6.3 proteins indicate the surface locations of

tryptophans.

The intrinsic fluorescence spectra can be used to monitor the hydrophobic

environment of tryptophan residues and to provide indirect evidence of the locations of

tryptophans in a protein. All three topo6.3 proteins give rise to similar fluorescence spectra.

The tryptophan fluorescence spectra of the C-terminal modified topo6.3-5K protein in

water and 8 M urea are shown in Figure 2.2.9. The emission spectrum of the denatured

topo6.3-5K protein in 8 M urea solution exhibits a maximum at 355 nm, which is typical

for an unfolded protein where the indole chromophores of tryptophans are in full contact

with free water molecules (Ladokhin 2000). Interestingly, a clear blue spectral shift to a

lower wavelength (λ=340 nm) is observed for topo6.3-5K protein in water. This blue

spectral shift is characteristic for the tryptophan residues at the surface of a folded protein,

where their indole chromophores are in contact with bound water and other polar groups

(Ladokhin 2000). Indeed, the topo6.3 protein contains three tryptophan residues, Trp 732,

Trp 736, and Trp 754, which are all located at the surface of the C-terminal domain

according to the crystal structures (Figure 2.2.9).
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Figure 2.2.9. Tryptophan fluorescence spectra of the topo6.3-5K protein in the denatured

form (solid line, in 8 M urea) and non-denatured form (dotted line, in water). The non-

denatured form of the topo6.3-5K protein displays a λmax shift of approximately 15 nm to a

lower wavelength (Top). A view of the topo6.3-5K protein with tryptophan residues shown

in yellow (Bottom).
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g. Near-UV CD spectra of Topo6.3 proteins imply the lack of a rigid tertiary structure.

The near-UV CD measurement provides information on the asymmetry of the

immediate environment of aromatic groups, mainly tryptophan residues, of a protein, while

the large negative near-UV CD signal is indicative of internal aromatic residues (Ptitsyn

1995). The topo6.3 protein has three tryptophan, three tyrosine, and two phenylalanine

residues (Figure 2.2.1). The near-UV CD spectrum of the topo6.3-5K protein is shown in

Figure 2.2.10. No significant ellipticity was observed in the near-UV CD spectrum for

topo6.3-5K. Denatured topo6.3-5K protein in 8 M urea gave a similar near-UV CD

spectrum.
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Figure 2.2.10. Near-UV CD spectra of the topo6.3-5K protein (0.6 mM) in phosphate

buffer and in 8 M urea
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h. Molecular modeling study shows that the 5-lysine extension adopts different

conformations at the C-terminus and the N- terminus of topo6.3 protein.

Even though both the N-terminus and the C-terminus of topo6.3 appear to be

reasonable targets for the addition of charged hydrophilic tags to improve the water

solubility, addition of multiple lysines to the C-terminus significantly increases the

solubility of the topo6.3 protein, whereas the same modification on the N-terminus makes

no change in the solubility. We thus carried out molecular modeling calculations on the two

modified topo6.3 proteins. Our molecular dynamics calculation shows that the C-terminal

5-lysine extension adopts a stable fold-back conformation and covers one of the major

hydrophobic surfaces, Ile728-Val730-Ala731-Trp732-Trp736, whereas the 5-lysine

sequence at the N-terminus displays no such favorable interactions with the rest of the

protein (Figure 2.2.11).
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Figure 2.2.11. The molecular models of the C-terminally modified topo6.3 protein after

molecular dynamics calculation. The hydrophobicity surface of the topo6.3-5K protein

with (left) and without (right) the five C-terminal lysine residues. It is clearly shown that a

significant hydrophobic surface area is covered by the five C-terminal lysine residues. The

residue is colored according to its hydrophobicity, as indicated by the color code bar with

relative hydrophobicity value. The blue represents high hydrophilicity, while the red

represents high hydrophobicity.
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2.2.5 Discussion

a. Topo6.3 protein is in a molten globule state.

Although the topo I C-terminal domain does not exist on its own in cellular

conditions, understanding its structure is important due to a number of reasons; (i) it

contains the active site tyrosine residue and a number of mutations that confer

camptothecin resistance to the protein, (ii) it is conserved between human and vaccinia

viral topo I, the two main members of type IB topo I family (Stewart et al. 1996; Stewart et

al. 1997), (iii) it has been designated as a separate domain and has been suggested to fold

independent of the rest of the protein (Stewart et al. 1997), (iv) the structure of this domain

or any other domains of human topoisomerase I protein, in the absence of DNA, is not yet

known. According to our data presented above, the topo I C-terminal domain, the topo 6.3

protein, appears to be in a molten globule state. A molten globule is a compact but

incompletely folded state in which a protein contains extensive secondary structure but

lacks fixed tertiary interactions; this molecular state has been well established and can be

readily identified by biophysical methods (Kuwajima 1989; Ptitsyn 1995). The molten

globule states of topo6.3 proteins, including the C-terminally and N-terminally modified

topo6.3 proteins, are clearly indicated by the non-cooperative thermal transitions of these

proteins. The molten globule states of topo6.3 proteins are further supported by a variety of

biophysical methods, including CD, fluorescence, and NMR spectroscopies. The dynamic

structural fluctuation of the molten globule states of topo6.3 proteins is clearly indicated by

the NMR spectra (Figures 2.2.6, 22.7 and 2.2.8), and such fluctuations obscure the

structure determination. Interestingly, despite the different solubility and the extent of
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hydrophobic surfaces of topo6.3-5K and wild-type topo6.3 proteins, the ANS bindings of

the two proteins are very similar (Figure 2.2.5), suggesting that both proteins are in the

molten globule like states. As observed in the crystal structures (Figure 2.2.1) (Redinbo et

al. 1998; Stewart et al. 1998; Redinbo et al. 1999; Staker et al. 2002), substantial helical

structure is clearly shown to be present in topo6.3 proteins by both the CD and NMR

methods.

b. Topo6.3 protein contains extensive hydrophobic surface and thus low water solubility,

while the hydrophobicity can be changed by addition of multiple lysine residues.

The poor water solubility of the topo6.3 protein appears to be related with the

extensive hydrophobic surface observed in the C-terminal domain (Figure 2.2.1). These

hydrophobic regions, which would otherwise be embedded in the interface with the core

domain in the intact topo I enzyme according to the crystal structures, are now located at

the surface of the topo6.3 protein and can cause protein aggregation. Our results indicate

that although the addition of charged lysine residues to topo6.3 can increase the solubility

of the protein, the effect is largely dependent on the region modified. Since the addition of

multiple lysines to the C-terminus significantly increases the solubility of the topo6.3

protein while the same modification on the N-terminus makes no change, it is clear that

merely having a favorable charge on a protein may not be sufficient to improve the

solubility of the protein. This difference in solubility can be explained by our molecular

modeling study, which shows that the C-terminal 5-lysine extension adopts a stable fold-

back conformation and covers one of the major hydrophobic surfaces, whereas the 5-lysine
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sequence at the N-terminus displays no such favorable interactions with the rest of the

protein (Figure 2.2.11).

It is important to note that the low solubility observed for the wild-type topo6.3

protein is likely attributed to the extensive hydrophobic surface rather than to the molten

globule conformations, because while the C-terminally modified topo6.3-5K protein is

clearly a molten globule, as indicated by non-cooperative thermal transition, it shows much

higher water solubility due to the reduction in its hydrophobic surface.

c. Implication in the formation of a productive topo I complex.

As the topo I C-terminal domain can be readily activated with the association of the

topo I core domain (Stewart et al. 1997), the fluctuating molten globule state of topo6.3

appears to be an energy-favorable conformation for the free topo I C-terminal domain

protein, as shown in the cartoon presentation in Figure 2.2.12. The association of topo6.3

and the core domain readily results in topo I enzymatic activity (Stewart et al. 1997) and

thus forms a minimal complex for enzymatic function (Champoux 2001), most likely

through rigidification of both the domain structures. The fluctuating molten globule state

may provide an efficient starting point for the folding of the C-terminal domain into its

rigid functional conformation with a minimal energetic penalty. Thus the molten globule

state identified here for the topo I C-terminal may represent a folding intermediate of this

region in the intact topo I or in its complex with the core domain. Estimates of backbone

and side chain entropy (Doig and Sternberg 1995; Thompson et al. 2002) suggest that

backbone entropy accounts for approximately 60% of the entropy lost in protein folding,
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thus reduction in the backbone conformational entropy in the molten globule could account

for a significant fraction of the total entropy loss and could substantially affect the

energetics of binding. While the native-like conformation of the topo6.3 can significantly

reduce the entropic cost for association with the core domain, the dynamic fluctuation of

the molten globule state may reduce the energy of the C-terminal domain and provide a

means to reinforce the specific hydrophobic interactions between the C-terminal and the

core domains. The entropic loss associated with rigidification of both the C-terminal and

core domains is presumably paid by the extensive hydrophobic interactions between the

two complementary domains (Figure 2.2.12 (B)).

Interestingly, different direct and indirect evidence suggest that structural

fluctuations still exist to a certain extent after association of the C-terminal domain and the

core domain, and even in the intact topo I proteins. For example, successful crystallizations

of topo I proteins have only been obtained in the presence of a topo I-specific DNA

(Redinbo et al. 1998; Stewart et al. 1998; Redinbo et al. 1999; Staker et al. 2002). The

linker domain residues are typically disordered in the complex structures, even for the

covalent complex of topo I and DNA (Stewart et al. 1998). In a different study, complexes

of topo I and DNA have been crystallized in multiple non-isomorphous structures, and

distinct regions of structural flexibility have been revealed in those structures (Redinbo et

al. 1999). In addition, the structure flexibility of topo I protein is clearly shown in the

molecular dynamics simulation study (Chillemi et al. 2001), which indicates that the DNA-

protein contacts are made by a relatively flexible surface. In fact, the free topo I proteins,

including the intact topo I protein and the complex protein of the C-terminal/core domain
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have all been difficult to crystallize, while crystallizations of topo I proteins can only be

successful in the presence of a topo I-specific DNA, such as a specific sequence in

Tetrahymena r-chromatin (Bonven et al. 1985), presumably due to the enhanced

rigidification of the overall tertiary structure of the topo I protein upon DNA binding

(Figure 2.2.12 B-C). Indeed, the topo I protein becomes further ordered in a ternary

complex with the presence of a topotecan drug compound, which traps the topo I protein in

the covalent DNA-bound form (Staker et al. 2002).
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Figure 2.2.12. Cartoon presentation of the proposed pathway for the formation of a

productive topo I complex. Upon complexation with the core domain, the flexible C-

terminal domain (A) becomes better ordered and more rigid, which demonstrates

enzymatic activity and DNA binding capability. However, structure fluctuation still exists

to a certain extent in the topo I protein (B), which may explain the difficulty of crystallizing

topo I proteins alone. Upon DNA binding, the rigidity of the overall tertiary structure of

topo I protein is further enhanced (C), which leads to successful crystallizations. The

structural fluctuation and plasticity may thus represent an efficient means to direct the

formation of a fully productive topo I complex and to provide an exquisite control of topo I

function and specificity.
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During the catalytic mechanism, the intact topo I as well as the complex of core and

C-terminal domains go through large conformational changes from an open conformation

to a close conformation (DNA-bound) without any need for energy cofactors. Thus the

conformational flexibility observed by us in the C-terminal domain, as well as similar

possible flexibility in other domains, may be biologically important for facilitating such

conformational changes with reduced energy requirements. The structural fluctuation and

plasticity may represent an efficient mechanism in the topo I functional pathway, where the

extent of the flexibility directs the formation of a fully productive topo I complex and

provides an exquisite control of topo I function and specificity. Such flexibility transitions

have been observed in many DNA binding proteins, where folding of locally disordered

segments accompanies DNA binding of these proteins; moreover, the degree of folding and

rigidification is enhanced when the protein binds to a specific, as opposed to less- or non-

specific, DNA substrate (Spolar and Record 1994; Kalodimos et al. 2004; Pufall et al.

2005). A fluctuating structure can be more advantageous in many cellular processes, such

as enzyme catalysis (Uversky et al. 1996; Vamvaca et al. 2004), allostery (Kern and

Zuiderweg 2003), ribosomal complex assembly (Zurdo et al. 1997), and membrane

transport (Bose et al. 1999). Facilitation of DNA binding appears to be a predominant

molecular function of fluctuating proteins (Fink 2005). In a recently reported so-called

affibody protein engineering (Wahlberg et al. 2003), the selected high affinity affibody-

binding protein is a molten globule and can only achieve rigid tertiary structure upon

binding of the target protein. The inherent flexibility of this molten globule state was
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suggested to enhance the high-affinity protein binding (Regan 2003), similar to the

mechanism proposed here for the binding of topo6.3 protein to the topo I core domain.
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2.3 DNA interactions of the homocamptothecin topoisomerase I inhibitors

2.3.1 Homocamptothecins

a. Development of homocamptothecins

Camptothecins (CPT) and its derivatives are promising anti-cancer agents and the

cytotoxic activities of these compounds are derived from their abilities to stimulate

topoisomerase I-mediated DNA cleavage. Topotecan and irinotecan are two CPT

derivatives that are currently in clinical use. The anticancer activity of CPT analogs in

patients is, however, less impressive than that observed in human tumor xenograft

models, confirming earlier findings that these compounds have major limitations due to

the half-life of the active lactone form and other pharmacokinetic factors. Thus much

effort has been invested in designing CPT analogs with more favorable pharmacokinetics,

improved stability of the lactone ring and lesser toxicity.

Lactones are cyclic carboxylic esters and are rather stable molecules. CPTs have a

hydroxyl group adjacent to the carboxyl group of lactone and the inductive effect from

the electronegative oxygen of the hydroxyl group renders the carboxyl group highly

reactive. Homocamptothecins (hCPT) were developed with the idea of removing this

electronic influence with as little structural alteration as possible. Thus a methylene

spacer was inserted between the carboxylic and alcoholic functions of the E-ring forming

a β- hydroxy lactone (Figure 2.3.1). All other CPT-derived topoisomerase I inhibitors

under clinical development or launched, have in common six-membered α-hydroxy

lactone ring, previously considered to be an absolute requirement for good anti-tumor
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activity. Despite this change of the lactone ring in homocamptothecins, biological testing

against CPT revealed that, instead of being detrimental, the modified lactone of hCPT has

a positive impact on topoisomerase I poisoning properties (Bailly et al. 1999; Lesueur-

Ginot et al. 1999). Although many CPT derivatives are more potent than the parent

natural product, hCPT brings unique chemical properties that make hCPT qualitatively

different from CPT. In addition to the removal of electronic influence of the hydroxyl

group and reducing the rate of hydrolytic opening, the methylene spacer has another

advantage in that, the enlargement of lactone ring renders the ring opening reaction

irreversible (Figure 2.3.1). The irreversible character of the hydrolysis should reduce the

propensity to induce hemorrhagic cystisis, by preventing the accumulation of biologically

active material in the urinary tract. Thus, hCPT turned out to be a promising template for

further pharmacological characterization and analog generation.
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CPT

hCPT

Figure 2.3.1.Chemical structures and hydrolysis of camptothecin and homocamptothecin
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b. Pharmacology of hCPT

The first pharmacological results indicated hCPT to have much higher stability in

plasma and enhanced activity compared to CPT (Lesueur-Ginot et al. 1999). In

characterizing its mechanism of action, hCPT was seen to inhibit topoisomerase I

induced DNA relaxation, similar to CPT, and stabilize covalent topoisomerase I-DNA

complexes, even more potently that CPT. Subsequently, its antiproliferative activity was

investigated in cell lines and in vivo models. In a panel of cell lines representing various

tissues and histological types, hCPT had higher cytotoxicity compared to CPT as

demonstrated by IC50 values. In addition, the conserved, or improved, activity of hCPT

on specific adriamycin resistant cell lines suggest that CPT homologation does not lead to

recognition by the multidrug-resistance phenotypes of those cells. More importantly, in

L1210 murine leukemia and HT29 human colon adenocarcinoma xenografts, hCPT was

observed to be more efficacious than CPT and well tolerated over a long period of

administration (Lesueur-Ginot et al. 1999). In summary, these data indicated that

homologation of the CPT E-ring gives a more potent topoisomerase I poison than CPT

and exhibits high in vitro cytotoxicities and good in vivo efficacy.

While the above differences between hCPT and CPT can all be attributable to the

higher stability and irreversibility of hCPT hydrolysis compared to that of CPT, an effect

that is not clearly understood is the differences between sequence specificity of the drug-

induced DNA cleavage by topoisomerase I in the presence of either CPT or hCPT. In

cleavage complex stabilization assays it has been shown that unlike CPT, which stimulate

the cleavage by topoisomerase I at T↓G sites, hCPT stabilizes cleavage at sites containing
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both T↓G and C↓G (Bailly et al. 1999). Also, these topoisomerase I-DNA covalent

complexes formed with hCPT has been shown to be more stable than those produced in

the presence of CPT. Such difference in cleavage complex stabilization implies the

existence of not-yet-understood topoisomerase I-hCPT or DNA-hCPT interactions, that

are different from those of CPT.

c. Fluorinated hCPTs

Because hCPT was found to be such a promising candidate for inhibition of

topoisomerase I, it was adopted as a new template for an analog generation programme,

and a first series of halogen- and alkoxyl-substituted hCPTs was obtained (Lavergne et al.

1998). While some substituted hCPTs, whether consisting of alkoxyl or halogen groups,

showed very high potency, the most active compounds in terms of antiproliferative

activity were fluorinated hCPTs. They performed well even on cell lines overexpressing

P-glycoprotein and MRP multidrug-resistant associated protein, unlike topotecan and SN-

38. To further explore the benefit of fluoro substituents, a second series of compounds

were prepared with fluorine substitutions at different positions in the A-ring, and based

on the activity, the difluoro derivative BN 80915 has been selected for further

development.

Oral and i.v. phase I clinical trials of BN80915 were initiated in early 1999. In

preclinical studies, BN 80915 outperformed current clinical topoisomerase I poisons in

terms of activity in living cells as well as in cell-free assays. The hydrolysis of BN 80915

was slow and irreversible in human plasma, thereby avoiding toxicity related to the
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accumulation of active principle during excretion in the urinary tract. In PC3 xenograft

experiments, BN 80915 administered orally at very low doses doubled the tumor growth

delay in comparison to CPT-11 administered i.p (Demarquay et al. 2001). Altogether

these data show the high potential of BN 80915 and other hCPT-based compounds as

anticancer drugs.

2.3.2 Statement of the problem and specific aims

While hCPTs have been shown to have a mechanism of action similar to other

CPTs, they also have characteristics that are different from CPT. Some of these, such as

the higher plasma stability, higher antiporliferative activity and lower toxicity may be

explained by the slow and irreversible hydrolysis of hCPT. But certain other

characterisitics such as the difference in DNA sequence specificity between hCPT and

CPT is still not understood.

Specific Aim – To study the interactions between DNA and hCPT

The difference in sequence specificity between hCPT and CPT are likely to be

associated with differences in their interaction with topoisomerase I and/or DNA. The

mode, and subsequent effect of interaction of topotecan and SN-38 with DNA has

previously been studied (Yang et al. 1998). We will carry out a similar study to

understand the interaction of hCPT with DNA. It is expected that the information

obtained about hCPT-DNA interaction may help in further development of hCPT as well

as in understanding the differences in the activity between hCPT and CPT.
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2.3.3 Materials and methods

Drugs

Homocamptothecin drug compound (BN 80915) have been kindly provided by Dr.

Dennis Bigg from Institut Henri Beaufour in France. Stock solutions of the drug were

prepared in dimethylsulfoxide (DMSO, A.C.S. HPLC grade, Aldrich, Milwaukee, WI) at

a concentration of 1-2 mM and stored in the dark at -20o C.

Synthesis and Purification of Nucleic Acids

Large scale of DNA oligonucleotides (dG-dC)10, and (dA-dT)10 were synthesized on the

PerSeptive Biosystems Expedite automated Nucleic Acid synthesizer (Applied Biosystems).

DNA was synthesized many times on a 1µmole CPG resin column using b-

cyanoethylphosphoramidite solid-phase chemistry as DMT-on mode. The column was

treated with concentrated ammonium hydroxide for 16 hours at 55°C to deprotect and cleave

the product mixture from the solid phase support. The correct length oligonucleotides

contained the 5β-dimethoxytrityl (DMT) protecting group, which were isolated by high

performance liquid chromatography (HPLC, ThermoFinigan, FL) using a Danamax-300A

(Varian, CA) 5 µm particle-size reversed-phase 250x10mm C18 column. A linear gradient of

1%/minute of acetonitrile in 10mM triethylammonium acetate (TEAA) (pH7) with the flow

rate of 3ml/min was employed to isolated the DMT-on correct length oligonucleotides which

come out around 35-40 minutes. The eluent containing the pure DMT-on oligonucleotides

were lyophilized. The DMT-on oligonucleotides were subsequently treated with 80% (v/v)
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acetic acid for 30 minutes to be detritylated, followed by the second time HPLC isolation

with the same buffer and the same gradient as used for the first chromatography, with the

desired oligonucleotides coming out around 20 minutes. The eluent containing the pure final

oligonucleotide product was lyophilized again. The oligonucleotide powder was dissolved in

water and dialyzed several times against water for the UV and HPLC studies. It was

subsequently dialyzed several times against the desired salt and buffer condition for the

NMR study.

High performance liquid chromatographic (HPLC) studies

The hydrolysis kinetics of BN80915 was determined by the quantitative reversed-phase

high-performance liquid chromatographic (HPLC) methods as described previously

(Warner and Burke 1997). The mobile phase for separation was modified to a mixture

(v/v) of ~30% acetonitrile/70% buffer (1% triethylammine in water with pH adjustment to

5.5 using acetic acid), to give a nice separation of carboxylate (~3minute) and lactone (~8

minute) of BN80915 in a 10 minute run. Separations were carried out at room temperature

using a C18 column (Keystone Scientific Inc), with a flow-rate of 1.0 ml/min.

DNA stock solutions were prepared by dissolving the oligonucleotides in phosphate-buffered

saline (PBS) at a concentration of 5-10 mg/ml, with adjustment of pH to 7.4. For all kinetic

measurements by HPLC, the drug concentration in complex solutions was 20 µM. 10 µl of 1

mM drug stock solutions (lactone form) was added to 0.5 ml of PBS (pH 7.4) or DNA stock

solutions for lactone stability studies by HPLC. For kinetic analyses, the fraction of intact
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lactone of homocamptothecin (f) vs time of incubation (t) was fit to the equation for linear

hydrolysis reaction.

UV-Visible spectroscopy

Stock solutions of BN80915 and DNA were prepared as described earlier. 20µl of a 1 mM

drug stock solution was added to 0.5 ml of PBS of various pH (<pH7) to characterize the UV

absorption spectra of the free drug. UV spectra of free DNA was measured for reference. 20

µl of 1 mM drug stock solution was subsequently added to 0.5 ml of DNA solutions

(5mg/ml) in PBS (pH 7) to obtain 40 µM drug concentration to measure the absorption of

hCPT-DNA mixture. UV spectrum of BN80915 in the presence of DNA was obtained by

subtracting the spectrum of free DNA from the spectrum of the complex.

NMR studies

1H NMR studies were carried out for BN80915 drug interactions with DNA

oligonucleotides. The chemical shifts (in ppm) were referenced to the HDO peak, which

was calibrated to a 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) external standard at

different temperatures. DNA homopolymers d(GC)10 and d(AT)10 were used at a

concentration of 0.2 mM. BN80915 was added to the DNA solution at increased ratios from

1:1 (DNA:drug) to 1:8. The mixture was subjected to Speed-Vaccume to remove MeOH.
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2.3.4 Results

a. hCPT has increased lactone stability in the presence of DNA

Previous data with CPT analogs topotecan and irinotecan have indicated interaction

of CPT with DNA, and subsequent decrease in the rate of hydrolysis of CPTs (Yang et al.

1998). To investigate whether DNA has a similar effect on hCPT we carried out the analysis

of hydrolytic properties of hCPT in the presence and absence of DNA. We utilized the

sensitivity and high resolving power of the HPLC techniques that has also been used

previously for similar studies (Yang et al. 1998; Lesueur-Ginot et al. 1999). To determine

the rate of hCPT hydrolysis, the separate levels of carboxylate and lactone forms in an hCPT

solution in the presence or absence of DNA was quantitated using a mixture of ~30%

acetonitrile/70% buffer (pH 5.5) in the HPLC mobile phase. Under these conditions the

carboxylate and lactone forms are well separated with a difference of 5 minutes between the

respective elution times (Figure 2.3.2).
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Figure 2.3.2. HPLC separation of the carboxylate (3minute) and lactone (8 minute) of

homocamptothecin
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To understand the specific effect of DNA on hCPT hydrolysis, we used (dG-dC)10

and (dA-dT)10 oligonucleotides separately for these studies. The amount of drug stock

solutions added was small and control experiments were run to demonstrate that the

reagent has negligible effect on DMSO solvent or on the pH values of the DNA solutions.

Our data confirm that hCPT E-ring hydrolytic opening is a slow linear decay, in contrast

to the rapid exponential hydrolysis of classical CPTs (Figure 2.3.3). The extent of E-ring

hydrolytic opening was markedly reduced in the presence of DNA. Interestingly, while

both oligonucleotides increased the stability of the lactone, (dG-dC)10 seemed to have a

higher stabilizing effect than (dA-dT)10 (Figure 2.3.3).
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Figure 2.3.3. Kinetic profile of the rate of lactone ring opening for BN80915. The lactone

fraction was measured for free drug and for the drug in the presence of oligonucleotides of

sequence (dG-dC)10 and (dT-dA)10. BN80915 was used at a concentration of 20 µM and

DNA at a concentration of 5 mg/ml.
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b. hCPT intercalates with DNA

The previous data showing the effect of DNA on the hydrolysis of hCPT suggests

an interaction between DNA and hCPT, and therefore subsequent studies were carried

out to determine the specific nature of DNA-hCPT interaction. These included both UV-

Visible and NMR spectroscopy. Comparison of UV-Visible spectra of free drug and the

drug in the presence of DNA gives insight into the nature of drug-DNA interactions.

The UV absorption spectra of the free drug were characterized by addition of BN 80915

stock solution into PBS. The UV absorption of the hCPT-DNA mixture was measured

with (dG-dC)10 or (dA-dT)10 DNA oligonucleotides. With the addition of DNA, hCPT

shows a strong decrease in peak intensity (Figure 2.3.4). Such hypochromism typically

occurs during intercalative processes of drug binding to DNA (Miller and Pilch 2000;

Zhong et al. 2001; Bai et al. 2004), and is thought to be due to strong interaction between

the electronic states of the intercalating chromophore and those of the DNA bases. The

spectral effect is suggested to be a result of the decrease in π-π* transition probabilities of

the chromophores due to the coupling of π* orbital of the intercalated ligand and

the π orbital of base pairs. Such electronic interaction is shown to be inversely

proportional to the cube of the distance of separation between the chromophore and DNA

bases (Zhong et al. 2001), and therefore, the relatively large hypochromism observed

here suggest the close proximity of the hCPT chromophore to DNA bases. Similar orbital

coupling resulting in a decrease in the π-π* transition energy could also result in

bathochromism and therefore the small red shift observed in the spectra in Figure 2.3.4

also support the possible intercalative mode of drug binding.
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Figure 2.3.4. UV absorption spectra of BN80915 in the absence and presence of DNA.

DNA oligonucleotides of sequence (dG-dC)10 and (dT-dA)10 were used at a concentration

of 5 mg/ml. 40 µM drug was used in each experiment and the samples were prepared in

PBS at pH 7.4.
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High field NMR is a very powerful technique to gain insights into molecular level

details of drug binding to DNA and proteins. DNA homopolymers d(GC)10 and d(AT)10

were used along with hCPT analogue BN80915 for 1H NMR studies, and the hCPT

interactions with DNA were monitored by drug proton resonance. hCPT has very poor

water solubility (~10 uM), so a 2mM stock solution of BN80915 was prepared in MeOH.

BN80915 was added to the DNA solution at increase ratios from 1:1 (DNA:drug) to 1:8.

The mixture was subjected to vacuum under high speed to remove MeOH. The water

solubility of BN80915 was markedly increased in the presence of DNA. BN80915 was able

to dissolve completely in the solution up to the ratio of 1:8, which gave rise to the drug

concentration of 1.6mM in solution, indicating that BN80915 binds with DNA and the drug

binding increase the solubility of the drug. Formation of DNA-drug complex and the change

of hCPT chemical shifts were elucidated by comparison with the free drug or free DNA

spectra (Figure 2.3.5). The DNA resonances were upfield shifted in the presence of the

drug. The drug resonances also shifted upfield in a correlated fashion. Such upfield shifts

also indicate a possible intercalative mode of drug binding.
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Figure 2.3.5. 1H NMR spectra depicting the titration of BN80915 to DNA oligonucleotides

of sequence d(GC)10 (above) and d(AT)10 (below). The ratios shown are that of DNA/drug.

The samples were prepared in PBS, pH 7.4. DNA was used at a concentration of 0.2 mM

and BN80915 was added to the DNA solution at increased ratios from 1:1 (DNA:drug) to

1:8.
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2.3.5. Discussion

hCPT has previously been shown to have higher lactone stability and topo I poisoning

activity compared to CPT (Lesueur-Ginot et al. 1999). While such higher activity is likely

to be at least partly due to the slow and irreversible opening of the lactone ring of hCPT,

other reasons such as different interactions of the drug with topo I and/or DNA can not be

ruled out. The enlargement of the lactone ring of hCPT compared to CPT, and the different

substitutions on its ring A make such different interactions feasible. The differences in the

DNA cleavage sites stimulated by hCPT and CPT further justifies the probing of hCPT-

target interactions. This study was specifically aimed at understanding the interactions of

hCPT with DNA and its similarity to that of other CPT analogues.

Our data indicate that similar to other CPT derivatives, hCPT also interact with

DNA even in the absence of topo I. Such interaction results in stabilization of the lactone

form of the drug, which is the active form. Thus it is clear that while hCPT has higher

lactone stability in solution in general, it is further enhanced following interaction with

DNA. This effect of DNA on the stability of hCPT may also be important in the overall

action of the drug. Our data further indicate the mode of hCPT-DNA interaction to be

intercalation between DNA base pairs. Since other CPT analogues also intercalate with

DNA, it is likely that hCPT has target interactions similar to that of CPT.

Overall, it is likely that despite the change in the chemical structure, hCPT has a

mode of DNA interaction similar to previously studied CPT analogues. Furthermore,

such interaction of hCPT with DNA, and its subsequent stabilization, may be of

importance in the activity of hCPT and its inhibition of topo I. Therefore, the information
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revealed here about the effect of DNA on hCPT and it similarity to other CPT analogues

would be useful in further development of hCPT compounds.

I acknowledge the contribution to this part of the research by Dr. Zhizhong Meng.
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2.4 The role of camptothecin and topoisomerase I in the inhibition of

Hypoxia-inducible factor-1 

 

2.4.1. Hypoxia-Inducible Factor 1 (HIF-1)

Oxygen is essentially required for the aerobic metabolism of most eukaryotic

organisms, and thus, cells have developed numerous adaptive mechanisms that enable

them to survive in hypoxia. At the organism level, hypoxic adaptation include strategies

that lead to increased oxygen delivery from the atmosphere to the tissues, such as

hyperventilation, increased production of red blood cells and new vessel formation

(Czyzyk-Krzeska 1997). At the cellular level, the adaptation involves a switch of energy

metabolism from oxidative phosphorylation to anaerobic glycolysis, increased glucose

uptake, and the expression of stress proteins related to cell survival or death (Czyzyk-

Krzeska 1997; Chun et al. 2002). The regulation of most proteins required for such

hypoxic adaptation occurs at the gene level, and involves hypoxia-inducible factors

(HIFs), of which HIF-1 is the most significant and best studied (Poellinger and Johnson

2004; Zagorska and Dulak 2004). HIF-1 triggers the adaptive responses by transcriptional

induction of regulated genes, after binding to the hypoxia response element (HRE) in

them. To date, over 70 genes targeted by HIF-1 have been identified (Belozerov and Van

Meir 2005) (Figure 2.4.1). In addition to HIF-1 mediated adaptation to hypoxia, HIF-1

also contributes to other cellular processes that occur under normoxic conditions, such as

the development of normal tissues or tumors, the determination of cell death or survival,

immune responses and the adaptation to mechanical stress (Chun et al. 2002).
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Figure 2.4.1. Examples of HIF-1 target genes. (Adapted from (Chun et al. 2002))

HRE Target geneHRE Target gene

β α

Transcription

Erythropoiesis

Iron delivery

Angiogenesis

Vasomotor tone

ATP metabolism

Other metabolism

Proliferation and
survival

Erythropoietin

Transferin, Transferin receptor,
Ceruloplasmin

Vascular endothelial growth factor (VEGF)
VEGF receptor FLT-1
Transformaing growth factor β3
Plasminogen activator inhibitor 1

α1B adrenergic receptor, Adrenomedullin,
Endothelin 1, Nitric oxide synthase 2,
Heme oxygenase 1

Glucose transporter 1 & 3, Hexokinase 1 & 2,
Enolase 1, Lactate dehydrogenase A,
Glyceraldehyde-3-phosphate dehydrogenase,
Phosphoglycerate kinase 1, Pyruvate kinase M
Phosphooglucokinase L, Aldolase A & C
Triosephosphate isomerase

Carbonic anhydrase 9, Adenylate kinase 3,
Prolyl-4-hydroxylase α1

Insulin-like growth factor 2, p21, Nip3,
IGF-binding protein 1, 2 & 3, Cyclin G2,
Differentiated embryo chondrocyte 1
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a. Structure and function of HIF-1 

 HIF-1 is a heterodimeric transcription factor, consisting of an oxygen sensitive

HIF-1α subunit and a constitutively present HIF-1β subunit [also known as aryl

hydrocarbon nuclear translocator (ARNT)]. While the α-subunit is specific for hypoxia,

the β-subunit is involved also in other functions including partnering the aryl

hydrocarbon receptor in a defense mechanism against xenobiotics (Zhu et al. 2002). The

two proteins have similar domain structure. Both contain a basic helix-loop-helix domain

required for their dimerization and DNA binding, a Per-ARNT-Sim domain (PAS) that is

also involved in dimer formation, and transactivation domains (TAD). The TAD domain

of HIF-1α has been shown to bind co-activator proteins p300/CBP, SRC-1 and TIF2,

whereas the TAD of HIF-1β appears to be dispensable for the activity of HIF-1 complex

(Belozerov and Van Meir 2005).

The HIF-1α gene promoter contains recognition sites that bind several ubiquitous

transcriptional activators such as Sp1, AP-1, AP-2 and NF-1, causing the gene to be

constitutively expressed. However, at the protein level, HIF-1α is only found in hypoxic

cells (Huang et al. 1996). This is due to very rapid turnover of HIF-1α protein in

oxygenated cells, which is greatly reduced in hypoxic cells. Under normal oxygen

conditions, HIF-1α is hydroxylated at proline residues 402 and 564 within a highly

conserved region in the oxygen-dependent degradation domain of HIF-1α, by prolyl

hydroxylases (Bruick and McKnight 2001). These enzymes use molecular oxygen as a

substrate and ferrous ion as a cofactor, and generate CO2 and succinate as by-products
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(McNeill et al. 2002). Following hydroxylation, HIF-1α is bound by the Von Hippel-

Lindau (pVHL) tumor suppressor protein, which is a recognition component of an E3

ubiquitin ligase. This leads to HIF-1α ubiquitylation and rapid proteosomal degradation

(Jaakkola et al. 2001). Another mechanisms of HIF-1α regulation is its acetylation at

Lys532 by ARD1 acetyltransferase facilitating the recognition by pVHL (Jeong et al.

2002). Unlike the activity of prolyl hydroxylases, ARD1 does not appear to be dependent

on oxygen concentration. In addition to degradation, HIF-1 is also regulated at the

transcriptional level by factor inhibiting HIF-1 (FIH-1), which hydroxylates Asn803 of

HIF-1α and disrupts its interaction with the transcription co-activators p300 and CBP

(Mahon et al. 2001).

These HIF-1α hydroxylation steps are inhibited under hypoxic conditions,

slowing the rate of HIF-1α degradation and allowing large quantities of the protein to

accumulate in the cell. To become functional HIF-1α needs to translocate into the

nucleus where it binds to HIF-1β and co-activator proteins. The resulting complex forms

a functional transcription factor that can bind to hypoxia response elements (HRE) with

the consensus DNA sequence 5’-RCGTG- 3’ in the promoter and enhancer regions of

over 70 human genes, and activates their expression (Belozerov and Van Meir 2005).

b. Pharmacological targeting of HIF-1 

 Oxygen-dependent angiogenesis plays a vital role in common pathological states

such as ischaemia and cancer. HIF-1 is a critical inducer of VEGF, thereby enabling

growth of new blood vessels needed for tissues to recover from oxygen deprivation.
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Thus, forced expression of both VEGF and HIF-1α in situ is being evaluated in the

treatment of myocardial infarction. In contrast, inhibition of HIF-1α activity is an

attractive therapeutic strategy that is being pursued in cancer treatment. HIF-1 dependent

angiogenesis plays an important role in tumor biology, since hypoxia is a common

feature of many forms of solid tumors (Harris 2002). In fact, hypoxia is suggested to be a

major driving force of tumor progression in over 70% of human cancers including those

of breast, cervix, ovary, oropharynx, head and neck, lung and brain (Belozerov and Van

Meir 2005). While many tumors undergo adaptive changes that allow them to avoid

hypoxia-induced cell death and necrosis, such adaptation also makes tumors more

aggressive and confers resistance to conventional therapy. Recent evidence also indicate

that HIF-1α overexpression may trigger cancer cell invasion and migration

(Krishnamachary et al. 2003; Pennacchietti et al. 2003).

Disruption of hypoxic pathways is expected to cause tumor cell death due to

metabolic dysregulation and reduced formation of blood vessels. The general strategies

that have been used to target hypoxic cells include, (i) Inhibition of HIF-1 by small

molecule therapeutics and antisense approaches and (ii) design of hypoxia-dependent

cytotoxic drugs and hypoxia responsive viral vectors (Belozerov and Van Meir 2005).

c. Topoisomerase I mediated inhibition of HIF-1 

 Camptothecin analogues were first identified as inhibitors of HIF-1 pathway, in a

cell-based high throughput screen aimed at identifying small molecule inhibitors of HIF-

1 (Rapisarda et al. 2002). In this screen, an initial set of 26 compounds were identified
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from a library of approximately 2000 compounds (NCI Diversity Set), based on their

ability to inhibit the luciferase gene expression from a cell line engineered to express the

luciferase gene under the control of a HIF-1 inducible promoter. The identified

compounds inhibited hypoxia-induced luciferase expression by a factor ≥50% and had

little or no toxicity or cell growth inhibition. Of these, compounds that inhibited

luciferase expression in a nonspecific and/or HIF-1 independent fashion were excluded

using parallel experiments with different reporters and finally four compounds were

selected based on their ability to inhibit VEGF expression in cells, as measured by the

mRNA level. Among these four compounds, three were camptothecin analogues and

topoisomerase I inhibitors and included the clinically used drug topotecan.

Topotecan was used in subsequent studies, and concomitant with HIF-1 and

VEGF inhibition, activity of topotecan was shown to be associated with cyclooxygenase

2 mRNA expression. Furthermore, the inhibition of VEGF expression by topotecan was

shown to be at the transcription level, and due, at least in part, to a down-regulation of

hypoxia-dependent accumulation of HIF-1α protein (Rapisarda et al. 2002).

In further exploration of the mechanism by which topotecan inhibits HIF-

1α activiy, it was shown to inhibit HIF-1α protein accumulation by an oxygen- and

proteosome-independent pathway. More interestingly, it was demonstrated that

topoisomerase I is required for the inhibition of HIF-1α protein activity by topotecan and

that topoisomerase I inhibitors with non-camptothecin chemical structure are also capable

of inhibiting HIF-1α activity similar to camptothecin analogues. Furthermore, a

camptothecin analogue devoid of activity on topoisomerase I was not effective in
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inhibiting HIF-1α. It is of significance that, the HIF-1α inhibition by camptothecins is

independent of replication-mediated DNA damage (Rapisarda et al. 2004). These results

differentiate the mechanism of action of HIF-1α inhibition by topotecan, from the classic

cytotoxic effects of camptothecins. Despite these developments, the exact mechanism of

topoisomerase I-mediated inhibition of HIF-1α accumulation by topotecan and other

camptothecins is yet to be revealed.

2.4.2. Statement of the problem and specific aims

Preliminary data indicate that Camptothecin analogues are capable of inhibiting

the transcriptional activity of HIF-1α and that this inhibition requires topoisomerase I. It

is also indicated that the HIF-1α inhibition by camptothecins is not due to DNA

replication-dependent DNA damage, which is the most well known mechanism of

camptothecin cytotoxicity. Furthermore, RNA transcription is shown to be required for

the inhibition of HIF-1α by camptothecins. Despite these understanding of the inhibition

of HIF-1α by camptothecins, its exact mechanism and the involvement of topoisomerase

I proteins is still not understood.

Specifc Aim – To determine the role of topoisomerase I in inhibition of HIF-1α activity

by camptothecins

Camptothecins stabilize cleavage complexes formed between topoisomerase I and

DNA by intercalating with DNA at the cleavage site and preventing the religation of

cleaved DNA. The cleavage site preferred by camptothecins consist of T and G bases at
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the –1 and +1 positions of the cleaved strand, -1 being the base immediately 5’ of the

intercalation site. This preferred camptothecin binding site is also found in the HIF-1

consensus binding site of DNA (HRE), which consist of 5’- RCGTG-3’. Therefore we

hypothesize that the inhibition of HIF-1α activity by camptothecin is due to the

stabilization of topoisomerase I cleavage complexes at the HRE by camptothecin, thereby

preventing the DNA binding and the subsequent transcriptional activity of HIF-1

proteins. Thus, the specific aim of this project is to determine the ability of camptothecin

to stabilize topoisomerase cleavage complexes at HRE sites, and thereby prevent HIF-1

binding to DNA.

2.4.3. Materials and methods

Expression and purification of human topoisomerase I

Human topoisomerase I was expressed in the baculovirus-insect cell system as

described in (Stewart and Champoux 1997). Briefly, Sf9 cells were infected with

recombinant baculoviruses that express full-length human topoisomerase I protein, and

the cells were harvested 48 hours post-infection. The cells were lysed and nuclear

extraction was carried out using pelleted nuclei. The DNA was precipitated from this

extract using a polyethylene glycol (PEG) buffer consisting of 18% PEG 8000, 1M NaCl

and 10% glycerol. Some of the proteins other than topoisomerase I were precipitated

from the nuclear extract by dialyzing in potassium phosphate buffer (150 mM potassium

phosphate, pH 7.4, 1 mM DTT, 1 mM EDTA, 0.1 µg/ml PMSF). The resulting solution

was passed through phenyl sepharose, phosphocellulose, Mono-Q and Mono-S columns
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simultaneously and the peak human topoisomerase I fractions from the Mono-S

chromatography were pooled. These fractions were then passed through a POROS SP20

column in the final purification step. The resulting topoisomerase I solution was

concentrated and dialyzed into storage buffer consisting of 50% glycerol, 10 mM Tris-

HCl, pH 7.5, 1 mM DTT and 1 mM EDTA, and were stored in –20º C.

Topoisomerase I cleavage assays

The oligonucleotides were custom-synthesized (Qiagen, Alameda, CA) and

purified through a denaturing polyacrylamide gel. The upper strand was 3’ end labeled

using α-32P-cordycepin (ddATP) and applied to a Micro Bio-Spin 6 chromatography

column (Bio-Rad, Hercules, CA) for separation of labeled material. The labeled strand

was annealed with an excess of the unlabeled complementary strand by heating to 90° C

for 5 minutes and then cooling slowly in annealing buffer (10µM Tris, pH 7.5, 10mM

MgCl2, 1mM DTT).

The quantity of double stranded DNA giving ~30,000 cpm radioactivity was

incubated with 5 µl of 0.2 mg/ml topoisomerase I, with or without 50 µM topotecan, in

10 µl reaction buffer (10 µM Tris-HCl, 150 µM KCl, 5 mM MgCl2, 100 µM EDTA, 15

µg/ml BSA). After 30 minutes of incubation at room temperature, the reactions were

stopped with 1 µl of 5% SDS. Subsequently, 5 µl of 98% formamide buffer containing 10

mM NaOH was added into each sample and they were heated for 5 minutes before being

separated on a 16% denaturing polyacrylamide gel, at 2000V for 1 hr. The gels were

dried and the DNA bands were observed by phosphorimaging.
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Electrophoretic mobility shift assays

The HRE probe 5’-GGCCGGGAAAATACGTGGAAAAATTTTTAAAA-3’ was

custom-made (Qiagen, Alameda, CA) and purified through a denaturing polyacrylamide

gel. The upper strand was end-labeled using T4 polynucleotide kinase and [γ-32P]ATP

(3000Ci/mmol) and applied to a Micro Bio-Spin 6 chromatography column (Bio-Rad,

Hercules, CA). The labeled strand was annealed with an excess of the unlabeled

complementary strand by heating to 90° C for 5 minutes and then cooling slowly in

annealing buffer (10µM Tris, pH 7.5, 10mM MgCl2, 1mM DTT). 2.5 µl of COS-7

nuclear extract (CoCl2 treated) (Active Motif) was incubated with 50 µM topotecan and 2

µl of human topoisomerase I (~0.2 mg/ml) in binding buffer consisting of 10mM Tris-

HCl, 50mM NaCl, 50 mM KCl, 1mM MgCl2, 1mM EDTA, 0.5mM DTT, and 2%

glycerol for 15 minutes at room temperature, mixed with approximately 30,000 cpm

DNA probe and subsequently incubated for a further 20 minutes. The samples were

loaded on a 1.5mm thick 6% polyacrylamide native gel (50:1 acrylamide:bis) that was

pre-run for 30 min at 200V. The reactions were resolved by electrophoresis at 240 V for

40 min in 0.5X TBE, followed by phosphorimaging analysis.

2.4.4. Results

a. Re-evaluation of the cleavage complex stabilization site of camptothecins.

As previously mentioned, the preferred cleavage complex stabilization site of

camptothecins consist of T and G bases at –1 and +1 positions of the cleavage site,

respectively, and this site is also contained in the HRE site bound by HIF-1 proteins.
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Therefore, to confirm the cleavage complex stabilization by camptothecins at the HRE,

we first carried out a topoisomerase I cleavage assay using an oligonucleotide probe

consisting of the HRE site (HRE-top-1), along with a previously used sequence with a

known topoisomerase I cleavage site (Bailly 2001) as a positive control. Thus, the

sequence 5’-AAGATCTAAAATACGTGGAAAAATTTTTAAAA-3’, was designed by

replacing the topoisomerase I cleavage site of the previously used oligonucleotide (5’-

GATCTAAAAGACTT↓GGAAAAATTTTTAAAAAAGCTC-3’ from (Bailly 2001))

with the HRE sequence (underlined).

In cleavage assays, addition of a camptothecin analog and toposiomerase I to the

DNA sample results in stabilization of the covalently bound topoisomerase I at a specific

binding site with a nick in one strand of the DNA. This complex is then denatured and

resolved on a polyacrylamide gel. The presence of a nick in one DNA strand results in a

short DNA oligonucleotide in the gel, and the length of this oligonucleotide is used to

determine the cleavage site of topoisomerase I. In our experiment with the HRE

containing oligonucleotide (HRE-top-1) and the known topoisomerase I cleavage site-

containing oligonucleotide (positive control), stabilization of cleavage complex by

topotecan was observed for both the oligonucleotides (Figure 2.4.2). Although the length

of the cleaved DNA for the positive control corresponded to cleavage at the expected

cleavage site, that of HRE-top-1 was longer than expected. While cleavage of HRE-top-1

within the HRE sequence is supposed to result in an oligonucleotide that is 16 bases in

length, the observed length is ~ 27 bases. This corresponded to cleavage of HRE-top-1 at

a T↓C site, 11 bases upstream of the expected cleavage site. (5’-
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AAGAT↓CTAAAATACGTGGAAAAATTTTTAAAA-3’). This result indicated that

merely having T and G bases at -1 and +1 positions is not sufficient for cleavage complex

stabilization by camptothecins, and that the sequence of preferred topoisomerase I

cleavage complex stabilization sites of camptothecins need to be reevaluated. Indeed, it

has been established that, in the presence of camptothecin, topoisomerase I has a slight

preference for A (or T) at position –4, G (or not T) at –3 and A or T at –2 in addition to

the high preference for T at –1 and G at +1 (Jaxel et al. 1991). Thus it was suggested

that G+1 might be essential for a topoisomerase I-DNA-camptothecin complex to form

(Jaxel et al. 1991). Contrary to this, our data indicate that a G at +1 is not essential for

topoisomerase I cleavage in the presence of the drug, and that the G+1 cleavage site is

selected only if the base preference for certain other positions are fulfilled (Figure 2.4.2).

It is interesting to note that the observed cleavage site of the HRE-top-1 sequence consist

of a preferred A at –2, compared to G at -2 in the HRE consensus site. It is likely that,

despite the G at +1, topoisomerase I still does not cleave within the HRE due to this

unfavorable presence of G at -2. Instead, it prefers to cleave at a site with C at +1 simply

aided by the preferred A at -2. Therefore, this data indicate that the exact topoisomerase I

cleavage site of DNA, in the presence of camptothecin, depend on the combined effect of

a number of bases spanning the cleavage site.
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Control - 5’-GATCTAAAAGACTT
↓
GGAAAAATTTTTAAAAAAGCTC-3’*

HRE-top-1- 5’-AAGAT
↓
CTAAAATACGTGGAAAAATTTTTAAAA-3’*

Figure 2.4.2. Topoisomerase I cleavage assay with oligonucleotides containing either a

canonical topoisomerase I binding site (control), or HRE site (HRE-top-1). Numbers on

the left side of the figure correspond to the length of oligonucleotides. Ref - a reference

oligomer used for sequence length comparison. The sequences of these oligonucleotides

are shown on the bottom with the observed cleavage sites marked with an arrow. The

bases of the HRE are underlined in the second sequence.

* denotes the labeled end.
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b. Topoisomerase I cleavage complex stabilization occurs within the HRE.

To determine whether the topoisomerase I cleavage can occur within the HRE in

the absence of a more preferred site in the spanning region, we repeated the above

experiment with a different olignucleotide lacking the preferred topoisomerase I cleavage

site. Thus, we designed the sequence 5’-

GGCCGGGAAAATACGTGGAAAAATTTTTAAAA 3’ (HRE-top-2), which is

different from the previously used sequence (HRE-top-1) in the first seven bases, and

therefore lacks the topoisomerase I cleavage site observed with HRE-top-1, but still

contains the HRE site. Interestingly, cleavage complex stabilization was observed within

the HRE of this sequence, as determined by the presence of an oligonucleotide that is 16

bases in length, in the cleavage assay (Figure 2.4.3). In addition to the cleavage between

T and G in the HRE, another cleavage site adjacent to HRE was also observed between T

and A, that gave rise to an oligonucleotide of 20 bases (Figure 2.4.3). Within this site,

there is an A at –2 compared to the G at –2 in HRE site. Therefore it appears that the A at

+1 is equally preferred by topoisomerase I and camptothecin as a G at +1, when the base

at –2 is a less preferred one for the site containing G at +1. This observation reconfirms

our previous findings that the topoisomerase cleavage site preference is determined by

the combined effect of a number of bases spanning the cleavage site.
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Control - 5’-GATCTAAAAGACTT
↓
GGAAAAATTTTTAAAAAAGCTC-3’*

HRE-top-2- 5’-GGCCGGGAAAAT
↓
ACGT

↓
GGAAAAATTTTTAAAA-3’*

Figure 2.4.3. Topoisomerase I cleavage assay with oligonucleotides containing a

modified HRE site (HRE-top-2) and a canonical topoisomerase I binding site (control).

Numbers on the right side of the figure correspond to the length of oligonucleotides. The

sequences of these oligonucleotides are shown on the bottom with the observed cleavage

sites marked with an arrow. The bases of the HRE are underlined in the second sequence.

* denotes the labeled end.
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c. Topoisomerase I bound to an HRE containing sequence is stabilized by camptothecin.

Topoisomerase I cleavage complex stabilization at the HRE site, as indicated by

cleavage assays, suggest the binding and stabilization of topoisomerase I at this sequence.

To further confirm such binding, and the inhibition of HIF-1 binding thereof, we carried

out electrophoretic mobility shift assays with COS-7 cell nuclear extracts and an HRE

probe, in the presence and absence of topoisomerase I and camptothecin. The COS-7

cells have been treated with CoCl2, which prevent HIF-1α degradation, resulting in

increased HIF-1 activity in these cells. The binding of HIF-1 to the HRE probe in the

absence of topoisomerase I and/or camptothecin, and the inhibition of HIF-1 binding in

the presence of these, will indicate the ability of camptothecin to inhibit HIF-1 binding to

DNA in the presence of topoisomerase I. In the EMSA assay, a new band that migrates

slower than the free probe appears on addition of topoisomerase I to the system, and the

intensity of this band increases in the presence of topotecan. This suggests that

topoisomerase I binds to the HRE probe in the presence of COS-7 nuclear extract, and

that such binding is stabilized in the presence of topotecan (Figure2.24). While it is

likely that such binding would interfere with the DNA binding of HIF-1, we were unable

to confirm this fact, since it was hard to observe HIF-1 binding to DNA in this system,

even in the absence of topoisomerase I. HIF-1 is a dimeric complex of HIF-1α and HIF-

1β, and is approximately 140 kDa in weight. Thus it is expected to move slower than the

91 kDa topoisomerase I protein in an EMSA assay. The fact that no such band is

observed in the EMSA (Figure 2.4.4) suggests that considerable levels of HIF-1-DNA

complexes are not forming under the experimental conditions used by us. Therefore it is
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necessary to repeat the same assay with nuclear extracts from other cells that have been

shown to have high HIF-1 activity, and also cells that have been subject to hypoxia,

instead of the CoCl2 treatment.
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Figure 2.4.4. EMSA showing the stabilization of topoisomerase I-DNA complex by

topotecan. The location of the free probe and topoisomerase I bound probe are indicated

in the figure.
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2.4.5. Discussion

Here, we have determined the ability of camptothecins to stabilize topoisomerase

I cleavage complexes formed in the HRE site, using cleavage assays and EMSA. It was

hypothesized that such cleavage complex stabilization would prevent the HIF-1 binding

to DNA at the HRE, and that the mechanism of HIF-1 inhibition by camptothecins is by

the inhibition of the HIF-1 binding to DNA. Our data presented above indicates that

topoisomerase I cleavage occurs within the HRE site, and also, that camptothecins result

in increased retention of topoisomerase I protein on an HRE containing probe even in the

presence of other nuclear proteins, including HIF-1.

The cleavage assay data, while indicating the presence of a cleavage site within

the HRE, also shed light on the importance of spanning sequences, in selection of a

cleavage site by topoisomerase I. In terms of the base requirement for cleavage complex

stabilization by camptothecins, the most highlighted has been the T at –1 and G at +1

(Jaxel et al. 1991). It has also been mentioned that A (or T) at position –4, G (or not T) at

–3 and A or T at –2 are the most observed for topoisomerase I cleavage, in the presence

of absence of camptothecin. Our data indicate that the preference for G at +1 is largely

dependent on the bases upstream of the cleavage site, specifically the –2 position. This is

indicated by the high level of cleavage observed with the canonical cleavage site

containing 5’-ACTT↓GG –3’ (cleavage site indicated by an arrow) and the very low level

of cleavage observed with the HRE site containing 5’-ACGT↓GG –3’. The only

difference between these two sites is a T at –2 in the preferred site instead of a G at –2 in

the HRE site, and this indicates the importance of the base at –2 position in cleavage
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complex stabilization by camptothecin. Furthermore, based on the cleavage site observed

with the HRE containing sequence (5’-AGAT↓CT-3’) (Figure 2.4.2), it is clear that a C

at +1 would be selected over G at +1, if the –2 and/or other spanning sequences are

favorable for topoisomerase I binding and cleavage. Interestingly, cleavage complex

stabilization would still occur in the HRE site, in the absence of a more preferred

cleavage site, due to the presence of favorable bases at -4, -3, -1 and +1 positions in this

site (Figure 2.4.3). Such cleavage in the HRE site suggests the possibility of it being

occupied by topoisomerase I and camptothecin, and the subsequent inhibition of HIF-1

binding to DNA. While it is true that the presence of a more preferred site close by in the

DNA would prevent such topoisomerase I binding at the HRE, it should be noted that in

cellular conditions, since DNA is bound by histones, only limited regions of DNA from

transcriptionally active genes will be exposed for other protein binding at a given time.

Therefore depending on the regions of DNA exposed at the time of HIF-1 binding to

DNA, in the absence of a more preferred cleavage site, there is high possibility for

topoisomerase I to bind to a less preferred site such as HRE.

The binding of topoisomerase I to an HRE site, and its stabilization in the

presence of camptothecins, is further confirmed by EMSA with an HRE probe and

nuclear extract. While our data indicated that topoisomerase I largely occupied the HRE

probe in the presence of camptothecin, whether it is effective in preventing the HIF-1

binding is not yet clear, since we have not been able to detect a HIF-1/DNA complex in

these assays, even in the absence of topoisomerase I. Thus to get a better idea of the

direct effect of camptothecin on HIF-1 DNA binding, it is necessary to repeat the EMSA
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assays with nuclear extracts from different cells and under different experimental

conditions. For example, HIF-1α induction by hypoxia instead of the CoCl2 treatment

used here might result in higher levels of HIF-1 in cells that can be observed in EMSA.

Also, different cell lines would have different levels of HIF-1 induction and the use of a

nuclear extract from a different cell line might give more significant bands for HIF-

1/DNA complex. In addition, changes in the experimental conditions such as sample

incubation time, temperature and the buffer conditions might also help in getting better

data.
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CHAPTER III: MECHANISM OF ACTION OF XR5944: MODE OF DNA

INTERACTION AND SUBSEQUENT INHIBITION OF TRANSCRIPTION

3.1 Introduction

a. Development of XR5944

Dual inhibitors of topoisomerase I and topoisomerase II attract much attention as

anticancer drugs due to a number of reasons including different levels of expression, and

different phases of expression of each enzyme type in the cell cycle. Furthermore, the

development of resistance to topoisomerase I inhibitors is often accompanied by a

concomitant rise in the level of topoisomerase II and vice versa (Tan et al. 1989;

Sugimoto et al. 1990). Dual inhibitors of topoisomerase I and II thus have advantages

over inhibitors of any single enzyme. A number of such compounds have undergone

preclinical or clinical evaluation including intoplicine, TAS-103 and DACA (Riou et al.

1993; Finlay et al. 1996; Utsugi et al. 1997). Following the high anti-tumor activity

observed with the acridinecarboxamides such as DACA (Figure 3.1.1), derivatives of the

closely related chromophore, phenazinecarboxamide (Figure 3.1.1), were synthesized

and analyzed (Rewcastle et al. 1987).

Compounds containing two neutral, relatively lipophilic DNA monointercalating

choromophores linked by a flexible chain have been of interest as potential

topoisomerase inhibitors and many such compounds have been synthesized using

different chromophores (McRipley et al. 1994; Hernandez et al. 1995; Leng et al. 1998;

Gamage et al. 1999). Many of these bis compounds have been much more potent

cytotoxins than the corresponding monomers (Gamage et al. 2001). The anticancer agent
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XR5944 was developed based on this concept of linking two symmetric chromophores

with a chain, and the 9-methylphenazine chromophore previously shown to be a potent

cytotoxin (Rewcastle et al. 1987) and a dual topoisomerase I/II directed anticancer drug

(Spicer et al. 2000) was used. The structure-activity relationships for bis(9-

methylphenazine-1-carboxamides) were further explored using a variety of dicationic

linker chains where the length, rigidity and charge density on the chain were varied

(Gamage et al. 2001). While the dicationic bis(9-methylphenazine-1-carboxamides) were

in general shown to be extremely potent cytotoxins in cell culture, XR5944 (N,N’-bis[2-

(9-methylphenazine-1-carboxamido)ethyl]-1,2-ethanediamine) (Figure 3.1.1) was

selected due to its high GC-selective DNA binding, ability to poison both topoisomerase I

and II in purified enzyme systems and in vivo effectiveness against HT29 tumors when

given intravenously (Gamage et al. 2001).
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b. Antitumor activity of XR5944

Since it was developed as a dual topoisomerase I/II inhibitor, the antitumor

activity of XR5944 was determined in comparison with agents specific for topoisomerase

I or II (topotecan, doxorubicin and etoposide) as well as joint topoisomerase inhibitors

(TAS-103). The cytotoxic profile of XR5944 was tested in a number of different human

tumor cell lines of both leukemic and solid tumor origin and the data presented in Table

3.1.1 demonstrate that XR5944 is an exceptionally potent cytotoxic agent (Stewart et al.

2001). The activity of XR5944 against parental cell lines ranged from an IC50 of 0.04 nM

in the COR-L23/P NSCLC line to 0.4 nM in the H69/P SCLC line and it was found to be

the most potent compound by far among all the other topoisomerase inhibitors tested

alongside with it (Stewart et al. 2001).

While the potency of XR5944 was attenuated by the expression of P-glycoprotein

(P-gp) or multidrug resistance-associated protein (MRP), even in the cells which

hyperexpress P-gp or MRP, XR5944 remains a potent cytotoxic agent with IC50 values

similar to or better than compounds such as topotecan and paclitaxel (Table 3.1.1).

Importantly, cell lines that have developed resistance to topoisomerase-active agents

through down-regulation of topoisomerase II (JLA and JLD) or a point mutation of

topoisomerase I (D3F/C10 CPT) do not show cross-resistance to XR5944 (Table 3.1.1).
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XR5944 Topotecan Doxorubicin TAS-103 Paclitaxel

H69/P

Parental SCLC

0.4 15.9 27.3 21.0 1.7

H69/LX4

P-gp resistance

151.8 62.9 3874 22.6 2048

COR-L23/P

Parental NSCLC

0.04 13.2 20.1 17.3 1.8

COR-L23/R

MRP resistance

0.3 20.0 319.3 42.9 4.68

JL

Leukemia

0.09 - 7 5.4 -

JLA

Amsacrine resistant

0.054 - 26 302 -

JLD

Doxorub. resistant

0.063 - 109 384 -

D3F

Chinese hamster

4.4 - - - -

D3F/C10

CPT resistant

4.0 - - - -

Table 3.1.1. Cytotoxicity [IC50 (nM)] of XR5944 in sensitive and topoisomerase I- or

multidrug-resistant human cell lines (Adapted from (Stewart et al. 2001)).



122

Following above in vitro studies, the in vivo antitumor activity of XR5944 was

examined using H69/P SCLC and HT29 colon carcinoma xenografts in nude mice

(Stewart et al. 2001). XR5944 activity against H69 xenografts appeared to be dose

dependent with the lowest dose (5mg/kg i.v., q4dx3) resulting in tumor stasis for

approximately three weeks and the two higher doses (10 and 15 mg/kg i.v., q4dx3) giving

tumor regression. In this experiment, six out of eight mice in both higher dose treatment

groups appeared to be completely cured of their tumors. In contrast, topotecan or

etoposide administered at previously used doses caused tumor stasis for approximately 10

days before regrowth of the tumor. Despite the high cytotoxicity, the mean body weight

loss of treated mice was similar to that obtained with a less effective dose of topotecan or

etoposide.

XR5944 was also significantly active in the relatively refractory HT29 colon

carcinoma xenograft and the activity of XR5944 was much higher than TAS-103 dosed at

its maximum tolerated dose and optimum schedule. Although TAS-103 resulted in a

significant growth delay compared to control animals, XR5944 resulted in tumor

regression in six out of eight animals unlike TAS-103. The antitumor effects of XR5944

were seen at well-tolerated doses as indicated by small changes in mean body weights

even at the highest dose of XR5944 (Stewart et al. 2001).

Overall, these studies show that the bisphenazine, XR5944, has exceptional in

vitro and in vivo activity against both human and murine cell lines.
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c. Biological characterization of XR5944

In initial DNA binding studies, XR5944 was shown to bind with DNA with very

high affinity as expected of a bisintercalator. Based on ethidium displacement method,

XR5944 was shown to bind to poly[dG-dC] with an apparent binding constant of 1.6 x

109 M-1 and to poly[dA-dT] with a binding constant of 9 x 107 M-1(Gamage et al. 2001).

Preliminary biochemical studies with XR5944 demonstrated its ability to stabilize

cleavable complexes formed by topoisomerase I and II, similar to known topoisomerase I

and II inhibitors (camptothecin and etoposide) (Stewart et al. 2001). But subsequent

findings suggested that the primary mechanism of action of XR5944 likely involves DNA

intercalation but not topoisomerase inhibition. For example, while ethidium bromide

displacement assays and DNA unwinding assays by topoisomerase I in the presence of

XR5944 provide strong evidence that XR5944 binds DNA in an intercalative manner,

XR5944 was not shown to inhibit the DNA supercoiling catalyzed by topoisomerase I or

II (Sappal et al. 2004). Furthermore, in yeast strains lacking either topoisomerase I or

topoisomerase II, XR5944 did not show any reduction in activity compared to the strains

containing these enzymes. In a FACS analysis of XR5944 treated HCT116 cells it was

demonstrated that XR5944 permanently arrest cells in G1 as well as G2 phases of the cell

cycle, while topoisomerase I and II poisons arrest cells only in the G2 phase (Sappal et al.

2004).
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Further indications of a topoisomerase independent mechanism of action of

XR5944 came from transcriptional profiling analysis of xenograft tumors treated with

XR5944. These cells contained clusters of regulated genes, which were distinct from

gene clusters of camptothecin or doxorubicin treated tumors. Collectively these data

indicated that the primary mechanism of action of XR5944 is independent of

topoisomerase I and II.

d. Inhibition of transcription by XR5944

In understanding the mechanism of action of XR5944, its ability to inhibit

transcription was investigated in preliminary studies, since the DNA intercalating

properties of XR5944 made transcription a strong candidate for its targeted mechanism.

Thus the RNA, DNA and protein synthesis was evaluated in two human tumor cell lines

after treatment with increasing amounts of XR5944 for 1 hour. As indicated by the

incorporation of radiolabeled precursors into each type of molecule following XR5944

treatment, the transcription of new RNA was inhibited with IC50 of 0.3 and 3 nM for the

two cell lines while DNA synthesis was inhibited with an IC50 of 300 nM and the protein

synthesis remained unaffected (Byers et al. 2005). These results indicate that the primary

target of XR5944 is transcription, because inhibition of RNA synthesis occurs at two to

three orders of magnitude lower concentrations than inhibition of DNA synthesis.

Interestingly, the inhibition of RNA synthesis also occurs in the same concentration range

in which the potent cytotoxicity of XR5944 was previously seen in different cell lines

(Stewart et al. 2001).
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To develop an understanding of how XR5944 inhibits RNA synthesis, its effect

on transcription by RNA polymerase II was examined in an in vitro system. XR5944

inhibited initiation when added before or after the formation of preinitiation complexes

and inhibited elongation at higher concentrations. The preferential inhibition of initiation

differentiates XR5944 from actinomycin D, which more strongly inhibits elongation

(Byers et al. 2005).

The ability of XR5944 to inhibit transcription in vivo was tested with nuclear run-

on assays where nuclei were isolated from HeLa S3 cells treated with different amounts

of XR5944 and the nuclear run-ons were carried out in the presence of radiolabeled UTP.

Upon quantitation of incorporated radioactivity in treated and control samples, it was

clear that XR5944 inhibits cellular transcription at very low concentrations, even after

only a short time of treatment (Byers et al. 2005).
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3.2 Determination of the solution structure of XR5944-DNA complex

3.2.1 Statement of the problem and specific aims

While it is known at this point that XR5944 intercalates DNA with high affinity

and result in inhibition of transcription, molecular level details of its interaction with

DNA or its precise mechanism of action is not known. Analyzing the molecular level

details of XR5944-DNA interaction will be helpful in understanding its exceptionally

high affinity for particular DNA sequences and will also shed light on its mechanism of

inhibition of transcription.

Specific Aim – To study the structure of the complex of XR5944 and DNA

The goal of this study was to determine the structure of a complex between

XR5944 and duplex DNA using a combination of NMR spectroscopy and molecular

dynamics calculation.

3.2.2 Materials and Methods

Sample preparation

The DNA oligonucleotides were synthesized using β-cyanoethylphosphoramidite

solid-phase chemistry on an ExpediteTM Nucleic Acid Synthesis System (Applied

Biosystem, Inc) with DMT-ON setting, and were purified using C18 reverse-phase HPLC

chromatography. MLN576 (XR11576) and XR5944 (XR5944) were provided by

Millennium Pharmaceuticals, Inc. (Cambridge, MA) and Xenova Ltd. (Slough, UK). The
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NMR samples were prepared by dissolving DNA oligonucleotide powder into 50mM

sodium phosphate buffer at pH 7 in either pure D2O (98%) or D2O/H2O (10%/90%). The

D2O samples were lyophilized and resuspended in 99.98% D2O for two more times. The

DNA-drug complexes were prepared by adding an appropriate amount of drug stock

solution to the DNA sample, followed by lyophilization and re-dissolution in D2O. The

final concentrations of DNA oligonucleotides were 1-4 mM.

NMR experiments

Both 1D and 2D NMR experiments were carried out on a Bruker Avance 600

MHz spectrometer. Standard homonuclear 2D NMR experiments were used to assign the

non-exchangeable proton chemical shifts of the complex, including DQF-COSY, TOCSY

and NOESY. The mixing times were set at 50ms, 100ms, 150ms and 200ms for NOESY,

and at 30ms and 60ms for TOCSY. The NMR experiments for samples in water solution

were performed with WATERGATE or jump-return (NOE11) water suppression

techniques. The relaxation delay was set to 2s. The acquisition data points were set to

4096x512. The 60 degree shifted sine bell functions were applied to both dimensions of

NOESY and TOCSY spectra. The five order polynomial functions were employed for the

baseline corrections. The final data points were 4096x1024. Peak assignment and

integration were achieved using Sparky (UCSF). Distances between non-exchangeable

protons were assigned based on the NOE cross-peaks integrated at 50-200 ms mixing

times. The peak volumes were referenced using the distance H5-H6 of cytosine (2.45Å).
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Unsolved protons were replaced by pseudo-atoms, and the appropriate correction was

applied to the measured distance.

Distance restrained molecular dynamics simulation

Structure calculations were performed using NOE-restrained molecular dynamics

simulation in the program XPLOR (version 3.851)(Brünger 1993). The starting model of

the DNA d(ATGCAT)-XR5944 complex was constructed in Insight II 2000.1(Accelrys,

CA), with the intercalation site conformations deduced from the NOE data. The partial

charges were obtained from X-PLOR or from the representative fragments in Insight II.

The CHARMM force field was used for the calculation. The skewed bi-harmonic energy

function was used for distance constraints from NOE data. A total of 161 distances were

used in the NOE-restrained dynamics calculations. A distance-dependent dielectric

constant was used in the calculations to simulate the aqueous environment. Non-

crystallographic symmetry (NCS) restraints were maintained throughout the

computations for the 2-fold symmetry of the complex. Each cycle of restrained MD

simulation was carried out at 300K with a time step of 0.25 fs. The system was first

equilibrated for 0.5 ps, with the force constants of 1 kcal/mol•A2 for all restraints. The

force constants were gradually scaled to the final values of 30, 30 and 60 kcal/mol•A2 for

NOE, NCS and hydrogen bond restraints, respectively, during the subsequent 10 ps

simulation. The system was then equilibrated for 12 ps. The coordinates saved during the

last 5.0 ps were averaged. The resulting average structure was further subjected to 3000

steps of energy minimization.
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3.2.3 Results

a. Sequence-specific binding of XR5944 with d(ATGCAT)

It has been shown in initial DNA binding studies that XR5944 displays a strong

sequence preference of poly(G-C) over poly(A-T) (Gamage et al. 2001), and that the two

planar phenazine chromophores of XR5944 allow for the possibility of bis-intercalation.

Hence we initially investigated the binding of XR5944 to a series of DNA sequences with

two GpC or CpG binding sites by monitoring 1H NMR spectra. Over a dozen such DNA

sequences were tested without detecting a specific binding site of XR5944. Broadening

the DNA sequence range leads to the discovery of a strong sequence-specific binding of

XR5944 to the DNA duplex d(ATGCAT)2 at pH7 (Figure 3.2.1). A new set of

resonances emerged in the 0.5:1 drug-DNA duplex mixture and these co-existed with the

resonances from free DNA. This indicated that a stable complex had formed between

DNA and the drug and that the binding equilibrium is in the slow exchange process at

NMR time scale. In the 1:1 drug-DNA mixture, resonances from free DNA completely

disappeared, leaving only one resonance per proton. The presence of a single set of

resonances indicates that a strong binding of drug occurs to a specific binding site in the

DNA duplex, and that the unique drug-DNA complex retains the 2-fold symmetry for

both drug and self-complementary DNA. The symmetrical complementary DNA strand is

referenced using the (') sign (Figure 3.2.1).
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5΄ - A1 T2 G3 C4 A5 T6 - 3΄

3΄ - T6΄ A5΄ C4΄ G3΄ T2΄ A1΄ - 5΄

Figure 3.2.1. 1H NMR spectra showing the sequence-specific binding of XR5944 to

DNA. The chemical structure of XR5944, and the oligonucleotide sequence used with the

numbering system and the XR5944 binding site is also shown.
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b. NMR spectroscopic analyis

All proton resonances of XR5944 and DNA have been assigned by using 2D-

NOESY, TOCSY and COSY data. Standard sequential assignment has been used to

assign the resonances of DNA. The drug phenazine ring proton H8 was assigned by a

strong NOE crosspeak with the drug C9 methyl group. This led to the assignment of its

vicinal proton H7, and then of H6. The drug H3 proton was clearly identified by having

two COSY crosspeaks with both H2 and H4, while H2 was assigned by its NOE

crosspeak with the carboxamide linker and was further confirmed by a number of NOE

crosspeaks with its neighboring DNA bases. The exchangeable protons of both DNA

and drug were assigned by using 2D-NOESY.

The chemical shifts of all resonances are tabulated in Table 3.2.1. Free DNA

hexamer d(ATGCAT)2 forms a regular B-type double helix in solution, as indicated by

standard sequential connectivities and intrasugar interactions in NOESY and COSY

spectra. The exchangeable proton NMR spectrum in H2O revealed two clear imino proton

resonances at 12.6 (G3HN1) and 13.65 (T2HN3) ppm, suggesting Watson-Crick type

base pairing (Table 3.2.1).
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H6/H8 H2/H5/
Me

H1’ H2’,H2” H3’ H4’ H5’,H5” H1/H3

A1 8.14 (8.23) 6.02
(6.26)

2.77 (2.74)

2.50 (2.90)

4.83 (4.94) 4.25
(4.33)

3.83 (3.86)

T2 7.24 (7.41) 1.28
(1.42)

5.81
(5.79)

2.49 (2.53)

2.39 (2.25)

4.94 (4.96) 4.17
(4.28)

4.22 (4.19) 10.56

(13.65)

G3 7.79 (7.97) 5.22
(5.98)

2.61 (2.79)

2.45 (2.71)

4.89 (5.07) 4.39
(4.47)

4.22

(4.16,4.24)

10.56

(12.6)

C4 7.29 (7.43) 5.22
(5.46)

5.89
(5.74)

2.57 (2.47)

2.30 (2.08)

4.82 (4.91) 4.22
(4.27)

4.22 (4.22)

A5 8.27 (8.39) 6.80
(8.01)

6.18
(6.37)

2.91 (2.96)

2.71 (2.82)

4.96 (5.07) 4.53
(4.49)

4.07,4.26

(4.22)

T6 7.04 (7.32) 1.23
(1.56)

5.94
(6.18)

2.18 (2.24)

2.12 (2.24)

4.51 (4.60) 4.06
(4.09)

4.34 (4.36)

4.09 (4.17)

H2 H3 H4 H6 H7 H8 Me9 Hα Hβ Hδ HN H10

XR 7.48 7.17 7.76 6.87 6.75 7.06 2.45 4.16, 3.38 2.84 3.16 7. 90 11.22

a. The chemical shift of the exchangeable protons H1/H3 of DNA and HN, H10 of drug are assigned at 7oC.

Table 3.2.1. 1H NMR Chemical Shift (ppm) of the 1:1 DNA-XR5944 Complex and the

Free DNA d(ATGCAT)2 (in parentheses) at 15oC. a. The four most shifted DNA

resonances are shown in bold.
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The XR5944-DNA complex retains the 2-fold symmetry. The glycosidic torsion

angles of all nucleotides are in the anti configuration in the d(ATGCAT)2-XR5944

complex, as indicated by the intraresidue H6/H8-H1' NOE intensities (Figure 3.2.2).

However, there are a number of unusual features in the spectra. The sequential NOE

crosspeak connectivities of the aromatic H6/H8 protons to the H1'/H2'/H2" protons

typical for double-helical B-DNA are interrupted at the T2pG3 and C4pA5 steps.

Specifically, the crosspeaks of T2H1'/H2'/H2"-G3H8, G4H1'/H2'/H2"-C5H6 are very

weak (Figure 3.2.2). This indicates that the drug XR5944 bis-intercalates at the T2pG3

and C4pA5 steps in the complex (Figure 3.2.1), breaking the normal base-stacking

interactions in free B-DNA at these positions by pushing the two adjacent base pairs

apart.

The imino protons are clearly observable in the exchangeable proton NMR

spectra of DNA-drug complex, indicating that the base-pairing scheme is retained in the

complex. Moreover, the imino proton G3HN1 is still detectable at 25°C in the complex

whereas it is not observable at 15°C in the free DNA, implying a more stable DNA

duplex upon drug binding; this is also confirmed by the increase in the melting

temperatures of DNA-drug complex in comparison with the free DNA (~45°C and

~30°C, respectively). Furthermore, both DNA imino protons T2HN3 and G3HN1, as

well as A5H2 and G3H1', are the DNA protons that are most affected by drug binding

and undergo large upfield shifts (3.1, 2, 1.2, and 0.8 ppm, respectively, Table 3.2.1).

Such upfield shifts, induced by the ring-current effects of the XR5944 phenazine ring, are

characteristic of an intercalative mode of drug binding.
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Figure 3.2.2. The expanded regions of the nonexchangeable two-dimensional NOESY

spectra of the DNA-XR5944 complex. Top- aromatic H2’/H2’’/methyl region. Bottom-

aromatic H1’ region. The sequential assignment pathway is shown. The intermolecular

NOE cross-peaks between XR5944 and DNA are labeled with asterisks and arrows (for

C4H5 only)
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c. Protonation of XR5944 phenazine ring

The exchangeable proton NMR spectrum in H2O of the DNA-XR5944 complex at

pH7 also reveals a very interesting proton resonance in the imino region at 11.22 ppm.

Inspection of the 2D NOESY spectra indicates that this proton is not an imino proton of

any DNA nucleotide. It has a much slower exchange rate with water than that of the

DNA imino protons of both T2 and G3. This proton has NOE interactions with several

other protons of XR5944, including 9-methyl protons (strong), linker proton Hα1

(medium to strong), and H8 (weak), and was thus assigned as HN10 on the N10 of ring B

of XR5944. The presence of the HN10 at pH7 is quite remarkable, since the pKa value of

the N10 is only 1.0-1.3 (personal communication with Dr. William Denny, University of

Auckland) (Palmer et al. 1988). This unexpected drug phenazine conformation, which

could not possibly exist in the bulk solution, is clearly induced and stabilized by the

microenvironment of DNA binding pocket. XR5944 is formulated as the di-mesylate salt,

with the amino nitrogen N-gamma protonated at pH 7 and positively charged (Figure

3.2.2). The amide proton HN is also observable and assigned in the exchangeable proton

NOESY spectra (Table 3.2.1).

d. NMR structure determination

Many intermolecular NOE crosspeaks between XR5944 and DNA are observed in

2D-NOESY, as summarized in Figure 3.2.3. The strong NOE interaction between C4H5

and XR5944-M9 places the methyl group of the drug phenazine ring position 9 in the

major groove of the DNA double helix.
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Figure 3.2.3. Schematic diagram of the intermolecular NOE cross-peaks between

XR5944 and DNA. The solid lines indicate strong intensity NOEs, the thick dashed lines

indicate medium intensity NOEs, and the thin dashed lines indicate weak intensity NOEs.
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In the meantime, the NOE interactions between the DNA T2 methyl group and

XR5944-Hα1 and H2 place the carboxamide aminoalkyl linker in the major groove as

well. The aromatic protons H2, H3 and H4 on the drug display multiple NOE crosspeaks

with the DNA T2 and G3 aromatic protons H8/H6/Me and sugar protons H1'/H2'/H2'',

while the drug aromatic protons H6, H7 and H8 show similar NOE interactions with the

C4 and A5 residues of DNA, indicating that the ring A of XR5944 stacks between the

T2pG3 step and the ring C stacks between the base-paired C4'pA5' step. These

intermolecular NOEs suggest a parallel base-stacking intercalation of both phenazine

rings of XR5944 at the two symmetric (T2pG3):(C4'pA5') and (C4pA5):(T2'pG3') steps,

with the long axis of each phenazine parallel to the long axes of the flanking DNA base

pairs and the aminoalkyl linker in the major groove of the DNA duplex. The stacking

position of the phenazine rings is further defined by the intermolecular NOE interactions

between drug aromatic ring protons and DNA residues. The XR5944 H2 and H3 are

close to DNA T2H1' and to a lesser extent G3H1', which are both located in the DNA

minor groove, indicating that the phenazine ring A is inserted deeply into the DNA base

pair stack. H6/H7/H8 of XR5944 ring C show similar, but weaker, NOE interactions with

DNA C4 and A5 residues, indicating that the drug phenazine ring is closer to the T2pG3

side than to the base-paired C4pA5 side. Furthermore, the G3H1' in the minor groove is

one of the most upfield-shifted DNA proton resonances upon drug binding (Table 3.2.1),

as discussed before, indicating the close proximity of the XR5944's A ring with the

T2pG3 sugar backbone. The same phenomenon was not observed between drug C ring

and C4pA5 backbone. In addition, XR5944-H4 has a strong NOE interaction with DNA
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A5H2, while XR5944-H6 doesn't have much NOE interaction with A5H2. These

observations suggest that the XR5944 phenazine A ring end inserts more deeply towards

the DNA minor groove and is closer to the DNA sugar backbone, whereas the C ring end

is positioned farther from the DNA sugar backbone and more towards the DNA major

groove.

A starting model of the d(ATGCAT)2-XR5944 complex constructed using the

above-mentioned information was subjected to NOE-restrained molecular dynamics

(RMD) calculation in X-PLOR (Brünger 1993). A total of 161 distance restraints, of

which 51 are from intermolecular NOE interactions between XR5944 and DNA, were

incorporated into the RMD calculation. The RMD calculation produced a very stable,

converged family of structures (Figure 3.2.4, Table 3.2.2), indicating a well-defined

binding conformation. The pairwise rms deviation of the refined structures is 0.38 Å.
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Figure 3.2.4. Superimposed 15 final refined structures of DNA-XR5944 complex by

NOE-restrained molecular dynamics refinement.
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Number of distance restraints 161
DNA

Intraresidue 72
Sequential 10
Hydrogen bonds 24

Drug 4
DNA-Drug 51

Structure statistics
NOE violations

Number > 0.2Å 5.8 ± 0.6
R.m.s.d. of violations (Å) 0.076 ± 0.001

Deviations from ideal geometry
Bond length (Å) 0.007 ± 0.0001
Bond angle (°) 1.30 ± 0.02
Impropers (°) 0.70 ± 0.08

Pairwise r.m.s.d of heavy atoms (Å) 0.38 ± 0.10

a. Structures are selected based on least number of restraint violations

Table 3.2.2. Structural statistics for 15 refined structures a
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e. Global complex structure and DNA conformation

A representative model of refined complex structures with XR5944 and DNA

hexamer d(ATGCAT)2 is shown in stereo view in Figure 3.2.5. The two phenazine

chromophores of XR5944 bis-intercalate at the TpG and CpA steps of the DNA,

wrapping the two central G:C base pairs, with the long axes of chromophores parallel to

the long axes of the flanking DNA base pairs. The carboxamide aminoalkyl linker lies in

the major groove of the DNA duplex. The 2-fold symmetry of both DNA and drug are

retained. The linker runs diagonally across the major groove such that the drug has the

appearance of a backward Z when viewed from the major groove. The drug exhibits a

left-handed twist counter to the right-handed twist of the DNA helix.

In the intercalation pocket, the rise between two intercalated T2:A5 and G3:C4

base pairs is ~6.32 Å, much larger than that of the perpendicular intercalation binding

site, as exemplified by anthracycline drugs (Wang et al. 1987; Yang and Wang 1994).

The DNA double-helix is unwound throughout the DNA hexamer in the drug complex,

compared to regular B-DNA with an average helical twist of 36° per step, with the

overall extent of unwinding of the DNA hexamer in the drug complex of 48°. The TpG

step at the intercalation site is unwound by 10° as well as the terminal ApT step by 13°.

The central G3pC4 steps, wrapped between the two phenazine rings of XR5944,

maintain relatively good base-pair conformation and hydrogen bonding interactions as

observed in regular B-DNA. In contrast, conformational distortions at the intercalation

site T2pG3 and C4pA5 steps are more significant, with the T2:A5' base pairs displaying a

significant large negative roll angle (-13°), and propeller twist (-8°) and buckling (6°).
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This is consistent with the fact that the TpG:CpA steps are particularly flexible (Gorin et

al. 1995; Dornberger et al. 1998).

The two central G3:C4 base pairs are pulled toward the major groove via

interactions with the drug linker, making the major groove significantly shallower

compared to that of the regular B-DNA. The DNA duplex is kinked by ~10° towards the

minor groove. The kinking and unwinding of the DNA in the complex induce a broad and

shallow minor groove as well when compared to the regular B-DNA.
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Figure 3.2.5. A representative model of refined XR5944-DNA complex structure in

stereo view. XR5944 is shown in a CPK model. One DNA strand is shown in cyan and

the other in magenta.
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3.2.4 Discussion

a. Unexpected XR5944 conformation

The XR5944 molecule adopts a significantly unexpected conformation and side-

chain orientation. The N10 of the phenazine ring of XR5944 is protonated (Figure 3.2.1)

in the DNA complex at pH7, and this HN10 proton is clearly observed in the NMR data.

The carbonyl group of carboxamide forms an internal hydrogen bond to the protonated

phenazine ring N10, with the N10 being the hydrogen bond donor (HN-O distance of 2.0

Å). It is striking that the XR5944 phenazine ring is protonated at pH7, since the pKa

value of the N10 is only 1.0-1.3 (personal communication with Dr. William Denny,

University of Auckland) (Palmer et al. 1988). This unexpected drug phenazine

conformation, which could not possibly exist in the bulk solution, is clearly induced and

stabilized by the microenvironment of DNA binding pocket. It has been observed in the

crystal structure that 9-amino-6-bromo-DACA can adopt both the acid (protonated,

positively charged N10) and conjugate base (non-protonated neutral N10) forms at pH

6.5 (Todd et al. 1999); however, the acridine ring pKa of 9-amino-DACA is 8.3 (Palmer

et al. 1988), much higher than that of the phenazine ring of XR5944. Furthermore, the

protonated phenazine ring configuration is the only drug conformation observed in our

DNA complex, since there is no sign of a second conformation or an exchange process in

the NMR data. Although it is well accepted that the negatively charged

microenvironment of DNA could stabilize an otherwise unstable conformation, our result

is very significant, since it provides for the first time direct experimental evidence, in
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solution state, of how dramatically DNA local environment can affect the physical

property and conformation of a ligand.

b. XR5944 base-stacking interactions with DNA and binding site specificity of 5'-T 

Both the phenazine chromophores of XR5944 are deeply inserted into the

flanking DNA base pairs. Each drug aromatic phenazine ring is very well stacked with

both the central G3:C4’ (or G3’:C4) base pair and the T2 (or T2’) base of the T2:A5’ (or

T2’:A5) base pair at the intercalation site (Figure 3.2.6). The long axis of the phenazine

chromophore of XR5944 is almost completely aligned with that of the central G:C base

pair (G3:C4’ or G3’:C4). In the interaction with the central G:C base pair, the six-

member ring of the guanine G3 (or G3') base is stacked on the drug phenazine A ring,

while its base pair partner, cytosine C4’ (or C4), is stacked on the drug C ring. In the

interaction with the T:G base pair (T2:A5' or T2':A5) on the other side of the same

phenazine chromophore, the thymine T2 (or T2') base is completely stacked very well on

the drug A ring, whereas the adenine A5' (or A5) base is unstacked with the drug

chromophore.

There is a very strong π-stacking interaction between the T2 base and ring A of

the drug phenazine. The thymine T2 is completely stacked over the phenazine ring A,

with the electronegative O4 group of thymine T2 positioned right above the protonated,

electropositive N10 imide edge of the XR5944 phenazine chromophore (Figure 3.2.6). It

would not be possible to have such favorable interactions if cytosine were in place of the

thymine T2, since the electropositive N4 amino group of cytosine would have an
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unfavorable interaction with the electropositive N10 imide group and would therefore

destabilize the stacking interactions. Furthermore, the 5-methyl group of thymine T2,

which is known to increase hydrophobic interactions and stabilize ligand binding, is well

stacked over the carboxamide group of XR5944. These favorable electrostatic and

hydrophobic interactions may be the reason for the site-specific requirement of 5'-T, as in

the present TpG binding site, instead of the predicted CpG site (Gamage et al. 2001). The

strong stacking interaction of the XR5944 phenazine ring with the intercalated base pairs

may provide an energetic basis for the tight binding (stronger than the binding with

poly(GC) whose Kb is ~ 1.6 x 109 M-1 (Gamage et al. 2001)).

The drug aromatic chromophore resembles a B-DNA base pair when viewing into

the minor groove, with the N5 of the di-azine of XR5944 located right above the N2 of

the central Guanine G3 in the minor groove. Moreover, the electronegative sugar O4'

atom of G3 at the binding site is in close contact (2.74 Å) with the π-phenazine aromatic

ring, probably due to the relatively low electronegativity of O4'. Such a phenomenon has

also been observed in a number of nucleic acid structures ((Egli and Gessner 1995), and

the references therein), where the interactions between the sugar O4' atom and the π-

electronic system often stabilize the nucleic acid structures.
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Figure 3.2.6. Base stacking interactions between XR5944 and the intercalation site of

DNA. Nitrogen atoms are colored blue, oxygen atoms are red, phosphorous atoms are

magenta, and hydrogen atoms are white. Carbon atoms of XR5944 are colored yellow

and those of DNA are cyan.
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c. XR5944 linker-DNA interactions and sequence specificity

The carboxamide aminoalkyl linker of XR5944 plays a major role in DNA groove

recognition as well as in sequence-specificity of drug binding. The two γ-amino groups of

carboxamide aminoalkyl linker of XR5944 are protonated at pH 7 and therefore

positively charged as γ-NH2(+) (Figure 3.2.2), which facilitate the binding of drug linker

in the normally very electronegative DNA major groove. The strong electronegative

potential of the DNA major groove always facilitates the binding of drugs with positively

charged side chains (Gao et al. 1991; Gallego and Reid 1999; Kielkopf et al. 2000).

XR5944 binding dramatically changes the electrostatic distribution of the DNA major

groove to a more electropositive potential.

When the ring A end of XR5944 is deeply inserted into the intercalating pocket

and is in close proximity to the DNA sugar backbone, the site-specific interactions of the

drug carboxamide aminoalkyl linker with the two central guanines, G3 and G3’, are

facilitated. The two γ-amino groups of the linker are located very close to the O6 and N7

of the two symmetrically related guanine residues for strong hydrogen-bonding

interactions. Specifically, one hydrogen of the γ-amino group is 1.7 Å from the O6 atom

of one guanine and forms a strong hydrogen bond and the second hydrogen of the same

γ-amino group is 2.3 Å from the N7 atom of the same guanine to form a second hydrogen

bond (Figure 3.2.7).

The parallel base-stacking intercalation binding mode has been observed in a

number of drugs (Gao et al. 1991; Kamitori and Takusagawa 1992; Adams et al. 1999;

Todd et al. 1999). Even though the chromophore structure of XR5944 is similar to that of
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the acridinecarboxamides such as 9-amino-DACA, the base-stacking interactions of the

two drugs with DNA base pairs is somewhat different (Adams et al. 1999; Todd et al.

1999). The phenazine ring of XR5944 is shifted more towards the major groove side of

DNA compared to the acridine ring of DACA. The long axis of the phenazine ring is

almost completely aligned with that of the central G:C base pair, whereas the acridine

ring in 9-amino-DACA bisects the angle between the long axes of the intercalated base

pairs. In addition, the protonated conformation of the drug phenazine ring, which occurs

unexpectedly in the microenvironment of the DNA, indirectly induces a favorable side-

chain orientation to form a site-specific hydrogen bond interaction with the two central

guanines (Figures 3.2.6 & 3.2.7). In contrast to the carboxamide plane of 9-amino-

DACA being co-planar with the acridine chromophore, the plane of the XR5944

carboxamide group is about 15° with the phenazine plane, so that the amide proton HN is

2.8Å to the N7 of guanine G3 (or G3’), to form a possible hydrogen bond. Furthermore,

the N-H….N angle is ~160°, favorable for H-bond formation (Baker and Hubbard 1984).

The existence of two H-bond acceptors at the major groove side of guanine, the

above-mentioned site-specific interactions between drug and DNA, and the favorable

charge-charge interactions between the drug linker and the DNA major groove are

important determinants in the sequence specificity and the binding groove selectivity of

XR5944.
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Figure 3.2.7. Sequence-specific interactions between the carboxamide aminoalkyl linker

of XR5944 and the DNA major groove. The site-specific hydrogen bonds between

XR5944 and the DNA binding site are shown in green dashed lines. Nitrogen atoms are

colored blue, oxygen atoms are red, phosphorous atoms are magenta, and hydrogen

atoms are white. Carbon atoms of XR5944 are colored yellow and those of DNA are

cyan.
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d. Biological implications

The parent mono-phenazine compound MLN576, as well as the closely related

DACA-family of acridinecarboxamide anticancer agents, are both DNA intercalators and

dual DNA topoisomerase I/II inhibitors (Finlay et al. 1996; Mistry et al. 2002; Vicker et

al. 2002). Even though the bis-phenazine XR5944 is structurally related to these agents,

recent studies have indicated that its primary mode of action may involve inhibition of

DNA transcription rather than inhibition of topoisomerase I and II (Blackman et al. 2003;

Sappal et al. 2004; Byers et al. 2005). The unique mechanism of action of XR5944,

distinct from those of its structurally related mono-phenazine and acridinecarboxamide

compounds, is very likely due to the novel DNA binding mode of XR5944. Most

transcription factors bind DNA in the major groove, using bHLH (basic region Helix-

Loop-Helix), bZIP (basic region leucine zipper) or zinc-containing binding motifs. The

TpG site, or the so-called TG-motif (Blomquist et al. 1999), that XR5944 appears

specifically to bind to has also been reported to occur in the consensus DNA sequences of

a number of transcription factors, including the AP-1 and estrogen receptor families of

transcription factors (Devries et al. 1987; Karin et al. 1997). Furthermore, the TpG site is

known to have a high propensity for structure deformation and flexibility, such as poor

stacking and high bendability (Gorin et al. 1995; Dornberger et al. 1998). Indeed, the

adenine of the (TpG):(CpA) step in our structure is completely unstacked with the

intercalating XR5944 chromophore and displays a large negative roll angle (-13°).

Therefore the TpG site is the preferred binding position for transcription factors to

introduce the desired DNA structure distortions, such as bending and curvature (Suzuki
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and Yagi 1995; Dickerson 1998; Jones et al. 1999). It will be of great interest to test if

XR5944 could block the DNA binding of any such transcription factors and thus inhibit

their biological activities.

In summary the exceptional in vitro and in vivo antitumour activity displayed by

XR5944 against a range of human and murine tumour models is most likely due to its

novel DNA binding mode leading to a unique mechanism of action.
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3.3 Inhibition of AP-1 transcription factors by XR5944

3.3.1. AP-1 transcription factors

a. AP-1 regulation and function

The AP-1 trancription factor complexes control cell proliferation and

differentiation by regulating gene expression in response to positive and negative stimuli.

This family of proteins are dimeric basic region-leucine zipper (bZIP) proteins that

belong to the Jun (c-Jun, JunB, JunD), Fos (c-Fos, FosB, Fra1, Fra2), Maf (c-Maf, MafB,

MafA, MafG/F/K, Nr1) and ATF (ATF2, ATF3, B-ATF, JDP1, JDP2) sub-families

(Shaulian and Karin 2002). At the level of DNA binding, AP-1 activity is ubiquitous and

is found to some degree in virtually all vertebrate cell types (Wisdom 1999). Jun proteins

can form stable dimers that bind AP-1 DNA recognition elements, 5’-TGAG/CTCA-3’,

also known as TREs (TPA response elements) (Schutte et al. 1989; Shaulian and Karin

2001). Fos proteins do not form stable dimers but can bind DNA by forming

heterodimers with Jun proteins that are more stable than Jun:Jun dimers (Halazonetis et

al. 1988). ATF proteins on the other hand, form homodimers as well as heterodimers with

Jun proteins that preferentially bind to cAMP responsive elements (CRE) of sequence 5’-

TGACGTCA-3’ (Shaulian and Karin 2001).

The regulation of AP-1 activity is complex. It occurs through changes in Jun and

Fos gene transcription, mRNA turnover, protein turnover, post-translational modification

and interaction with other transcription factors that can either synergize or interfere with

AP-1 activity. AP-1 activity is induced by growth factors, cytokines, neurotransmitters,
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polypeptide hormones, cell-matrix interactions, microbial infections and a variety of

physical and chemical stresses (Shaulian and Karin 2002). The inductions are usually

large in magnitude and transient (Wisdom 1999). The inductions are accompanied by an

increase in the overall DNA binding activity of AP-1 proteins and/or enhanced AP-1

activity through phosphorylation by stimuli-activated protein kinases.

The AP-1 transcription factors bind DNA at the DNA major groove

(Figure 3.3.1) (Glover and Harrison 1995). The DNA binding by AP-1 complexes is

mediated by the basic-leucine zipper (bZIP) motif that mediates dimer formation, which

is necessary, but not sufficient, for DNA binding. The DNA binding specificities of these

homo- or heterodimeric proteins are imparted by the DNA major groove interactions of

the AP-1 half site by using the conserved basic DNA-binding regions (Glover and

Harrison 1995; Keller et al. 1995; Schumacher et al. 2000). All the bases in the consensus

AP-1 binding site (5’-TGAC/GTCA) are contacted by the protein and are essential for the

high-affinity binding of AP-1 dimers to DNA. With the exception of a major groove

contact between a conserved arginine side chain of the proteins and the guanine of central

base pair, all the remaining contacts between the protein and DNA are symmetrical for

the palindromic half-sites (Glover and Harrison 1995).
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Figure 3.3.1. Structure of heterodimeric complex of the bZIP domains of human c-fos

and c-jun bound to a 20-nucleotide DNA duplex containing a 5’-TGAGTCA-3’ AP-1

site.
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Like most transcription factors, AP-1 proteins are modular; the DNA binding and

transcriptional activation domains are physically separable. The activation domains are

subject to control by different signaling pathways. Jun family proteins contain a single

activation domain located amino-terminal to the bZIP motif. In the case of c-jun, the

activation domain is regulated to a large degree by the JNK family of MAP kinases

(Wisdom 1999). The phosphorylation of serines 63 and 73 of c-jun by these kinases

results in a large increase in the ability of c-jun to interact with the CBP/p300 family of

coactivators and to effect transcriptional activation (Arias et al. 1994).

Fos family proteins contain activation domains both amino-terminal and carboxy-

terminal to the bZIP motif, which is centrally located. The fos C-terminal activation

domains are regulated by phosphorylation. Although the N-terminal activation domains

of fos proteins are required for biologic activity, there is no evidence that the function of

the N-terminal domain is regulated in response to extracellular signaling (Wisdom 1999).

These trancription factors activate different sets of genes in response to different

stimuli. Thus they have highly variable outcomes in cells such as positive or negative

regulation of cell proliferation, and induction or prevention of apoptosis.

b. AP-1 in cell proliferation and apoptosis

AP-1 proteins play contrasting roles in cell proliferation as well as in apoptosis.

The proliferative effect of c-Jun is primarily mediated via cyclin D1 and p21Cip1 cell cycle

regulators. c-Jun functions as a transcription inducer of cyclin D1 and a represser of p53

by directly acting on the promoter (Schreiber et al. 1999; Shaulian and Karin 2001).



157

Furthermore, c-Jun also decreases the transcriptional activity of p53, down-modulating its

ability to activate the p21Cip1 gene. c-Jun and c-Fos are cellular homologues of

retroviral oncogenes and are also involved in transformation. The anti-proliferative

activity of AP-1 proteins is reflected by JunB, which antagonizes the transforming

activity of c-Jun (Schutte et al. 1989). JunB represses cyclin D1 promoter and also

induces transcription of p16INK4a gene thereby preventing G1 to S phase transition.

However, new evidence supports the possibility that the differences in JunB and c-Jun

functions may be cell type-specific or depend on the relative expression levels of these

proteins (Shaulian and Karin 2002).

AP-1 transcription factors have also been implicated in the control of cell death

and survival. The initial observation that hinted a possible role of AP-1 in apoptosis was

increased c-jun or c-Fos expression in cells that were induced to undergo apoptosis in

response to various stresses (Karin et al. 1997). Subsequent studies with antisense

oligonucleotides directed against c-Fos and c-Jun and AP-1 deficient systems confirmed

apoptosis inducing functions of c-Fos and c-Jun under cellular stress (Colotta et al. 1992;

Hafezi et al. 1997). The pro-apoptotic functions of AP-1 have been observed to be carried

out by induction of Bcl-2 family member Bim (Whitfield et al. 2001) and FasL (Shaulian

and Karin 2001). Conversely, other studies suggest that c-Jun protects cells against UV-

induced cell death (Wisdom et al. 1999; Ivanov et al. 2001). This protective activity may

be mediated through co-operation with STAT3 to suppress transcription of Fas (Ivanov et

al. 2001). Thus, although AP-1 is portrayed as a nuclear decision maker that determines
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life or death cell fates (Ameyar et al. 2003), the exact outcome of AP-1 mediated control

is highly tissue- and developmental stage-specific.

c. AP-1 in cancer

Many cytoplasmic transforming proteins, including src and ras, activate AP-1, by

activating ERK and JNK signaling pathways (Wisdom 1999). Various studies have

shown the increased expression of AP-1 proteins in certain cancers like breast, colon,

NSCLC, SCLC and skin. The obstruction of the activity of these proteins is known to

inhibit the growth of some of these cancer tissues. Thus, agents that block AP-1 activity

could be promising agents for the prevention or treatment of those cancers.

Skin Cancer- The AP-1 family of proteins contributes to premalignant progression and

malignant conversion of epidermal cells. Initial data on involvement of AP-1 proteins in

malignant epidermal cells comes from a study with a mouse skin papilloma cell line that

was converted to a malignant variant by treatment with ionizing radiation. Not only were

these malignant cells shown to have increased levels of AP-1 DNA binding and

transcriptional activity unlike the benign cells, but the introduction of a dominant

negative jun mutant called TAM67 was shown to decrease AP-1 activity and also inhibit

subcutaneous tumor formation by these cells (Domann et al. 1994; Domann et al. 1994).

It has also been shown that transactivation of a subset of AP-1-dependent genes is

required for skin tumor promotion in vivo (Young et al. 1999) and that pharmacological

downregulation of AP-1 activity inhibits the tumorigenic potential of a neoplastic

epidermal subline (Dong et al. 1995). AP-1 proteins have recently been shown to be
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involved in sun-light induced cancers in mouse models and therefore it has also been

suggested to be a good candidate target for the development of new chemoprevention

strategies to prevent sunlight-induced skin cancers (Cooper et al. 2003).

Breast cancer- Both direct and indirect evidence suggest that AP-1 transcription factor is

an important regulator of breast cancer cell growth, invasion and even resistance to anti-

estrogens. Initial studies have suggested that growth factors and hormones such as IGF,

EGF, retinoids and estrogens can modulate AP-1 trancriptional activity in breast cells

(from Liu, 2002). While the effect of certain stimulants is induction of AP-1 by itself,

others such as estrogen affect the transcription factor complexes formed by estrogen

receptor and AP-1 proteins, and therefore their modulation of AP-1 activity is indirect

(Paech et al. 1997). These interactions between ER and AP-1 may also be responsible for

tamoxifen resistance related to AP-1 activation (Johnston et al. 1999). AP-1 may also

contribute to tumor cell invasive capacity in breast (Liu et al. 2002). Direct evidence of

AP-1 controlled breast cell growth comes from a study with a dominant negative c-Jun

mutant (TAM67) that blocks AP-1 activation in breast cells. Using breast cancer cells

that express TAM67 under the control of an inducible promoter, it has been shown that

the AP-1 blockade inhibits the growth of breast cancer cells both in vitro and in vivo (Liu

et al. 2002).

3.3.2. Statement of the problem and specific aims

The enhanced activity of AP-1 proteins result in uncontrolled cell proliferation in

certain tissues and therefore obstruction of their activity will be a useful strategy in
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prevention or treatment of cancers in those tissues. Development of inhibitors of AP-1

proteins is still in investigational stage and thus discovery of potent inhibitors of AP-1

activity are highly desired in cancer treatment and prevention.

Specific Aim – To determine the inhibition of AP-1 proteins by XR5944

The AP-1 consensus binding site contains the specific DNA sequence bound by

XR5944. We have previously shown that XR5944 bis-intercalates DNA with its linker

lying in the major groove (Chapter 3.2). Thus we propose that such binding of XR5944

in the AP-1 binding site will inhibit the DNA binding and the subsequent transcriptional

activity of AP-1 proteins. Here, we intend to investigate this mechanism of action of

XR5944 using in vitro and in vivo assays. Specifically, the inhibitory effect of XR5944 in

cells systems with high levels of AP-1 activity will be explored.

3.3.3 Materials and methods

Drug samples

XR5944 was provided by Xenova Ltd (Slough, UK). Stock solutions of the drug was

prepared in water at a concentration of 10 mM and stored at -4o C.

Electrophoretic mobility shift assays

The AP-1 binding probe 5'-AAAGATCCCATGAGTCAGGTACCAC (the core

sequence is underlined) was custom-made (Qiagen, Alameda, CA) and purified through a

denaturing polyacrylamide gel. The upper strand was end-labeled using T4
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polynucleotide kinase and [γ-32P]ATP (3000Ci/mmol) and applied to a Micro Bio-Spin 6

chromatography column (Bio-Rad, Hercules, CA). The labeled strand was annealed with

an excess of the unlabeled complementary strand by heating to 90° C for 5 minutes and

then cooling slowly in annealing buffer (10µM Tris, pH 7.5, 10mM MgCl2, 1mM DTT).

Briefly, 1.5 fpu (foot printing units) of recombinant human c-Jun (Promega, Madison,

WI) was incubated with 25, 5, 0.5, 0.05 or 0.005µM XR5944 in binding buffer consisting

of 10mM Tris-HCl (pH 7.5), 1mM MgCl2, 0.5mM EDTA, 0.5mM DTT, 50mM NaCl and

4% glycerol for 15 minutes at room temperature, mixed with approximately 20,000 cpm

DNA probe and subsequently incubated for a further 20 minutes. The samples were

loaded on a 1.5mm thick 6% polyacrylamide native gel (50:1 acrylamide:bis) that was

pre-run for 30 min at 200V. The reactions were resolved by electrophoresis at 240 V for

40 min in 0.5X TBE, followed by phosphorimaging analysis.

The specificity of inhibitory activity of XR5944 compared to other DNA

intercalators was determined by using 25µM ethidium bromide or 25µM topotecan

instead of XR5944 in the above assay. The activity of XR5944 against other DNA

binding proteins was examined by a similar assay using NF-κB gel shift assay system

with all components purchased from Promega. The reactions contained 2 gsu (gel shift

units) of NF-κB and 25µM XR5944 incubated with 25,000 cpm NF-κB consensus DNA

5'-AGTTGAGGGGACTTTCCCAGG in a relevant dilution of Gel Shift Binding 5X

buffer. All experiments have been repeated at least three times.

In the assay with HeLa nuclear extract, 2 µl of HeLa nuclear extract (Promega)

was incubated with 25, 5, 0.5, 0.05 or 0.005µM XR5944 in the same binding buffer as
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above for 15 minutes at room temperature before mixing with labeled DNA probe. In the

in vivo EMSA with HCL14 nuclear extract, nuclear extract from XR5944 treated HCL14

cells were obtained as described below and the volume of nuclear extract that contains 1

µg total protein was incubated with the same DNA probe.

Cell culture

MCF-7, HCL14, HaCaT and HeLa were cultured in DMEM (Invitrogen)

containing 10% fetal bovine serum and 100 IU/ml penicillin/streptomycin under

conditions of 37oC and 5% CO2 in air. Cells were grown to ~ 80% confluency and

subcultured using enzymatic dissociation. Briefly, the old medium was removed by

aspiration and the cell monolayer was gently rinsed with calcium- and magnesium-free

phosphate buffered saline (CMF-PBS). Sufficient trypsin (Gibco/BRL) was added to

cover the cells and the flask was placed back in the incubator at 37oC for 5-10 minutes.

The flask was gently tapped to detach the cells from the plastic surface and an equal

volume of growth medium was added to the cell suspension to neutralize the enzyme.

For simple passaging of cells, the cell suspension was diluted 1:8 in fresh growth

medium and added into a new flask. To set up cultures at known concentrations the cell

suspension was counted using trypan blue exclusion assay as follows. The cell

suspension was homogenized by pipetting and up and down several times and an aliquot

was diluted 1:3 in a 0.2% trypan blue solution made in PBS. The cell number was

counted using a haemocytometer and the appropriate volume was dispensed based on the
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assay. Fresh media was added into subsequent cultures to bring the culture volume to

working standard.

Cryogenic preservation of cells

The cells to be frozen were pelleted by centrifuging at approximately 100 g for 5

minutes. The supernatant was removed and the cell pellets were resuspended in a

sufficient volume of growth medium containing 5% dimethylsulfoxide (DMSO) to give a

final cell concentration of 2 million cells/ml. 1.5 ml of the cell suspension was added into

plastic cryogenic vials and placed overnight at -70oC in a mechanical cooler unit (Nalg

Nunc) for cooling slowly. The vials were stored in a liquid nitrogen freezer for long-term

storage.

Preparation of nuclear extracts

HaCaT mouse keratinocyte cells were seeded at a density of 3.5x105 cells per well

in 6-well cell culture plates. Cells were incubated for 2 days for the confluency to reach

~90%. They were then grown in serum-deprived medium for 12 hours and treated with

100 nM XR5944 or vehicle for 1 hour. The cells were washed with PBS, exposed to 250

J/m2 UVB and incubated with 100 nM XR5944 and vehicle for further 12 hours, along

with control cells non-exposed to UVB. At the end of 12 hours the cells were washed

with PBS and stored dry at –70ºC. For nuclear extraction, the cells were scraped off the

plates with 1 ml of Buffer A [10 mM HEPES: pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5

mM DTT (added fresh), 0.1% NP-40 (added fresh)] per well and were rocked in
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microfuge tubes for 1hour at 4ºC. The nuclei were pelleted by spinning for 15 min at

13000 rpm and were resuspended in 10 µl of buffer C [20 mM HEPES (pH 7.9), 25%

glycerol, 420 nM NaCl, 0.2 mM EDTA, 1.5 mM MgCl2, 0.5 mM DTT (added fresh), 0.5

mM PMSF (added fresh)]. The nuclei were incubated on rocker for 30 minutes and

centrifuged for 15 minutes to pellet the debris. The supernant was transferred to a clean

tube and diluted 1:5 with buffer D [20 mM HEPES (pH 7.9), 20% glycerol, 1.5 mM

MgCl2, 100 mM KCl, 0.2 mM DTT, 0.5 mM PMSF]. The nuclear extracts were stored at

-70ºC.

Luciferase reporter assays

The luciferase reporter assays were done either with stably transfected HCL14 cells that

consists of an AP-1 controlled luciferase reporter gene, or with MCF-7 and HeLa cells

transiently transfected with an AP-1 reporter plasmid containing three repeats of the wild

type AP-1 response element. Both the cell types were cultured in DMEM (Invitrogen)

containing 10% fetal bovine serum and 100 IU/ml penicillin/streptomycin under

conditions of 37oC and 5% CO2 in air.

For the HCL14 system, 3.5x105 cells were plated in 6-well plates and incubated

for two days to reach approximately 90% confluence. The cells were then incubated in

media lacking serum for 12 hours to deprive them of growth factors. At the end of 12

hours, they were treated with different concentrations of XR5944 for 1 hour and then the

cells were washed with PBS. One half of the culture plates were then subjected to

250J/m2 UVB radiation to induce AP-1 production, and the rest were kept unexposed for
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control experiments. The cells were incubated again in media lacking FBS, but

containing the relevant amounts of XR5944 for further 12 hours. They were harvested by

removing the media and washing with PBS, and were stored at –70ºC until further

processing. For lysis, cells were thawed on ice with 100 µl of 1X Cell culture lysis buffer

(Promega) per well. Scraped cells were transferred to microfuge tubes and subject to one

cycle of freeze-thaw to achieve better cell lysis. The cellular extracts were obtained by

peletting the cell debris.

For the MCF-7 and HeLa cell systems, cells were plated at 2-3 x 105 cells/well in

6-well plates. The following day cells were transfected separately with 1 µg of 3XwtAP-

1Luc plasmid per well using Fugene6 transfection reagent (Roche, Indianapolis, IN). This

plasmid contains three tandem repeats of AP-1 consensus binding sequence upstream of a

luciferase reporter gene. Seven hours after transfection, different amounts of XR5944

was added into media and incubated for a further 24 hours. Cells were harvested in 50 µl

of Cell culture lysis buffer (Promega, Madison, WI) per well.

In both the above systems, cell lysates were subjected to one freeze-thaw cycle to

maximize lysis and the protein concentration in each sample was quantitated using Bio-

Rad Protein Assay kit (Hercules, CA). A volume of cellular extract corresponding to 20

µg of total protein per sample was used to measure the luminescence using the Luciferase

Assay System (Promega, Madison, WI). Variation in cell number and transfection

efficiency between samples were compensated by using a fixed amount of total protein

and by carrying out replicates of each treatment.
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3.3.4 Results

a. XR5944 inhibits the DNA binding of AP-1 proteins in vitro.

Initially we carried out electrophoretic mobility shift assays (EMSA) using

recombinant c-Jun proteins to determine the direct effect of XR5944 on the DNA binding

of c-jun. The EMSA results demonstrated that the c-Jun DNA binding to the AP-1 site is

significantly inhibited by XR5944, in a dose-dependent manner. Specifically, the DNA

binding of c-Jun was clearly inhibited by XR5944 at the 50 nM concentration, and was

almost completely blocked by the drug at the 25 µM concentration (Figure 3.3.2). In

contrast, XR5944 does not block the DNA binding of transcription factor NF-κB to its

consensus promoter region 5'-GGGACTTTCC at the concentration of 25 µM (Figure

3.3.3).
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Figure 3.3.2. Electrophoretic mobility shift assays of the c-jun DNA binding in the

presence of increasing XR5944 concentrations. The graph indicates the percentage of

inhibition of c-jun DNA binding by XR5944 at relevant concentrations, relative to c-jun

DNA binding at zero drug. The bars represent mean values ± S.D. of three independent

experiments.
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Figure 3.3.3. Electrophoretic mobility shift assay showing the recombinant NF-kB

protein binding to its consensus DNA sequence in the presence of 25 µM XR5944.
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To demonstrate the specificity of the XR5944 activity, and the effect of the

linker, we also tested the inhibitory activity of other known DNA intercalators, including

ethidium bromide and topotecan (topoisomerase I inhibitor), on the DNA binding of c-

Jun to the AP-1 site. No evident inhibition of c-Jun DNA binding was shown by these

two other DNA intercalating compounds at the 25 µM concentration (Figure 3.3.4).
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Figure 3.3.4. Effect of known DNA intercalators on c-jun DNA binding - electrophoretic

mobility shift assay showing the DNA binding of recombinant c-jun protein in the

absence and presence of 25 µM ethidium bromide, topotecan or XR5944.
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In the above studies we have used recombinant c-jun proteins to investigate the

effect of XR5944 on AP-1 transcription factors. Under these conditions, c-jun forms

homodimers. But in cells, AP-1 proteins also form heterodimers and these dimers can

comprise of other AP-1 family proteins other than c-jun. Thus, to determine the effect of

XR5944 on the more prevalent forms AP-1 dimers in cells, and also to determine the

inhibitory effect of XR5944 in the presence of other cellular constituents, we carried out

electrophoretic mobility shift assays (EMSA) with HeLa nuclear extract and AP-1

consensus binding sequence, in the presence and absence of different XR5944

concentrations (Figure 3.3.5). Our data indicate that XR5944 inhibits the DNA binding

of AP-1 proteins in nuclear extracts similar to its inhibition of recombinant c-jun proteins,

and this inhibition is dose dependent. Here, unlike in the assay with recombinant proteins,

two shifted bands are observed in the absence of the drug. The slowest moving band

(labeled AP-1) is most likely to be an AP-1 protein complex since its binding is inhibited

by XR5944 in a dose dependent manner. The second unidentified band may be a different

AP-1 dimer complexe bound to DNA, or a protein bound non-specifically to the same

oligonucleotide bound by AP-1 proteins. In either case, XR5944 inhibits the DNA

binding of this protein and since this inhibition is seen even at drug concentrations that

does not inhibit the AP-1 proteins, it is possible that this protein is non-specifically bound

to DNA and that the binding of drug in the DNA major groove sterically interferes with

the DNA binding of this protein.
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Figure 3.3.5. Electrophoretic Mobility Shift Assay of HeLa nuclear extract and AP-1

consensus binding sequence showing the dose-dependent inhibition of DNA binding of

AP-1 proteins in the presence of XR5944.

XR5944 concentration (µM)
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b. XR5944 inhibits the transcriptional activity of AP-1 proteins in cultured cells

Since the previous assays indicated the ability of XR5944 to inhibit the DNA

binding of AP-1 proteins in vitro, next we carried out luciferase reporter assays in

mammalian cell systems to determine the effect of XR5944 in cultured cells. We first

used a cell line generated from HaCaT mouse keratinocyte cells. HaCaT cells have

previously been shown to have increased binding of JunD and c-Fos proteins to an AP-1

consensus element, upon exposure to UVB (Chen et al. 1998). The AP-1 luciferase

reporter construct used by us, HCL14 cells, is a clone of HaCaT cells that stably

expresses an AP-1 luciferase reporter gene (Chen et al. 1998). These cells were exposed

to UVB and treated with different concentrations of XR5944 both before and after the

UVB induction of AP-1 protein expression. Following incubation with drug, the cellular

proteins were extracted and the luciferase activity in each sample was measured. Our data

indicate that the transcriptional activity of AP-1 proteins in these cells is significantly

induced by UVB and such induced activity is inhibited by XR5944 treatment (Figure

3.3.6). These data indicate that XR5944 is effective in inhibiting the activity of AP-1

proteins in vivo.

A limitation with this specific assay was the inconsistency in the effective drug

dose between different repeats of the same experiments. While in our first experiment,

the drug inhibited ~100% of AP-1 activity at 100 nM concetration (Figure 3.3.6), in

subsequent assays, the 100% inhibitory concentration was different from above and

changed even more between repeats. Using mass spectrometry and other cellular assays,

the drug was still confirmed to be undegraded, and activity unchanged with time.



174

Therefore the inconsistency in the effective dose of XR5944 in the HCL14 system is

attributable to the changes in cells due to the passage number and different cell

confluencies at the time of drug treatment. Therefore, while it was clear after a number of

repeats that XR5944 is inhibiting the UVB induced AP-1 activity in HCL14 cells at nano

molar concentration, the exact inhibitory concentrations are not yet clear.
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Figure 3.3.6. Inhibition of UVB induced AP-1 activity by XR5944 in HCL14 cells. The

AP-1 activity is determined by level of the luciferase reporter expression. The data shown

are from one experiment of many repeats. Each treatment was carried out in triplicate

within each experiment. The bars represent the average±SD.
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c. UVB induced AP-1 protein expression, in contrast to AP-1 mediated transactivation, is

not affected by XR5944

The luciferase reporter assays in HCL14 cells display the ability of XR5944 to

inhibit the transcriptional activity of AP-1 proteins. This is most likely due to the

inhibition of AP-1 protein binding to DNA by XR5944 as seen in EMSA assays. But,

there still remains the possibility that XR5944 acts upstream of AP-1 signaling and

inhibits the transcription of AP-1 proteins per se, thereby leading to decreased

transactivation by them. To differentiate between these two mechanisms of XR5944,

namely, inhibition of AP-1 protein production and inhibition of AP-1 binding to DNA,

we carried out more electrophoretic mobility shift assays using nuclear extracts of drug

treated HaCaT cells. These cells were treated with XR5944 both before and after UVB

induction of AP-1 protein expression. Nuclear extracts of these cells were then used for

EMSA assays with AP-1 consensus sequence, in the absence of any XR5944 added to

samples after nuclear extraction. The drugs taken in by cells are removed during the

nuclear extraction procedure and therefore the EMSA system would not contain any drug

that would hinder the protein-DNA interaction, Therefore, if XR5944 inhibits the AP-1

protein production in UVB induced cells, less protein binding to DNA will be seen in the

EMSA for drug treated cells. Our results indicate that the level of AP-1 proteins is similar

in UVB induced cells whether they were treated or untreated with drug before nuclear

extraction (Figure 3.3.7). This indicates that inhibition of AP-1 controlled luciferase gene

expression previously observed is most likely due to the inhibition of AP-1 protein

binding to DNA, but not due to inhibition of AP-1 protein synthesis by XR5944.
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Figure 3.3.7. Electrophoretic mobility shift assay of HaCaT cell nuclear extract with AP-

1 consensus binding probe. Samples that were exposed to UVB are indicated by a ‘+’

sign.
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d. XR5944 inhibits the AP-1 transactivation in cells having high transcriptional activity

of AP-1 proteins

Our data thus far indicate that XR5944 directly inhibits the DNA binding of AP-1

proteins and also the UVB induced transcriptional activity of them. We then wanted to

determine whether XR5944 affects the endogenous levels of AP-1 in cultured cells. We

first used MCF-7 breast cancer cells, which have previously been shown to have high

levels of AP-1 proteins and also growth factor induced AP-1 activity (Chen et al. 1996).

Thus MCF-7 cells grown under standard conditions used by us, with growth factors in the

medium, are likely to have high AP-1 activity.

Using transiently transfected MCF-7 cells, we have determined the ability of

XR5944 to inhibit endogenous AP-1 activity in cells. For these assays a plasmid

containing an AP-1 controlled luciferase gene was used and the luciferase activity in

XR5944 treated and untreated cells was measured. According to our data, XR5944

inhibits the AP-1 activity in MCF-7 cells in a dose dependent manner, and XR5944 is

active in these cells at concentrations less than 5 nM (Figure 3.3.8).

The inhibition of AP-1 activity in these cells by XR5944 is an important

observation, since it has previously been shown that inhibition of AP-1 activity in MCF-7

cells by dominant negative AP-1 mutant proteins have resulted in inhibition of growth of

these cells (Liu et al. 2002). Despite the major interest in AP-1 proteins as a target for

anticancer drugs for many types of cancers, so far it has not been possible to develop

direct inhibitors of AP-1 proteins.
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Figure 3.3.8. Representative picture of inhibition of AP-1 transactivation in MCF-7 cells

by XR5944. Each treatment was carried out in triplicate. The error bars indicate

average±SD.
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e. XR5944 has reduced effect on AP-1 transactivation in cells having low activity of AP-

1 proteins

To determine the effectiveness of XR5944 as an anticancer agent with higher

activity in specific cells, that are regulated by specific transcription factors, we analyzed

its effect in cells that are not known to have high endogenous activity of AP-1. HeLa is

one such cell line with no recorded effect of AP-1 proteins on cell proliferation. Using

transient transfection of an AP-1 reporter plasmid as above, the effect of XR5944 on the

AP-1 activity in these cells were determined. Our data indicate that, unlike in the case of

MCF-7 cells, AP-1 activity in HeLa cells is not inhibited by XR5944 at similar

concentrations (Figure 3.3.9).

These data suggest that it is likely that while XR5944 inhibits specific

transcription factors, the specificity is further extended to certain cells that have higher

activity of those transcription factors. Such a property would be useful in targeting

selected cells by this drug in cancer treatment.
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Figure 3.3.9. Effect of XR5944 on AP-1 transactivation in HeLa cells. Error bars

represent the average±SD
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3.3.5 Discussion

The interest in AP-1 as a transcription factor inhibitor stemmed from the previous

data that indicated XR5944 to be a transcription inhibitor in contrast to a replication

inhibitor (Byers et al. 2005), combined with our structural data that indicated XR5944 to

be binding DNA at a specific sequence in the DNA major groove. Since transcription

factors generally bind DNA in the major groove at a specific DNA site, we hypothesized

that it is likely that XR5944 inhibits the DNA binding of specific transcription factors

that bind to a consensus DNA sequence containing the XR5944 binding site. One such

family of transcription factors that is likely to be inhibited by XR5944 is AP-1, which

binds to a consensus DNA sequence consisting of 5’- TGAG/CTCA –3’.

Our electrophoretic mobility shift assay (EMSA) results demonstrated that

XR5944 remarkably inhibits the DNA binding of recombinant c-jun as well as AP-1

proteins from nuclear extracts. The DNA binding of AP-1 homo- and heterodimers were

clearly inhibited by XR5944 at the 50 nM concentration, and was almost completely

blocked by the drug at the 25 µM concentration (Figure 3.3.2 & 3.3.5). However,

XR5944 does not block the DNA binding of transcription factor NF-κB to its consensus

promoter region 5'-GGGACTTTCC even at the concentration of 25 µM (Figure 3.3.3),

which demonstrates that XR5944 does not randomly block the DNA binding of any

transcription factor.

To demonstrate the specificity of the inhibitory effect of XR5944, we have also

carried out the EMSA experiments on other known DNA intercalative compounds,

including the well-known DNA intercalator ethidium bromide and the topoisomerase I
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inhibitor topotecan (Yang et al. 1998; Staker et al. 2002). In contrast, even though they

both are DNA intercalators, these compounds do not display evident inhibition of c-Jun

DNA binding to the AP-1 site at the 25 µM concentrations (Figure 3.3.4). These results

clearly demonstrate that the effect of XR5944 is not simply due to its DNA intercalation.

The inhibitory effect of XR5944 on the AP-1 protein DNA binding can be

explained by the available structure data. The AP-1 transcription factors, including Jun,

Fos and activating transcription factor (ATF) proteins, are bZIP proteins that selectively

dimerize using their leucine zipper regions. The DNA binding specificities of the AP-1

proteins are imparted by the DNA major groove interactions of the AP-1 half site [5'-(T-

4G-3A-2C-1):(G1T2C3A4)] by using the conserved basic DNA-binding regions (Ellenberger

et al. 1992; Glover and Harrison 1995; Keller et al. 1995; Schumacher et al. 2000). The

positioning of the XR5944 linker in the DNA major groove will clearly block the DNA

binding of the AP-1 proteins. In particular, the site-specific interactions of the AP-1

proteins involved in the DNA binding include the hydrogen-bonding interactions of the

invariant protein Asn side chain with the N4 atom of the AP-1 half site Cytosine 3 and

the O4 atom of Thymine –4, as well as the van der Waals contacts between the protein

Ala and Ser residues and the 5-methyl group of DNA Thymine –4, specifically at the 5'-

(TpG):(CpA) site. Hence the binding of XR5944 at the TpG site will interfere with these

conserved, site-specific protein-DNA interactions, since 1) the N4 of Cytosine 3 is

completely blocked by the linker of XR5944; and 2) the DNA thymine -4 is now

separated by the drug binding and therefore impossible to contact for both the H-bonding

and van der Waals interactions.
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The in vitro EMSA experiments were then followed by experiments with cultured

cells to further confirm the inhibition of AP-1 by XR5944. Using mouse keratinocytes,

the AP-1 activity of which is induced by UVB, we have shown that XR5944 is capable of

inhibiting such UVB induced transcriptional activity of AP-1 in cells. This inhibition is

shown to be not due to XR5944 activity upstream of AP-1 signaling, since the UVB

induced level of AP-1 proteins is not changed in these keratinocytes after treatment with

XR5944. The effect of XR5944 on AP-1 activity in cells is further confirmed by transient

transfection studies in MCF-7 cells where XR5944 was shown to inhibit the activity of

endogenous levels of AP-1 proteins. This effect of XR5944 seems to be dependent also

on the level of AP-1 activity in cells, since in HeLa cells, in which the level of AP-1

activity is not recorded to be elevated, XR5944 does not inhibit the reporter gene

transactivation by AP-1. Collectively these data indicate the ability of XR5944 to inhibit

the DNA binding and transcriptional activity of AP-1 proteins in specific cells.

AP-1 transcription factors have been known to be a critical modulator of

proliferation of different cancer types including colorectal (Magrisso et al. 1993;

Glinghammar et al. 1999), breast (Chen et al. 1996; Smith et al. 1999), skin (Domann et

al. 1994; Domann et al. 1994; Cooper et al. 2003) and NSCLC (Risse-Hackl et al. 1998).

The inhibition of AP-1 transcription factors have been shown to block multiple signal

transduction pathways and inhibit the growth of cancer cells in a number of these types

(Domann et al. 1994; Liu et al. 2002; Suto et al. 2004). Furthermore, high levels of AP-1

has also been correlated with resistance to certain anticancer drugs (Ritke et al. 1994;

Johnston et al. 1999; Smith et al. 1999). Therefore AP-1 has been an attractive target for
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development of anticancer drugs. In targeting AP-1 proteins, small molecule inhibitors of

their upstream activating kinases such as Jun-N-terminal kinases and MAP kinases have

been developed and tested (Bennett et al. 2001). Thus far, development of small molecule

inhibitors that directly act on AP-1 proteins has not been successful. In that regard,

XR5944 is important as a potential inhibitor of AP-1 proteins since it would directly

inhibit AP-1 activity by binding to DNA and preventing the DNA binding of AP-1

proteins.

While our data show the direct inhibition of AP-1 proteins by XR5944, its

usefulness as an AP-1 inhibitor will be significantly improved once the specificity of

XR5944 in cells, and its activity in non-transformed cells compared to transformed cells

are evaluated. In determining the mechanism of action of XR5944, it is also necessary to

study the effect of XR5944 on other transcription factors other than AP-1 that bind to a

consensus sequence containing the XR5944 binding site. Inhibition of activity of such

transcription factors by XR5944, and the lack thereof in the case of transcription factors

that do not contain the XR5944 binding site, will be valuable evidence for confirmation

of the proposed mechanism of action of XR5944, namely, inhibition of the DNA binding

of specific transcription factors.
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3.4 Inhibition of estrogen receptors by XR5944

3.4.1 Estrogen receptors (ER)

a. Role of ER

Estrogen is a sex hormone that has a wide range of physiological activities

including the control of development, reproduction and metabolism as well as effects on

cell growth and differentiation. ER was discovered to be the modulator of estrogen in

early 1960s (Jensen and Jacobson 1962). More than two decades later, ERα was isolated

and cloned from MCF-7 human breast cancer cells (Walter et al. 1985; Green et al. 1986;

Green et al. 1986). Subsequently, ERβ was cloned from rat prostate (Kuiper et al. 1996)

followed by mouse (Tremblay et al. 1997) and human (Mosselman et al. 1996; Ogawa et

al. 1998) forms. Although ER is widely known to be associated with female and male

reproductive systems, both ERα and ERβ have also been observed in esophagus, lung,

intestines, heart, many areas of the brain, thyroid, stomach, rectum, bladder, kidney and

blood vessels by immunohistochemical localization (Taylor and Al-Azzawi 2000). The

relative distribution of ERα and ERβ vary in different tissues with ERα being the

dominant form in tissues such as liver and uterus and ERβ being the dominant form in

gastrointestinal tract, prostate, ovary, etc (Pearce and Jordan 2004). Target tissues with

higher expression levels of ERs are predicted to be more affected by ER ligands. The

mammary gland and endometrium are important estrogen target tissues since their growth

during pregnancy and the menstrual cycle is dependent on estrogen. In addition to
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proliferative effects in normal cells, estrogen is considered as a stimulant for the initiation

and promotion of tumors in these tissues through acitivity of ER.

b. Structure of ER

Human ERα and ERβ share common structural domains, which are designated

A-F (Figure 3.4.1). The A/B domain of ERα contains activation function 1 (AF1) which

contributes to a constitutive transcriptional activity of ER. ERβ has been shown to lack

AF1 activity. The C domain is highly conserved between the two forms of ER and is

involved in DNA binding. Both D and E/F domains contain nuclear localization signals.

In addition, the E/F region also encompasses the ligand binding domain, a coregulator-

binding surface, the dimerization domain and activation function 2 (AF2), which is a

ligand dependent activation function in contrast to AF1.
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Figure 3.4.1. Structural domains of the human ER and ERß. Regions of the receptors

responsible for specific functions (transcriptional activation, nuclear localization,

dimerization, DNA-binding, coactivator and corepressor binding) are indicated by lines

below the bars. NDT, N-terminal domain; DBD, DNA binding domain (Koehler et al.

2005)).

A/B C D E F

1 185 251 355 549 595

A/B C D E F

1 185 251 355 549 595

A/B C D E F
1 148 214 304 500 530

hERα

hERβ
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A wide variety of structurally distinct compounds bind to ER with differing

affinities. The natural ligand estradiol (E2) and certain phytoestrogens produced by plants

act as ER agonists while other compounds such as ICI 182,780 act as antagonists.

Tamoxifen and raloxifene are components of a group of mixed agonists and antagonists

that have opposite action on ER depending on the tissue they are in. Despite a 53%

sequence identity between ERα and ERβ in the ligand-binding domain, the receptors

exhibit subtle differences in ligand binding specificity (Pearce and Jordan 2004). Thus

the abundance and distribution of receptors will, in part, determine whether a ligand will

have a particular effect.

The transcriptional activity of ER is mediated by AF1 and AF2, the activity of

which differs depending on the cellular environment and promoter context (Tzukerman et

al. 1994). In some cells either AF1 or AF2 is dominant while in others both activation

functions synergize.

The DNA binding domain of ER is a globular structure that can be subdivided

into two modules (Schwabe et al. 1993). Each module consist of a Zn coordination center

and an amphipathic α helix. The helical structure in the first module provides important

deoxynucleotide contacts and fits into the major grove of DNA. The so-called P-Box,

which is a part of this helix contains three amino acids (EGckA) that are essential for

specificity in DNA binding. This sequence recognizes the AGGTCA half site of DNA.

ER binds DNA as a dimer and recognizes a palindromic sequence.
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c. Transcriptional activity

Estrogen-dependent receptor activation- The initiation of transcription is complex and

requires the interaction of many proteins at a target gene promoter. In the classical pathway

of estrogen signal transduction, the steroid hormone binds to its intracellular ER, triggering

a series of events that ultimately leads to altered gene expression (Figure 3.4.2). In the

absence of hormone, the receptors exist as complexes associated with heat shock proteins.

For the most part, unliganded receptors do not bind to DNA and thus have neither

transcriptional nor silencing activity (Tsai and O'Malley 1994). Upon hormone binding,

heat shock proteins dissociate and the receptors are able to dimerize and bind to specific

DNA sequences called estrogen response elements (ERE). These consist of the consensus

GGTCAnnnTGACC sequence. Although transcription of target genes is stimulated by ER

binding to ERE, it is now established that ER itself is not the direct controller of

transcription. It requires interactions with a complex of coregulatory proteins that act as

signaling intermediates between the ER and the general transcription machinery

(Brzozowski et al. 1997; McKenna et al. 1999) (Figure 3.4.2).

ER can also mediate ligand-dependent transcription via protein-protein

interactions at AP-1 and SP-1 sites. In these instances SP-1 or AP-1 rather than ER binds

to DNA majority of the time (Kushner et al. 2000; Jordan 2003). Although less frequent,

DNA binding of both ER and SP-1 or ER and AP-1 have also been observed at sites

containing half ERE and half SP-1/AP-1 consensus sequences.
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Figure 3.4.2. A model for the regulation of ER-mediated transcription of ER responsive

genes (Ikeda and Inoue 2004).
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Estrogen-independent receptor activation- In the absence of hormonal ligand, activation of

ER can occur through protein phosphorylation. Growth factors and other activators of

protein kinases can induce phosphorylation of ER at different sites and thereby activate ER

independent of estrogen (Newton et al. 1994). Once activated, nuclear ER forms

transcription complexes, controlling the expression of estrogen regulated genes.

ER action through cell surface receptors- Estrogen has non-nuclear effects that are too

rapid to be explained by transcriptional activation (Losel and Wehling 2003). Examples of

these include short-term vasodilation of coronary arteries, activation of growth factor

related signaling events in neurons and the insulinotropic action of estradiol on pancreatic

beta cells (reviewed in (Nicholson and Johnston 2005)). These non-genomic actions are

caused by ligand binding of cell-surface ER subtypes. These receptors are coupled to G-

proteins and are directly linked to intracellular signaling pathways such as mitogen

activated protein kinase (MAPK) pathway.

d. ER in cancer

Two different but complementary pathways together probably contribute to the

carcinogenicity of estrogen and the initiation, promotion or progression of cancer. The

major pathway of these is the estrogen receptor mediated regulation of processes

controlling the entry into, progression through and exit from the G1 and G2 phases of the

cell cycle. Although, to date, no studies have definitely demonstrated it, evidence suggest
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that estrogen metabolites also contribute to cancer by covalent binding to DNA and protein

and also by oxidative DNA damage (Yager and Davidson 2006).

Breast cancer- The link between human breast cancer and estrogen was first identified

over a century ago and more recent epidemiologic data show clear associations between

serum estrogen concentrations (Key et al. 2002), use of estrogenic hormone replacement

therapies (Magnusson et al. 1999; Schairer et al. 1999) and oral contraceptives (Berger et

al. 2000) with increased breast cancer risk. As many as 80% of invasive breast cancers

express ER and it is a strong predictor of clinical response to hormonal therapies (Diaz and

Sneige 2005). The majority of ER present in breast tumors is ERα. While there is clear

evidence for the role of ERα in breast carcinogenesis, the relevance of ERβ in breast

cancer remains a topic of debate. While ERα testing is indicated for all primary invasive

breast carcinomas due to its proven prognostic and predictive value, ERβ currently does

not have a role as a clinically useful breast tumor marker. Furthermore, it also appears that

ERβ is up-regulated in endocrine resistant breast cancer indicating a possible role in

acquired endocrine therapy resistance. (Speirs et al. 1999; Iwao et al. 2000)

Ovarian cancer - Ovaries are not only the principal source of systemic estrogens in

premenopause but also a key target tissue of estrogen. ERα and β are expressed in normal

ovarian epithelial cells as well as in malignant cells. The proliferation effect of estrogens

has been demonstrated in different estrogen receptor-positive (ER+) ovarian cancer cell

lines (Langdon et al. 1994). Approximately two-thirds of ovarian cancers are ER positive
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and therefore conceptually amenable to anti-estrogen treament. While the recorded level of

response of ovarian cancers to endocrine therapy is only 5-18% (Hatch et al. 1991), it has

also been seen to be not well evaluated in ovarian cancer treatment (reviewed in (Perez-

Gracia and Carrasco 2002)).

Endometrial cancer - Currently, two different pathways are distinguished for tumorigenesis

of sporadic endometrial carcinoma, one estrogen related and another unrelated to estrogen.

The majority of sporadic endometrial carcinomas (at least approximately 70–80%),

designated as type-I carcinomas, follow the estrogen-related pathway. They express

estrogen (ER) and progesterone receptors (PR) and are associated with elevated levels of

serum estradiol (reviewed in (Lax 2004)). In well-differentiated endometrial cancer, ERα is

expressed much higher than ERβ (Fujimoto et al. 2002), but in poorly differentiated and/or

metastatic disease, there seems to be a selective loss of ERα, which results in a relative up-

regulation of ERβ (Matsuzaki et al. 2000; Utsunomiya et al. 2000). These observations

indicate that estrogen signaling in the normal endometrium and in early-stage endometrial

cancer occurs through ERα, while in late-stage disease ERβ could be more important.

Prostate cancer- It is known that estrogens alone, or in synergism with an androgen, are

potent inducers of aberrant growth and neoplastic transformation in the prostate (Ho 2004).

In human prostate, ERβ is the predominant ER subtype, expressed in the majority of the

epithelial cells, as well as in some stromal cells. ERα is expressed in a more limited

manner (Harkonen and Makela 2004). ERβ has been shown to have antiproliferative effect



195

in prostate epithelia (Imamov et al. 2004) and Loss of ERβ expression has been

demonstrated in prostate cancers. Furthermore, it has also been shown that ERß-selective

ligands reduces normal prostate growth and inhibits tumor formation when prostate cancer

cells are injected into nude mice (Neubauer et al. 2003).

e. ER antagonism and its limitations

Antagonizing estrogens biological effects is an effective therapeutic strategy for

treatment of cancers in which ER plays a role in uncontrolled cell proliferation. The first

clear evidence of such endocrine therapy comes from a study in 1896 where deprivation of

estrogen was described as a therapeutic option in advanced breast cancers (Beatson 1896).

Currently different strategies of intervention with estrogen action are being used in

treatment of breast cancer which are based on either reducing circulating levels of estrogen

or on blocking the action of estrogen at its receptor. Tamoxifen is a selective estrogen

receptor modulator (SERM) that competes with estrogen for binding to ER and it has been

in use for treatment of breast cancer for more than 20 years (Clarke et al. 2003; Nicholson

and Johnston 2005). While the value of adjuvant tamoxifen treatment of early breast cancer

has been illustrated by a 47% decrease in disease recurrence rate, most tumors eventually

become resistant to tamoxifen and patients require further treatment options. Another

characteristic of tamoxifen is its ER agonist activity in bone, liver and uterus. These

estrogenic effects have been associated with an increased risk of endometrial cancer and

thromboembolic complications.
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The need for novel drugs that would provide complete ER antagonism without any

agonist effects led to the synthesis of an analogue of estrogen, Fulvestrant. This compound

has been shown to exert only antiestrogenic effects and binds to the ER with similar

affinity to estrogen. Fulvestrant inhibits estrogen binding to ER, inducing a conformational

change leading to reduction in cellular ER levels due to increased ER degradation

(Nicholson and Johnston 2005). It was the first pure antiestrogen to enter clinical trials and

is the only drug of its class to be licensed for the treatment of advanced breast cancer in

postmenopausal women with disease recurrence following antiestrogen therapy.

Aromatase inhibitors (AI) are a different class of antiestrogens that suppress the

action of aromatase, the enzymes that convert androgens to estrogens. Currently, aromatase

inhibitors are gradually replacing tamoxifen in treatment of post-menopausal women with

ER-expressing breast cancers (Dixon and Bundred 2006). AIs reduce circulating levels of

estrogen and therefore circumvent estrogen-induced regulation of transcription via nuclear

and non-nuclear signaling pathways.

Limitations of endocrine therapy - Although endocrine therapy is a valuable option for

the treatment of postmenopausal women with ER positive breast cancer, only about half

of these cancers respond to endocrine therapy. These findings suggest that approximately

half of hormone receptor-expressing breast cancers are de novo resistant to endocrine

therapy. Furthermore, a significant proportion of metastatic breast cancers that initially

respond to endocrine therapy subsequently acquire endocrine resistance (Kurebayashi

2005). A possible reason for both de novo and acquired endocrine resistance could be the
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ligand-independent activation of ER by ER phophorylation. Alternatively, upregulation

of signal transduction pathway proteins such as Her1/2, Akt, MAPK and others can also

lead to ligand independent activation of ER and subsequent acquired resistance to

antiestrogens (Pearce and Jordan 2004). In addition to resistance development, another

limitation of widely used antiestrogens such as tamoxifen that is being used in treatment

of breast cancer, is the estrogenic activity seen in other tissues such as endometrium

leading to other complications. In addition, the new generation of tamoxifen-like drugs

that block the action of estrogen at ER, have shown a high level of cross-resistance with

tamoxifen. Therefore there is continuous effort to develop new, effective and well-

tolerated ER antagonists that do not posses estrogenic effects and lack cross-resistance

with existing treatments.

3.4.2 Statement of the problem and specific aims.

XR5944 specifically intercalate with duplex DNA at 5’-TG site, and is known to

be a transcription inhibitor. Estrogen receptors (ER) also have 5’-TG in their consensus

DNA binding sequences (GGTCAnnnTGACC) and therefore XR5944 has the potential

to inhibit the DNA binding of ER. If this hypothesis were shown to be true, XR5944

would be a potential ER inhibitor that differ significantly from existing ER inhibitors in

its mechanism of action and therefore a potential anticancer drug candidate.

Specific Aim 1: To characterize the in vitro and in vivo inhibition of estrogen receptors

by XR5944
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Specific Aim 2: To determine the major pathways inhibited by XR5944 and its specificity

of action in breast cancer cells

3.4.3 Materials and methods

Drug samples

XR5944 was provided by Xenova Ltd (Slough, UK). Stock solutions of the drug was

prepared in water at a concentration of 10 mM and stored at -4o C. Actinomycin D

(Sigma) was dissolved in DMSO at an initial concentration of 1 mg/ml and stored in the

dark at -20o C.

Electrophoretic Mobility Shift Assays (EMSA)

Binding of estrogen receptor (ER) to estrogen response element (ERE) was

performed using either MCF-7 nuclear extract (Active Motif) or recombinant

ERα (Affinity BioReagents). ER gel shift oligonucleotide of sequence 5’-

GGATCTAGGTCACTGTGACCCCGGATC –3’ (the consensus half sites are

underlined) was purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA) and

[32P] 5’ end labeled using T4 polynucleotide kinase and [γ-32P] ATP (3000 Ci/mmol).

Approximately 8µg nuclear extract or 0.3 µg ERα was mixed with indicated amounts of

XR5944 and a 1x solution of Gel Shift Binding Buffer (Promega) containing poly (dI:dC)

in a total volume of 20 µl. The mixture was incubated at room temperature for 20 min

and the binding reaction was initiated by adding ~40,000 cpm DNA per reaction.

Following incubation for further 15 min, the samples were analyzed in a pre-
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electrophoresed 6% polyacrylamide native gel in 0.5 X TBE. After 1 hr of

electrophoresis at 240V, the gel was vacuum dried and subjected to autoradiogaphy. The

binding of ER and ERE was observed by Phosphorimaging.

DNase I footprinting assays

The ERE probe 5'- GAGCTACGATGGATCGAGGTCACGATGACCCCGGAT

CCAGCTACGAT-3’ was custom-made (Qiagen, Alameda, CA) and purified through a

denaturing polyacrylamide gel. The upper strand was end-labeled using T4

polynucleotide kinase and [γ-32P]ATP (3000Ci/mmol) and applied to a Micro Bio-Spin 6

chromatography column (Bio-Rad, Hercules, CA). The labeled strand was annealed with

an excess of the unlabeled complementary strand by heating to 90° C for 5 minutes and

then cooling slowly in annealing buffer (10µM Tris, pH 7.5, 10mM MgCl2, 1mM DTT).

Briefly, 15,000 to 20,000 cpm DNA was incubated with given concentrations of XR5944

in DNase I buffer (NEB) consisting of 10mM Tris-HCl (pH 7.6), 2.5mM MgCl2, 0.5mM

CaCl2 for 15 minutes at room temperature. 0.25 units of DNase I (NEB) was added per

reaction and incubated at 37 ºC for 1 minute. The reaction was stopped with an equal

volume of 80% formamide buffer and the samples were loaded on a 0.4 mm thick 16%

polyacrylamide denating gel after heating for 5 minutes at 95 ºC. The reactions were

resolved by electrophoresis at 1700 V for 2 hours 0.5X TBE, followed by

phosphorimaging analysis.
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Transient transfection assays

MCF-7 cells were plated at 2-3*105 cells/well in 6-well plates. The following day

cells were transfected with either 0.3 µg of EREv-tk-Luc plasmid (from Dr. Neil Sidell of

Emory University School of Medicine, Atlanta, GA) or 0.6 µg of pGL3-promoter

plasmid (Promega, Madison, WI) per well using Fugene6 transfection reagent (Roche,

Indianapolis, IN). The reporter plasmid EREv-tk-Luc contains the vitellogenin A2

estrogen response element sequence from –336 to –310 inserted upstream of the HSV

thymidine kinase promoter and has been described previously [Nunez, 1997 #42;

(Sawatsri et al. 2001). The pGL3 promoter vector contains an SV40 promoter of 202 base

pairs upstream of the luciferase gene. 7 hours after transfection, indicated amounts of

XR5944 or Actinomycin D were added into media and incubated for further 24 hours.

Cells were harvested in 50 µl of Reporter Lysis Buffer (Promega, Madison, WI) per well.

Following one freeze-thaw cycle, the protein concentration in each sample was

quantitated using Bio-Rad Protein Assay kit (Hercules, CA). A volume of cellular extract

corresponding to 20 µg of total protein per sample was used to measure the luminescence

using the Luciferase Assay System (Promega, Madison, WI). Variation in cell number

and transfection efficiency between samples were compensated by using a fixed amount

of total protein and by carrying out each treatment in triplicate and repeating each

experiment separately at least 3 times.
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Drug dose determination for microarray experiments

MCF-7 cells were plated in 6-well plates at a concentration of 3*105 cells per

well. ~ 12 hours after plating, 1, 5, 10 and 20 nM concentrations of XR5944 was added

into media and 12 wells were used per 1 drug concentration. 12 separate wells were used

as control with nothing added to media. At time intervals of 12, 24, 36 and 48 hours after

addition of drug, cells were trypsinized from 3 wells per drug concentration along with

control and the number of live cells in each sample were counted by tryphan blue

exclusion assay. The percentage cell death was calculated against the control for each

drug concentration. The drug dose and incubation time that gave ~20% cell death was

used for treatment of MCF-7 cells for microarray experiment.

Microarray analysis

RNA extraction: MCF-7 cells were plated in T-75 flasks. When the cells were 80%

confluent 10 nM XR5944 was added into media and the cells were incubated for 12

hours. After 12 hours, the media was removed and the cells were trypsinized. The cells

were collected in 15ml plastic tubes and pelleted. RNA was extracted from treated

samples in triplicate along with control samples using RNeasy Mini kit (Qiagen) according

to the manufacturers protocols. RNA was further purified by precipitating in 3.5 volumes

of ethanol. Dried RNA pellets were dissolved in DEPC treated water and the RNA yield

and purity was calculated by measuring UV absorbance at 260 and 280 nm. 10 µl of

RNA solution at a concentration of 8 µg/µl per sample was used for microarray analysis.
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Microarray analysis : Microarray analysis for differential gene expression in cells

following treatment with XR5944 was carried out by the Arizona Cancer Center

Genomics Core service. The method used was described previously (Watts et al.2004).

Briefly, purified RNA from control and treated cell were labeled with Cy3 and Cy5

respectively by reverse transcribing total RNA in the presence of Cy5-dCTP or Cy3-

dCTP. The purified cDNA targets were hybridized to a ~19,200 gene human

oligonucleotide microarray. Following stringency washes, raw data were collected using

a GenePix 4000b scanner (Axon instruments, Sunnyvale, CA). Raw data were loaded

into GeneSpring (Silicon Genetics, Palo Alto, CA) for background correction, within-

chip intensity-based (Lowess) normalization, and finally, between-chip normalization. A

list of genes that was >2 times up or down-regulated in all 3 replicates after treatment

with XR5944 was obtained and the Student’s t-test was used to evaluate significance of

the data.

3.4.4 Results

a. XR5944 directly inhibits the estrogen receptor binding to ERE in vitro

To examine the effect of XR5944 on ER binding to DNA, we first carried out

electrophoretic mobility shift assay (EMSA) experiments using an MCF-7 cell nuclear

extract and an ERE consensus oligonucleotide. MCF-7 is an ER-expressing cell line and

therefore the nuclear extract is a good source for observing the binding of ER in the

presence of other cellular components. As shown in Figure 3.4.3, incubation of

radiolabeled oligonucleotide with nuclear extract resulted in two significant bands on a
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polyacrylamide gel subsequent to electrophoresis. Free DNA electrophoresed more

rapidly compared to DNA bound to ER protein that has decreased mobility. The DNA

binding of ER was significantly inhibited by XR5944 in a dose-dependent manner.

Specifically, the ER DNA binding was clearly inhibited by XR5944 at 1.25 µM

concentration and was completely blocked by the drug at 25 µM concentration (Figure

3.4.3). While the EC50 for XR5944 in EMSA assays was ~1.25 µM, the recorded IC50

value for this drug in cell culture systems is in the range of 0.4-4 nM (Stewart et al.

2001). This change in effective concentrations between in vitro (in test tube) and in vivo

(cell culture) data is assumed to be due to the low sensitivity of in vitro assays and also to

the significantly different conditions between the two assays, such as incubation times

with drug and incubation temperatures. Similar discrepancies between effective

concentrations in vitro and in vivo have previously been seen with a number of cytotoxic

drugs, e.g., topotecan, a topoisomerase I inhibitor that has an IC50 of 12 nM in cells (Mi

et al. 1995), but is used at 1-50 µM concentrations in in vitro assays.
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Figure 3.4.3. Electrophoretic Mobility Shift Assay of MCF-7 nuclear extract and ERE

showing the dose dependent inhibition of ER DNA binding in the presence of XR5944.

The different concentrations of XR5944 used is as indicated.
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To confirm the inhibition of ER binding to DNA by XR5944, we carried out

similar gel shift assays with recombinant ERα instead of the nuclear extract used above.

Using 25 µM XR5944, we show that the DNA binding of recombinant ERα is

completely inhibited by the drug, similar to its inhibition of ER DNA binding from the

nuclear extract (Figure 3.4.4).
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Figure 3.4.4. Electrophoretic Mobility Shift Assay of recombinant ERα and ERE

showing the inhibition of DNA binding of ERα in the presence of 25 µM XR5944. Lane

1 contains only ERE while lanes 2-4 contains both ER and ERE. In the above gel, DNA

protein complex is formed only in lane 3, which has estrogen but no XR5944.
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b. XR5944 has higher specificity for binding at a 5’-TG site compared to other sites of

the ERE probe

The inhibition of ER DNA binding in the presence of XR5944 as demonstrated

above implies that XR5944 binding occurs within the ERE probe at the ER binding site.

But it does not confirm that the drug binds in a 5’-TG site, since the ERE consensus

sequence spans over 13 bases (GGTCAnnnTGACC). Thus to verify the exact drug

binding site within the ERE probe, DNase I footprinting assays were carried out in the

presence and absence of XR5944. For these experiments a new ERE probe was designed

that consisted of the same sequence used in the above EMSA assays flanked by a random

sequence of ten additional nucleotides on either side. While our data indicate an overall

reduction in DNase I digestion of the ERE probe in the presence of XR5944, there is a

clear increase in the intensity of a band corresponding to the digestion adjacent to the

5’TG site within the ERE consensus sequence with relative decrease in intensity of the

bases immediately downstream (Figure 3.4.5). Such increase in intensity is explained by

the unwinding of double stranded DNA due to the intercalation by XR5944 close to that

site. Thus the footprint observed in this case is similar to that of other DNA intercalators

like ethidium bromide, which result in increased DNase I cleavage at the intercalation

site. Although XR5944 is different from ethidium bromide-like intercalators in having a

linker that binds in the DNA major groove protecting at least 2 bases, such binding is not

likely to have a significant effect on DNase I, which binds in the minor groove of DNA.
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Figure 3.4.5. DNase I footprinting assay of the ERE probe in the presence and absence of

XR5944. The region of the DNA consisting of the ERE consensus site is hown. The

digestion site corresponsing to each band is indicated on the right side of the figure with

the 5'-TG underlined.
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c. XR5944 inhibits Estrogen Receptor mediated transcription

The effect of XR5944 on transcriptional activity of ER in cell culture systems was

determined using transient transfection assays with a luciferase reporter plasmid construct

containing an estrogen response element (ERE) inserted upstream of an HSV thymidine

kinase promoter (EREv-tk-Luc) (Figure 3.4.6). These plasmids were transfected into

MCF-7 cells that were subsequently treated with XR5944 at concentrations ranging from

0.75 nM to 10 nM. The luciferase activity in each sample was measured to determine the

level of ER transactivation, and the samples were standardized by using a constant

amount of total cell lysate protein for each measurement. Our data indicate that the

transcriptional activity of ER is significantly inhibited by XR5944, even at 0.75 nM

concentration (Figure 3.4.6). This inhibition by XR5944 appears to be dose-dependent,

with the maximum inhibition observed at a concentration of 4 nM drug.
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Figure 3.4.6. Effect of XR5944 on ER transactivation in MCF-7 cells. A schematic

diagram of the reporter vector used displayed on top. The luciferase activity in cellular

extracts is represented by the luminescence measured in relative light units per 20 µg

total protein. Various concentrations of XR5944 used are as indicated. The bars represent

mean values ± S.E.M. of three independent experiments. * Indicates a statistical

significant difference (P < 0.01).
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The same luciferase reporter system was used to test the activity of the universal

transcription inhibitor actinomycin D as a positive control for transcription inhibition.

Actinomycin D is an antibiotic that binds to DNA and inhibits RNA synthesis by

interfering with RNA polymerase II activity (Reich and Goldberg 1964; Sentenac et al.

1968). Therefore, it is expected to inhibit the transcription from any transcriptionally

active reporter construct, including the EREv-tk-Luc reporter used here. As expected,

actinomycin D inhibits the transcription of the reporter gene at the standard

concentrations (0.08-0.8 µM) used in cellular assays (Figure 3.4.7).
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Figure 3.4.7. Effect of actinomycin D on ER transactivation in MCF-7 cells. Various

concentrations of XR5944 used are as indicated. The bars represent mean values ±

S.E.M. of three independent experiments. * Indicates a statistical significant difference (P

< 0.01).
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d. Effect of XR5944 is observed only in the inducible ER transactivating function but not

in the constitutive promoter activity

It was shown by our data discussed previously that XR5944 inhibits the

transcriptional activity of the reporter vector containing the ERE element. This reporter

plasmid also contains a basal HSV thymidine kinase promoter in addition to the cis-

acting ERE element. To verify that the inhibition of transactivation is due to the specific

interference of ER binding to DNA by the drug, but not due to inhibition of basal

promoter activity, we carried out similar transactivation assays with a reporter system

(pGL3-promoter) containing only an SV40 basal promoter sequence but no specific cis-

acting ERE elements (Figure 3.4.8). Unlike the ERE-containing luciferase reporter, the

luciferase gene expression of this system was not significantly affected by XR5944 at the

0.75 to 10 nM concentrations that it inhibited the transactivation of ERE-containing

reporter. This result suggests that XR5944 specifically inhibit the activity of the ER

transcription factor but not that of a basal promoter.
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Figure 3.4.8. Effect of XR5944 on luciferase reporter gene expression by the pGL3-

promoter vector. A schematic diagram of this vector, which contains an SV40 minimal

promoter upstream of the luciferase coding sequence, is displayed on top. The luciferase

activity in cellular extracts is represented by the luminescence measured in relative light

units per 20 µg total protein. Various concentrations of XR5944 used are as indicated.

The bars represent mean values ± S.E.M. of three independent experiments. * Indicates a

statistical significant difference (P < 0.01).
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e. XR5944 preferentially inhibits transcription initiation

We have also carried out a similar study using the reporter containing the SV40

basal promoter sequence (pGL3-promoter), for actinomycin D. Actinomycin D inhibits

RNA synthesis by interfering with the RNA elongation activity of RNA polymerase II

(Reich and Goldberg 1964; Sentenac et al. 1968); therefore, it is expected to inhibit the

transcription from the pGL3-promoter vector. As expected, actinomycin D was capable

of inhibiting reporter gene expression from this vector (Figure 3.4.9). The fact that no

such inhibition was observed with XR5944 (Figure 3.4.8) at the concentrations at which

it inhibited ER activity suggests that, in the luciferase gene expression systems used,

XR5944 does not act through inhibiting the RNA elongation or the basal promoter

activities.
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Figure 3.4.9. Effect of actinomycin D on luciferase reporter gene expression by the

pGL3-promoter vector. Various concentrations of actinomycin D used are as indicated.

The bars represent mean values ± S.E.M. of three independent experiments. * Indicates a

statistical significant difference (P < 0.01).



217

f. XR5944 displays a certain degree of specificity in action

Our previous data (Dai et al. 2004) and the data presented here indicate that

XR5944 inhibits the DNA binding of transcription factors AP-1 and ER, both of which

contain 5’-TG-3’ in their consensus binding sites. To determine whether inhibition is

specific to such transcription factors, whose consensus DNA binding sites contain 5’-TG-

3’ motifs, we carried out similar reporter transactivation assays using the pGAGC6

plasmid (Figure 3.4.10) that contains tandem repeats of the consensus binding site (5’-

GGGGCGGGGC – 3’) for the Sp1 transcription factor. Sp1 binds to a DNA sequence

containing multiple guanines and cytosines and, based on the preferred DNA binding

sequence of XR5944 revealed by structural information, the drug should have less

affinity for the Sp1 binding site than for ER or AP-1 binding sites, and therefore should

inhibit the Sp1 activity to a lesser extent. Indeed, Sp1 transactivation is not significantly

inhibited by XR5944 at the same concentrations at which it inhibits ER transactivation

(Figure 3.4.10). Thus the inhibition of transcription factor activity by XR5944 appears

to be DNA sequence-specific. In contrast, the RNA polymerase inhibitor actinomycin D

still inhibits the transcription from this Sp1-containing promoter, as expected (Figure

3.4.11).
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Figure 3.4.10. Effect of XR5944 on Sp1 transactivation in MCF-7 cells. A schematic

diagram of this vector, which contains multiple Sp1 binding sites upstream of the

adenovirus major late-initiator TATA box, is displayed on top. The luciferase activity in

cellular extracts is represented by the luminescence measured in relative light units per 20

µg total protein. Various concentrations of XR5944 used are as indicated. The bars

represent mean values ± S.E.M. of three independent experiments. * Indicates a statistical

significant difference (P < 0.01).
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Figure 3.4.11. Effect of actinomycin D on Sp1 transactivation in MCF-7 cells. The bars

represent mean values ± S.E.M. of three independent experiments. * Indicates a statistical

significant difference (P < 0.01).
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g. Microarray analysis indicates the effect of XR5944 on specific cell cycle- and

signaling pathway-related genes.

The microarray analysis of XR5944 treated MCF-7 cells were done in triplicate

and a list of genes that were at least 2 fold up- or down-regulated in all the replicates of

treated cells compared to untreated cells was obtained (Table 3.4.1). This list comprised

of 47 genes with known functions, where 6 of them were up-regulated and the rest were

down-regulated compared to the control. Using published literature and pathway analysis

software (Pathway Studio- Ariadne Genomics, Inc), pairs of genes that were related to

each other in function or regulation were identified. Such relationships between XR5944

affected genes are summarized in Figure 3.4.12. This figure highlights the effect of

XR5944 on the genes E2F1 and p21WAF1/CIP1, which in turn seem to affect a number of

other genes in the list. It was interesting to note that p21WAF1/CIP1 was up-regulated >7.5

fold in MCF-7 cells in the presence of XR5944. p21WAF1/CIP1 is a cyclin-dependent-kinase

inhibitor and a major cell cycle regulator that results in cell cycle arrest in G1 (Bartek and

Lukas 2001). Such a high level of increase in p21WAF1/CIP1 following XR5944 treatment

indicates that it is likely that the antiproliferative effects of XR5944 in MCF-7 cells are

mediated via p21WAF1/CIP1. It is noteworthy that p21WAF1/CIP1 as well as E2F1, the two

genes central to the pathways affected by XR5944 (Figure 3.4.12), are both involved also

in estrogen regulated cell cycle progression in breast cancer (Wang et al. 1999; Doisneau-

Sixou et al. 2003). In addition to these, several other downregulated genes such as

HMGB1, H2AFZ, PKMYT1, CALM2 and TPBG have been suggested to be directly

regulated by estrogen (Bourdeau et al. 2004). Collectively, the micorarray data suggest
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that although XR5944 is a highly potent cytotoxic agent, it affects only a specific set of

cell cycle regulatory genes. Furthermore, based on its effect on genes that are related to

estrogen signaling, it is likely to be inhibiting the estrogen signaling in MCF-7 cells.
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Gene name Genebank Fold
ID change

pRB-binding protein (E2F-1) M96577 0.430
minichromosome maintenance deficient (S. cerevisiae) 2 (MCM2) NM_004526 0.409
retinoblastoma-binding protein 4 (RBBP4) NM_005610 0.226
TATA box binding protein (TBP)-associated factor (TAF2F) NM_005642 0.359
nuclear transcription factor Y, beta (NFYB) NM_006166 0.292
BTG family, member 2 (BTG2) NM_006763 4.613
replication factor C (activator 1) 3 (RFC3) NM_002915 0.364
high-mobility group (nonhistone chromosomal) protein 1 (HMG1) NM_002128 0.365
TIA1 cytotoxic granule-associated RNA-binding protein-like 1 (TIAL1) NM_003252 0.353
DEK oncogene (DEK) NM_003472 0.246
transcription elongation factor A (SII), 1 (TCEA1) NM_006756 0.216
SKI-interacting protein (SNW1) NM_012245 0.349
wild-type p53 activated fragment-1 (WAF1) U03106 7.495
SH3-domain binding protein 5 (BTK-associated) (SH3BP5) NM_004844 2.311
prostate differentiation factor (PLAB) NM_004864 2.673
BCL2/adenovirus E1B 19kD-interacting protein 3 (BNIP3) NM_004052 0.434
cyclin B mRNA, 3' end M25753 0.294
arginyl-tRNA synthetase (RARS) NM_002887 0.402
phenylalanyl-tRNA synthetase beta-subunit (PheHB) NM_005687 0.306
40S ribosomal protein S27 isoform (LOC51065) NM_015920 4.551
E-1 enzyme (MASA) AF113125 0.332
asparagine synthetase (ASNS) NM_001673 0.216
chromosome 12 open reading frame 5 (C12orf5) NM_020375 3.696
PNAS-102 AF275798 0.344
tumor rejection antigen (gp96) 1 (TRA1) NM_003299 0.200
mRNA for fls353 AB024704 0.332
mRNA for tubulin alpha-1, 5'UTR D28390 0.333
tubulin alpha-8 (TUBA8) NM_018943 0.375
methionine adenosyltransferase II, alpha (MAT2A) NM_005911 0.305
5,10-methylenetetrahydrofolate dehydrogenase (MTHFD) NM_005956 0.196
Yyr- and Thr-specific cdc2-inhibitory kinase (PKMYT1) NM_004203 0.398
coatomer protein complex, subunit beta 2 (beta prime) (COPB2) NM_004766 0.338
transcription factor 6-like 1 (TCF6L1) NM_003201 0.222
antigen identified by monoclonal antibodies 4F2, etc (MDU1) NM_002394 0.297
topoisomerase (DNA) II alpha (170kD) (TOP2A) NM_001067 0.291
mRNA for cytochrome b5 AB009282 0.280
HSPC150 protein (HSPC150) NM_014176 0.328
5T4 oncofetal trophoblast glycoprotein (5T4) NM_006670 0.231
MORF-related gene 15 (MRG15) NM_006791 0.338
YME1 (S.cerevisiae)-like 1 (YME1L1) NM_014263 0.321
splicing factor 3b, subunit 1, 155kD (SF3B1) NM_012433 0.192
mRNA for histone H2A.Z, 5'UTR D28450 0.425
S-adenosylmethionine decarboxylase 1 (AMD1) NM_001634 0.319
kinetochore protein CENP-H AB035124 0.365
NY-REN-45 antigen (LOC51133) NM_016121 0.394

Table 3.4.1. Microarray data showing the XR5944-affected genes in MCF-7 cells.
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Figure 3.4.12. MCF-7 cell microarray analysis data for treatment with XR5944. Only the

genes for which a relationship with another up- or down-regulated gene could be

identified, is shown. The ovals with a pink tint are up-regulated genes. The ovals with a

red tint show genes directly regulated by estrogen.
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3.4.5 Discussion

Here, we have investigated the potential of XR5944 to inhibit the DNA binding

and the subsequent transcriptional activity of the estrogen receptor protein. Using in vitro

and cell based assays we have shown that XR5944 specifically inhibits the DNA binding

and transactivation functions of ER and that it has higher affinity for binding to a 5’-TG

site. The potency of XR5944 in inhibiting the ER activity in cultured cells is reflected by

its effective concentrations in luciferase reporter assays, in which the drug is active at

concentrations as low as 0.75 to 4 nM following 24 hours of incubation. Interestingly,

this compound does not inhibit the basal promoter activity of reporter vectors, as shown

by the assay with the vector containing an SV40 promoter. In contrast, the RNA

polymerase inhibitor, actinomycin D, is capable of inhibiting the transcription from the

same SV40 promoter-reporter vector. Hence, it is suggested that, unlike actinomycin D,

XR5944 acts through inhibition of the DNA binding of transcription factors, rather than

through nonspecific inhibition of RNA elongation in these systems. It is of significance to

note that XR5944 exhibits a considerable degree of specificity in its action, as it does not

inhibit the reporter gene transactivation by Sp1 transcription factors. The specificity of

XR5944 action is further indicated by the microarray data, due to the limited number of

genes affected by XR5944, and its effect on a number of estrogen-regulated or estrogen

signaling-related genes. Together these data render importance to XR5944 as a

compound with an attractive mechanism of ER inhibition and therefore as a potential

therapeutic agent for treatment of ER-expressing breast cancers. In fact, in ex vivo assays,

out of a number of different cancer types tested, breast and gynecologic malignancies
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were found to be the most sensitive to XR5944 (Di Nicolantonio et al. 2004). Since high

levels of ER activity have been related to breast, endometrial and ovarian cancers, the

higher sensitivity of these tissues to XR5944 might further reflect the potential of

XR5944 as an ERE-targeting drug in the treatment of these cancers.

The concept of ligand-DNA interactions with regard to hormones has been a

subject of significant research and discussions (Liehr et al. 1991; Nutter et al. 1991;

DeSombre et al. 1992; Telang et al. 1992; Snyder and Brown 2002). The ‘ligand insertion

hypothesis’ was a result of such observations, in which hormonal activation is

hypothesized to involve a step in which the ligand is inserted between DNA base pairs,

facilitated by receptor proteins (Hendry and Mahesh 1995; Hendry et al. 1998). A few

estrogen agonists and antagonists have recently been designed de novo based on this

hypothesis (Hendry et al. 1994; Mahesh et al. 2001; Sidell et al. 2005). This area of

research, in which inhibition of ER binding to DNA is attempted by the use of DNA

intercalators, is still in its early stages. Thus, it is quite significant that XR5944 has been

shown to be capable of inhibiting the DNA binding of ER, both in vitro and in vivo.

Currently, endocrine therapy is the treatment of choice for patients with estrogen

receptor-expressing breast cancers. Only about half of metastatic breast cancers

expressing ER respond to endocrine therapy, and of these, only 50% reduction is seen in

the development of recurrent disease (Kurebayashi 2005). These statistics reflect the

limitations of the use of endocrine therapy in treatment of ER-expressing breast cancers,

where half of the cases appear to be de novo resistant to endocrine therapy and a

significant proportion tend to develop acquired resistance. A major reason for the



226

observed de novo or acquired resistance is likely to be the estrogen-independent receptor

activation that continues to control the expression of estrogen-regulated genes. Such

estrogen-independent receptor activation has been shown to occur as a result of various

mechanisms, including phosphorylation of ER by different protein kinases (Campbell et

al. 2001; Michalides et al. 2004) and mutations in ER (Daffada et al. 1995; Weis et al.

1996). A significant feature of these resistance mechanisms is that they all still involve

the DNA binding of estrogen receptors. Thus a DNA intercalator that binds and occupies

the ER binding site, and thereby inhibits the DNA binding of ER transcription factors,

will be a useful breast cancer therapeutic agent that would overcome the resistance to the

existing endocrine therapies. In fact, in the ex vivo assays, XR5944 has shown great

activity in ovarian cancer samples of patients that had relapsed after receiving

chemotherapy, implying that XR5944 may not be sensitive to common resistance

mechanisms (Di Nicolantonio et al. 2004).

In addition to the drug resistance, other disadvantages of endocrine therapy

include the increased risks of endometrial cancer and thromboembolic disease seen with

selective estrogen modulators like tamoxifen that act as estrogen agonists in bone, liver

and uterus (Sismondi et al. 1994; Bergman et al. 2000). Since the XR5944 mechanism of

action does not involve protein binding like tamoxifen, XR5944 is less likely to display

estrogen receptor agonist activity and subsequent side effects. Moreover, this approach of

targeting ERE may also be used in conjunction with other endocrine agents for

management of ER-expressing breast cancers.
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CHAPTER IV: DETERMINATION OF DNA SECONDARY STRUCTURE

CONFORMATIONS IN THE HUMAN TELOMERES

4.1 Introduction

a. DNA telomeres as anticancer drug targets

Telomeres are specialized structures at the ends of eukaryotic chromosomes. They

comprise of noncoding DNA within nucleoprotein complexes that are very distinct from

the normal chromatin of the genome. Telomeres are essential for chromosome

maintainance and stability, with involvement in a number of functions including; (i)

‘capping’ of chromosomal ends where telomere DNA-associated proteins help to prevent

telomere DNA from being recognized as DNA breaks, (ii) providing a means of complete

replication of the chromosome, (iii) contributing to the spacial and functional

organization of chromosomes within the nucleus, and (iv) participation in transcriptome

regulation (Mergny et al. 2002).

Human telomere DNA consists of 5-8kb of tandem repeats of the sequence

d(TTAGGG), with a single stranded 3’ overhang of 100-200nt (Wright et al. 1997).

During DNA replication, since the DNA polymerase is unable to fully replicate the

extreme 3' end of the DNA sequence in the absence of a template strand, each replication

cycle results in the erosion of the 3' end of chromosome. Thus telomeric DNA shortens

by approximately 50-100 bases per round of cell division in the absence of any

compensating mechanism. This eventually leads to criticially short telomeres that trigger

irreversible cell cycle arrest and replicative senescence in many cell types. But for stem

and germline cells it is vital that the telomeric DNA be replenished to prevent cell death
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or any loss of genetic material due to repeated shortening. Thus these cells have a unique

DNA polymerase called telomerase being activated in these cells that binds to the 3' end

of telomeric DNA and synthesizes the addition of further hexanucleoprotein repeats onto

the end using its own RNA template (Greider and Blackburn 1985). In addition to this

RNA component (hTR), human telomerase is known to consist of at least 2 other core

components, a catalytic protein domain (hTERT) and a further protein (TP1).

Telomerase is inactive in most somatic cells other than the germline and some

stem cells. But interestingly, it is reactivated in over 80-85% of proliferating tumor cells

(Kim et al. 1994). Furthermore, it has recently been demonstrated that telomerase is

sufficient for immortalisation of many cell types (Bodnar et al. 1998), and that they are

sufficient to allow transformed cells to escape from crisis (Halvorsen et al. 1999). The

observations of telomerase activity in tumors but not in normal cells, together with its

role in maintaining the malignant phenotype, suggests telomerase machinery to be an

attractive target for anticancer drug development. Indeed, there is now a plethora of data,

both genetic and using inhibitors for hTERT, hTR or telomere DNA, that establish

preclinical proof of principle for targeting telomere/telomerase maintainance in a cancer

therapeutic context (Revieved in (Kelland 2005)).

b. The structure of telomeric DNA

Telomeric DNA in all eukaryotic cells is double stranded for most of its length

and adopts a canonical B-form conformation (Nishikawa et al. 2001). One strand is rich

in guanines with a repeat of the sequence 5'- TTAGGG-3' in humans, and protrudes
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beyond the complementary cytosine-rich strand. This single-stranded region in humans

is, on average, 100-200 bases in length. Telomeres require a high level of structural

organization such that its ends would be prevented from degradation or fusion with other

ends, and would be differentiated from damaged DNA, while still being accessible to

substrates during DNA synthesis and telomere extension. This is facilitated by the

‘capping’ of telomere DNA by association with different proteins, and by structural

remodeling. For example telomeres have been shown to form large duplex loops called t-

loops, and these have been suggested to be formed by the invasion of the 3' telomeric

overhang into the duplex telomeric repeat array (Figure 4.1A) (Griffith et al. 1999). This

organization appears to be aided by specific proteins such as TRF2 and TRF1(Karlseder

et al. 1999). In addition, other proteins such as Pot1 bind to the terminal G-rich single

stranded overhang and protect chromosomal ends from degradation or fusions.

This G-rich region of telomeres also have high propensity to fold into non-duplex

conformations called G-Quadruplexes (Henderson et al. 1987; Sundquist and Klug 1989).

These are formed due to the guanine-guanine Hoogsteen hydrogen bonding, that results

in a G-tetrad arrangement formed by four nucleotide strands (Figure 4.1B). Multiple

layers of such quartets stacked onto each other form G-quadruplexes, and their overall

conformations change based on the orientation of each nucleotide strand. They have a

requirement for monovalent cations like sodium or potassium, which sandwich between

the G-tetrads, and help in maintaining the specific G-quadruplexe structures.

A significant feature of the folding of the telomeric DNA at the 3' end into higher

order G-quadruplex structures is the sequestration of the primers required for telomerase
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activity and of single-stranded regions required for their capping function. This would

result in inhibition of both the DNA elongation and capping function of telomerase.

Interestingly, formation of DNA quadruplexes at a specific level of potassium ions was

initially shown to inactivate telomerase. Thus, small molecules that preferentially interact

with and stabilize G-quadruplexes have been proposed as telomerase inhibitors (Mergny

and Helene 1998). Subsequently the development of G-quadruplex interactive

compounds has been widely pursued and different potential small molecule inhibitors

have been identified, which demonstrate a correlation between quadruplex binding

affinity and telomerase inhibition of numerous ligands (reviewed in (Kelland 2000;

Neidle and Parkinson 2002)). Telomere targeting with such G-quadruplex ligands is

advantageous since they have broad-spectrum antitumor activity, and the onset of their

antitumor effect is more rapid than observed with other mechanisms of targeting

telomerase. But a major limitation of these would be the normal tissue toxicity due to

possible quadruplex formation in other regions of the genome.
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A

B

Figure 4.1. DNA secondary structures in telomeres. (A) t-loop, (B) a parallel G-

quadruplex structure with the G-tetrad structure shown on the side .
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c. The conformation of telomeric DNA G-quadruplex

In general, G-quadruplexes are formed by the stacking of G-tetrads and

necessarily involve four DNA strands. But this arrangement can result in a variety of

structural types depending on, (i) whether it is intra- or intermolecular, (ii) the relative

orientation of the G-tetrad core, (iii) the nature of the linking loops and (iv) the nature of

associated metal ions (Neidle and Parkinson 2003). The first detailed structural analysis

of the human telomeric G-quadruplex was carried out in solution using a 22nt sequence

of d[AGGG(TTAGGG)3] in the presence of Na+ ions (Wang and Patel 1993). This study

showed the presence of a basket type G-quadruplex structure comprising of a core of

three G-tetrads held together by strands in alternating orientation. This results in one

diagonal and two lateral loops (Figure 4.2A). The first quadruplex structure in the

presence of K+ was obtained using a crystal, and for the same 22nt sequence used above,

a strikingly distinct arrangement was observed with all four strands being parallel

(Parkinson et al. 2002). This results in three double-chain reversal loops that lie alongside

the grooves (Figure 4.2B). Since the intracellular K+ concentration is higher than that of

Na+, the K+ structure is considered to be biologically more relevant and therefore much

effort has been laid on characterizing the telomere G-quadruplex structure in K+ solution.

Very recently, the folding structure of the intramolecular G-quadruplex formed in the

human telomeric sequence in K+ solution was determined in our lab (Ambrus et al. 2006).

Our data demonstrate a novel intramolecular G-quadruplex folding topology with hybrid

type mixed parallel/antiparallel G-strands (Figure 4.2C). This structure contains three G-

tetrads with mixed G-arrangements, which are connected consecutively with a double
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chain reversal loop and two side loops, each consisting of the three nucleotides TTA.

This conformation of telomeric G-quadruplex structure was also confirmed by NMR

analysis of a different 24nt sequence (Luu et al. 2006), and a CD analysis of a 22nt

sequence (Xu et al. 2006).

Further characterization of this G-quadruplex in our lab demonstrated that the

three loop regions interact with the core G-tetrads in a specific way that defines and

stabilizes the unique human telomeric G-quadruplex structure in K+. Significantly, a

novel adenine triple platform is formed with three naturally occurring adenine residues

caping the top tetrad of the quadruplex, and this adenine triplet is likely to play an

important role in the formation of this specific stable G-quadruplex structure in solution

(Dai et al. 2006).

Telomeric G-quadruplex has been shown to be inherently more flexible and may

readily interconvert between different conformations (Ambrus et al. 2006). While the

telomeric DNA sequences used in the structural studies, with nucleotide substitutions at

either end, showed the existence of a single predominant G-quadruplex conformation, 1D

NMR spectra of the 26nt wild type telomeric sequence indicated the presence of other

conformations in addition to the major hybrid type conformation revealed (Ambrus et al.

2006). Furthermore, the 22nt sequence used for the structural analysis of human

telomeric G-quadruplex in the presence of Na+, also show a mixture of multiple

conformations in K+ solution (Ambrus et al. 2006). In addition, the circular dichroism

study of Xu and collegues (Xu et al. 2006), which was carried out using the same 22nt

wild-type telomere sequence indicated the presence of both hybrid-type and chair-type
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structures in K+ (Figure 4.2D). Thus, while much light has been shed on the major G-

quadruplex structure of human telomeric DNA, the minor conformations still remain

ambiguous.

Elucidating the equilibrium and the interconversion states of different telomeric

G-quadruplex structures, and characterizing the minor conformations are important not

only for understanding the biological function of telomeric DNA, but also for design of

G-quadruplex interactive agents that inhibit telomerase activity. Out of the main

approaches that are currently being followed in the search for improved telomerase

inhibitors, rational structure-based drug design and in silico screening are highly

constructive, and both these methods would undoubtedly facilitate from accurate

structural information revealed on telomeric G-quadruplex conformations.
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Figure 4.2. Different folding conformations identified for the human telomeric G-

quadruplexes. (A) in Na+ solution with antiparallel strand orientation, (B) in crystal in the

presence of K+ with parallel strand orientation, (C) in K+ solution with the mixed

parallel/antiparallel strand orientation, (D) in K+ solution with chair type strand

orientation.
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4.2 Statement of the problem and specific aims

Majority of the data revealed so far on the folding conformation of G-quadruplexes

formed by human telomeres in K+ solution indicate the presence of a mixed

parallel/antiparallel structure with one double-chain reversal loop and two lateral loops.

However, the NMR structural studies that confirmed this conformation have used

telomere sequences that is slightly different from the consensus sequence at one or both

ends. A circular dichroism-based study using a slightly shorter (22 nt) but wild-type

telomere sequence has suggested the coexistence of the mixed type and a chair type

conformation with interconversion between them. This sequence lacks any extra bases at

the end of the 3' GGG core and therefore does not show the effect of 3' TTA bases on the

overall folding. Thus, in addition to the mixed parallel/antiparallel conformation revealed

by NMR studies, the folding conformations of other major and minor species of the wild-

type human telomericG-quadruplexes in K+ solution still remains to be determined.

Specific Aim – To determine the ability of the wild-type human telomeric sequence to

form other G-quadruplex conformations other than the known mixed parallel/antiparallel

structure, and to determine the relative stability and abundance of any such structures.

4.3 Materials and Methods

Synthesis of oligonucleotides

The 8-bromo-2'-deoxyguanosine phosphoamidite was purchased from Glen Research.

The DNA oligonucleotides containing BrG were synthesized using β-
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cyanoethylphosphoramidite solid-phase chemistry on an ExpediteTM Nucleic Acid

Synthesis System (Applied Biosystem, Inc) with DMT-ON setting. Follwing synthesis,

the oligomers were detached from the support, deprotected and purified using C18

reverse-phase HPLC chromatography. The presence of non-degraded oligomers were

confirmed by electrospray ionization mass spectrometry.

CD spectroscopy

The samples were dissolved in 150 mM KCl solution and allowed to equilibriate for 1-2

days. CD spectra were recorded on a Jasco J-810 spectropolarimeter in a 1mm pathlength

cuvette. The wavelength scans were done at room temperature with a scan rate of 100

nm/min. For thermal denaturation experiments, the temperature was changed from 25ºC

to 90ºC at a rate of 2ºC/min and the CD at 295 nm was monitored. All spectra were

blank-subtracted using the relevant buffer solution.

4.4 Results

a. Investigation of the array of different G-quadruplexes formed by the human telomere

sequence in the presence of K+.

It has been shown previously that the major G-quadruplex conformation of the

human telomere sequence in K+ solution is a mixed parallel/antiparallel conformation

(Figure 4.2C) (Ambrus et al. 2006; Luu et al. 2006). The fact that these structures were

obtained with telomere sequences slightly deviating from the wild type sequence, and

also that the NMR spectra of the wild type sequence gives broader envelopes compared
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to the mutants, suggest that the wild type telomere sequence contain multiple conformers

that are in dynamic equilibrium. In fact, the recent circular dichroism based study with a

22nt wild type sequence suggested the presence of a significantly stable chair type

conformation in equilibrium with the mixed parallel/antiparallel conformation (Figure

4.2D) (Xu et al. 2006). While the use of the wild type sequence was significant, the

drawback of this study was the truncation of the sequence immediately 3’ to the last

GGG core. Since the flanking sequences in a G-tetrad core has been shown to be very

important in stabilizing the G-quadruplex structure (Phan et al. 2004; Ambrus et al.

2005), the possibility of a longer wild type telomere sequence forming other different

conformations can not be ruled out.

To explore the full spectrum of G-qudruplex conformations formed by a longer

human telomeric sequence in K+ solution, we synthesized a number of telomeric

sequences substituted at specific positions by the modified nucleic acid 8-bromoguanine

(BrG). This nucleotide is known to adopt the syn conformation. Thus, the sequences that

are BrG substituted at the exact positions that form syn conformations in the wild type G-

quadruplex structures will be the most stable secondary structures. In this study, BrG

substitutions were carried out assuming the possibility of formation of multiple different

types of hybrid, chair or basket type conformations by the telomeric sequence. It is clear

that the telomeric G-quadruplex in K+ solution is not a parallel (propeller) type, since the

CD spectrum of a wild type telomeric sequence gives a λmax at 290 nm, while an all

parallel structure with the guanines in only anti conformation should give a λmax of 260

nm. Thus the conformations that were analyzed were the remaining possible
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intramolecualar G-quadruplex topologies, namely the hybrid-type, chair-type and the

basket-type. All of these conformations contain guanines in both syn and anti

conformations, and for each specific conformation, the guanines that are in the syn

orientation were substituted with BrG. The list of such sequences synthesized is shown in

Table 4.1 with the conformation that would be adopted by each sequence shown in

Figure 4.3.
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Type Sequence

Hybrid 1A d(TTABrGGGTTABrGGGTTABrGBrGGTTABrGGGTT)

Hybrid 1B d(TTAGGBrGTTAGGBrGTTAGBrGBrGTTAGGBrGTT)

Hybrid 2A d(TTABrGGGTTABrGBrGGTTABrGGGTTABrGGGTT)

Hybrid 2B d(TTAGGBrGTTAGBrGBrGTTAGGBrGTTAGGBrGTT)

Chair 1A d(TTABrGBrGGTTABrGGGTTABrGBrGGTTABrGGGTT)

Chair 1B d(TTAGBrGBrGTTAGGBrGTTAGBrGBrGTTAGGBrGTT)

Chair 2A d(TTABrGGGTTABrGBrGGTTABrGGGTTABrGBrGGTT)

Chair 2B d(TTAGGBrGTTAGBrGBrGTTAGGBrGTTAGBrGBrGTT)

Basket A d(TTAGBrGGTTABrGGBrGTTAGBrGGTTABrGGBrGTT)

Basket B d(TTABrGGBrGTTAGBrGGTTABrGGBrGTTAGBrGGTT)

Table 4.1. Oligonucleotides used in the study showing the specific 8-bromoguanine (BrG)

subtitutions
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Figure 4.3. The different intramolecular G-quadruplex folding patterns that is possible

for the rationally designed BrG-substituted sequences. Yellow boxes represent guanines in

anti conformation and boxes in red, blue and green represent guanines in the syn

conformation
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Our first series of sequences were designed based on the mixed

parallel/antiparallel (hybrid) topology observed for telomeric sequence in NMR. We

designed four different sequences (Hybrids 1A, 2A, 1B and 2B) that would cover all the

hybrid-types possible for the telomeric sequence while still keeping the same overall G-

tetrad arrangement, where two adjoining tetrads of anti:anti:syn:anti conformation are

followed by a syn:syn:anti:syn type tetrad (Figure 4.3 and Table 4.1). The Hybrids 1A

and 1B have the same strand and loop orientations with a double chain reversal loop at

the 5’ end, but they have the G-tetrad core reversed. Hybrids 2A and 2B differ from 1A

and 1B in having the double-chain-reversal loop at the 3’ end. We have used CD

spectroscopy to determine the possibility of each conformation being formed. The shape

of the spectrum given by each sequence would be a qualitative measure of its folding.

Based on our results, both hybrid 1A and 2A give CD spectra close to the shape and

intensity of the wild type sequence while the hybrid 1B and 2B do not (Figure 4.4). This

shows that out of these four sequences only the hybrids 1A and 2A are likely to form

secondary structures and furthermore, that they are likely to be similar to the wild type

conformations.
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Figure 4.4. CD spectra of the wild type and different hybrid forming-type telomeric

sequences.
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Based on the study by Xu et al. (Xu et al. 2006), the wild type telomeric sequence

was suggested to form a chair-type conformation that is in equilibrium with the hybrid-

type conformation. Thus our next series of sequences used in this study were designed to

contain the chair-type conformations that would be formed by each hybrid-type

conformation tested above. This led to four different oligonucleotides labeled Chair 1A,

1B, 2A and 2B (Figure 4.3 and Table 4.1). A common feature of all these chair type

conformations is that in each G run, they all contain pairs of adjoining syn or anti

conformations of guanines. The other possible type of chair conformations have all

alternating syn and anti guanine conformations (Chair A and Chair B, Figure 4.3). The

oligonucleotides labeled Basket A and Basket B (Table 4.1) have the propensity to also

form such chair conformations, in addition to their relevant basket conformations. In the

CD experiments, both Chair 1A and 2A gave spectra similar in shape, but lower in

intensity to the wild type sequence, while Chair 1B and 2B spectra looked similar to

those of the Hybrid 1B and 2B (Figure 4.5). This shows the possibility of Chair 1A and

2A type conformations being formed by the telomeric sequence in addition to the Hybrid

1A and 2A types. The lack of significant peaks in the CD spectra of Basket A and B

oligonucleotides (Figure 4.6) indicate that even Chair A and Chair B conformations are

not likely to be formed.
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Figure 4.5. CD spectra of the wild type and different Chair forming-type telomeric

sequences.
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The basket-type is an important conformation with regard to telomeric DNA,

since a 22nt telomere sequence has previously been shown to form this kind of a

topology in Na+ solution (Wang and Patel 1993). Thus to explore the possibility of

formation of such basket-type conformation by the 26nt telomeric sequence in K+

solution, we designed two BrG substituted oligonucleotides which are the only possible

basket-forming sequences that contain alternating anti and syn guanines (Figure 4.3 and

Table 4.1). As described above, the presence of such alternating anti and syn

conformations also gives rise to a possible chair conformation that may be in equilibrium

with each basket conformation (Figure 4.3). On CD analysis, these oligonucleotides were

not seen to give significant CD spectra (Figure 4.6). It is therefore suggested, that there is

less likelihood of the basket-type or the relevant chair-type structures being formed by

the telomeric sequence.

Thus in conclusion of CD wavelength scans carried out above, out of ten

oligonucleotides that would form twelve or more different telomeric G-quadruplex

conformations, only four, specifically the Hybrid 1A, Hybrid 2A, Chair 1A and Chair 2A,

were shown to form any significant secondary structures, and among these the hybrid-

types appear to be more prominent than the chair-types.
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Figure 4.6. CD spectra of the wild type and different Basket forming-type telomeric

sequences.
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b. Determination of the most favored G-quadruplex conformations for human telomere

sequence

Based on the CD spectra obtained above, out of ten different oligonucleotides that

form ten or more different G-quadruplex structures, only four conformations seem to be

possible for the telomeric DNA. These are the two hybrid types with opposite loop

patterns (Hybrid 1A and 2A) and the two chair types designed based on those hybrid

types (Chair 1A and 2A). To determine whether all of these conformations are equally

favored by the telomeric sequence, we then carried out thermal denaturation studies of

each sequence. While the wild type sequence has a melting temperature of about 55°C,

that of the hybrid 1A and 2A are both close to 70°C (Figure 4.7). This indicates that both

hybrid 1A and 2A type conformations are very stable and suggests the higher tendency of

telomeric sequence to form these structures. In contrast, the overall shapes of the melting

curves of chair type conformations indicate that they are much less stable than the wild

type or the hybrid type (Figure 4.7).

Thus it is clear that out of the ten possible G-quadruplex conformations explored

in this study, the most stable are the hybrid 1A and hybrid 2A. Since there is still a minor

possibility of their respective chair type conformations being formed, it is possible that

the G-quadruplex structures formed by the wild type telomeric sequence in the presence

K+ consist of a minor proportion of chair type conformations in a mixture of mostly

hybrid 1A and 2A types.
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Figure 4.7. The melting curves of the wild type and specific BrG substituted

oligonucleotides.
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4.5 Discussion

Telomere maintenance is a fundamental feature that distinguishes cancer cells

from normal cells. Thus, telomerase and G-quadruplex inhibitors are widely persued,

with the G-quadruplex inhibitors being more favored due to the relatively rapid onset of

apoptosis observed with such compounds. In identification of G-quadruplex interacting

compounds, structure-based drug design and in silico screening is widely being pursued

(Neidle and Parkinson 2002). However, much of this work has been carried out using the

telomeric G-quadruplex structure formed in Na+ solution, which is different from the

recently resolved structures in K+.

Thus far, telomeric DNA has been shown to form different conformations, based

on whether it is in the presence of Na+ or K+, and whether it is in solution or crystal form.

In the more biologically relevant condition of K+ solution, the major telomeric G-

quadruplex conformation has been shown to be a mixed parallel/antiparallel type with the

first G strands (from the 5' end) being linked with a double chain reversal loop, and the

second, third and fourth strands being linked by lateral loops (Ambrus et al. 2006; Luu et

al. 2006; Xu et al. 2006). However, the wild type telomeric sequence suggests the

existence of multiple G-quadruplex conformations in K+ solution (Ambrus et al. 2006;

Luu et al. 2006), and there is indirect evidence that suggests the existence of an equally

stable chair type conformation that is in equilibrium with the hybrid type (Xu et al. 2006),

in the case of a 22nt truncated telomeric sequence.. In contrast, the comparison of imino

proton spectra of the natural 23nt human telomeric sequence and the modified 24nt

sequence suggest only about 30% of minor conformations being formed by the wild type
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sequence (Luu et al. 2006). Thus the exact combination of G-quadruplexes formed by the

natural human telomeric sequence is yet to be revealed and our study was carried with the

aim of determining this. For this purpose we have used a 26nt telomeric DNA sequence

that has flanking nucleotides on either end, due to the importance of flanking nucleotides

on stabilization of G-quadruplex structures.

We have explored the ability of this 26nt sequence to form specific hybrid-, chair-

and basket-type conformations that are possible based on the structural information

revealed thus far. Its ability to form a parallel-type structure was ruled out based on the

shape of CD spectra of the wild type sequence that has a λmax around 290 nm, while

parallel G-quadruplex structures usually only have a λmax around 260 nm. Our data

indicate that the 26nt telomeric DNA forms two major conformations, both hybrid in

type, but different from each other in their loop orientations. While one of them consist of

a double chain reversal loop at the 5' end conncecting the first and second G strands, with

the rest being linked with loops, the other conformation has this pattern reversed with the

double chain reversal loop at the 3' end connecting the third and fourth G strands. In

contrast to the previous finding that a stable chair conformation exist in equilbrium with

the hybrid type (Xu et al. 2006), our data indicate that although such interconverting chair

type can form even with the longer DNA sequence used by us, it is not stable in solution.

This discrepancy in observation may be related to the length of the telomeric DNA

sequence used in each study, where the stable chair conformation was formed by a 22nt

sequence lacking 3' flanking nucleotides, but not by the 26nt sequence used by us, which

contains 3' flanking nucleotides. As previously suggested by us, the flanking sequences
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on either end are important in the folding and stabilization of the G-quadruplex stucture

(Ambrus et al. 2006). In a chair type conformation, both the 5' and 3' ends of DNA lie on

one side of the G-tetrad core, and it is possible that a chair type conformation is not

favored by a sequence with flanking bases due to the steric interference imposed by them.

Thus, the conformation formed by a truncated 22nt sequence might not represent the

energy-favourable conformations found in vivo. Yet, based on the positive CD peak at

295 nm in the wavelength scan (Figure 4.4), it is apparent that they form secondary

structures, albeit unstable. While these secondary structures can represent a very minor

proportion of chair conformations in the telomeric G-quadruplex mixture, it should also

be noted that the BrG substituted Hybrid 1A and Chair 1A pair and the Hybrid 2A and

Chair 2A pair differ from each other only in one nucleotide (Table 4.1). This leaves the

possibility that the secondary structures observed with Chair 1A and 2A sequences are

due to the formation of hybrid type conformations and that their instability observed in

thermal denaturation studies is due to the presence of an unfavored guanine in a syn

conformation where it is supposed to be anti.

Even though in the natural telomeric sequence, Hybrid 1A is clearly the major G-

quadruplex conformation, our thermal denaturation data with BrG substituted

oligonucleotides indicate that both Hybrid 1A and 2A conformations are equally

favourable. Therefore it is likely that both these forms exist in solution in equilibrium.

Hybrid 1A and 2A both have the same G-tetrad orientations and similar stacking between

bases with the only difference being whether the double chain reversal loop is formed at

the 5' end or the 3' end of the quadruplex, which then directs the orientation of the
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remaining loops. The presence of mostly the Hybrid 1A conformation in the sequences

used for NMR structural analysis might further suggest the importance of loop regions in

stabilization of the G-quadruplex structures. In the Hybrid 1A conformation, the specific

loop orientations result in an adenine triplet next to the top G-tetrad, as previously

discussed (Dai et al. 2006), and this is suggested to stabilize the G-quadruplex

conformation. Such a triplet would not be as stable with Hybrid 2A type conformation,

and that may be the reason why this conformation was not previously detected as a major

conformation. But, the BrG substitutions may overcome the requirement for the adenine

triplet, with the necessary stabilization energy being provided by the presence of syn-

conformation guanines at the favored positions. Nevertheless, the high thermal stability

of a Hybrid 2A-type conformation suggests the possibility of this being at least a minor

conformation of the human telomeric G-quadruplexes.

A scenario of both Hybrid 1A and 2A existing in equilibrium in solution is highly

possible since the interconversion requires only the folding of the second and third

guanine runs in oppsite directions, while keeping the first and fourth guanine runs

unchanged. Such interconversion might be an intrinsic characteristic of G-quadruplexes

formed by DNA sequences like that of the telomere, which have multiple repeats of the

same sequence. It is understandable that when the oligonucleotide has free ends on either

side, the folding can start from either end. Thus, there is equal possibility for the double

chain reversal loop to be formed at either end, given that all the loops in the telomeric G-

quadruplex structure has the same 5'-TTA-3' sequence. But this concept would be

different in the context of cellular conditions where the 5' end of the G-rich strand would
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never be a free end. Under such circumstances, depending on the exact direction that the

G-quadruplex starts folding, there may be a preference for formation of one or the other

form of these two hybrid structures. Furthermore, the preferable conformation would also

depend on whether the telomeric Q-quadruplexes are formed interstrand or intrastrand

within the t-loop at chromosome ends.

I thank Dr. Megan Carver and Ding Chen for their contribution in DNA synthesis and CD

studies.
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