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ABSTRACT

INDUCIBLE DNA INTERSTRAND CROSS-LINKING AGENTS: DESIGN, SYNTHESIS,
MECHANISM, AND BIOMEDICAL APPLICATIONS

by
Muhammad Asad Uz Zaman

The University of Wisconsin-Milwaukee, 2022
Under the Supervision of Professor Xioahua Peng

DNA is the carrier of genetic information, making its chemical reactivity and function extremely
important. DNA interstrand cross-links (ICL) leads to covalent bind of two strands, which
prevents the separation of double helix. DNA ICLs are the sources of the cytotoxicity of
antitumor and anticancer agents. This thesis focuses on investigating the reactivity of a varieties
of aromatic compounds towards DNA. Some of these molecules can be activated by photo
irradiation to induce DNA ICL formation via alkylation. Others undergo activation by H,O> to
release DNA cross-linking agents. We investigated the mechanism of function of these inducible
DNA cross-linking agents as well as their biomedical application.

The first part of this thesis is focusing on design, synthesis, and mechanism investigation of the
anthracene analogues as photo-inducible DNA cross-linking agents. In an effort to increase the
efficiency of photo-inducible DNA cross-linking formation by bifunctional aromatic compounds
for biological applications, we used a well-known DNA intercalator anthracene for this study.
We synthesized a series of bifunctional compounds containing the 9,10-anthryl core structure,
and various benzylic leaving groups and investigated their photo reactivity towards DNA at 350
nm. The efficiency of DNA ICL formation strongly depends on the leaving groups and
compound solubility. Compounds la-c with bromo, trimethyl ammonium salts or triphenyl

phosphonium salts as leaving groups showed faster reaction rate and higher DNA cross-linking



efficiency than the remaining compounds. Compounds containing amine (1d and 1e), acetate
(11), or ether groups (1g-j) as leaving groups showed very low DNA ICL efficiency and low
reaction rate. DNA ICL formation induced by 1b was inhibited by both radical and cation
trapping agents, indicating that both free radicals and cations are involved in DNA crosss-linking
process. However, none of the trapping agents was able to inhibit ICL completely even with very
high concentration, which might be due to the intercalating interaction between anthracene
moiety and duplex DNA. The free radical trapping adducts y-z were detected in the
photoreaction of 1b with TEMPO, suggesting the generation of free radicals x in photo-induced
DNA cross-linking process of 1b-z. We also observed formation the cation trapping adducts n
that provide direct evidence for the generation of carbocation m in the photo-induced DNA ICL
formation induced by 1b-c. Collectively, these data suggested that both both free radicals and
carbo cations may have been involved in photo-induced DNA ICL formation by these anthracene

analogues.



1a:L=Br
L 1b: L =®NMe,
1c: L =OPPh3Br

1d: L = NMe,
OOO 1e: L = N(CH,CH,),0
1f: L = OAc

1g: L =OH

L 1h: L = OCH3SPh
1i: L = OCH,CH=CH,
1j: L = OCH,Ph

[M-Br+HJ* calcd: 517.37 [M+H]+ calcd: 419.62
found: 517.4 found: 419.3

? MeONH2 uv
1b-c ——>» 4»,
350nm
350nm

L

Confirmed by
"H and '?C NMR

path 1 DNA 350 nm OO
L ‘ g ‘ g DNA

OO -

DNA 350 nm
1b: L = +N(CH3)3

The second part of this thesis is focusing on in vivo study of H>O»-activated DNA alkylating

agents. We investigated the in vivo efficacy and safety of H.O»-activated nitrogen mustard
prodrug 11. The CD-1 mice and athymic nude mice were used for the safety and in vivo efficacy
study, respectively. We tested the cytotoxicity of 11 against triple negative breast cancer cell line
(MDA-MB-468) and a few renal cancer cell lines (UO-31, SN-12C, A498, TK-10 and CAKI-1).
Repeated dose toxicity study was used to identify the safe doses for in-vivo efficacy study. The

athymic nude mice were xenografted with MDA-MB-468 breast cancer cell line. We observed



that 11 greatly reduced tumor size (>50%) without any obvious side effects such as no obvious
weight loss and other unusual behaviors for mice. We did not observe the changes of normal
tissues including lung, liver, spleen, brain etc. Pharmacokinetic study showed that duration time
of 11 is double of the parent molecule x. In addition, we observed that 11 showed better efficacy
but less toxic to mice than the clinically used DNA alkylating agent chlorambucil. Further study
suggested that the breast cancer MDA-MB-468 cells showed high H2O: level and quenching the
H20> level decreased the anticancer activity of 11, which indicated that there is a correlation
between the anticancer activity of 11 and ROS level in cancer cells. Metabolite extraction study

was also conducted on cell culture in an effort to identify activated metabolite.

Tumor Size

12-treated

Tumor Volume (mm?)
N
o
?

-~ Control
-#- Drug Treated 5mg/kg
100- s ?
Tk gt ek
Week 1
c L] I I ] 1 R R
0 2 4 6 8 10 Mice Weight
Week 27-
HOOC
HOLOH  HOgOH 26- l ns
CH, S
=
N 3 24
N N .
J/ \L j I j 1 ® -e- Control
Cl” cl Cl Cl Cl Cl 23
-#- Drug Treated
9) FAN-NM-CH, (11) Chlorambucil 22
1 1 T 1 1
0 2 4 6 8 10



© Copyright by Muhammad Asad Uz Zaman, 2022
All Rights Reserved

Vi



TABLE OF CONTENTS

LIST OF FIGURES .......oueeeeeieieiieiiteisiisnssescsessassesissssassesssssssssossnsssssssssnsssssssssassnssnssssssnssnssnssens ix
LIST OF TABLES ......oeeeeeieeeeeeiiiiiiisenieierissnseesssessessnsssssssssassnssssssssssssnsssssssssassnssnssssssnssnssnsssnssnn X
LIST OF ABBREVIATIONS ......c.oueeieeiiiiiniiencieirnssesiessrasiessssssossossnsssssssssnsssssssssassnsssssssssnssnssnssens Xi
LIST OF SCHEMIES........c..cueeieeiieiinieeeiseirisinsinsssessessnssssssessnssssssssssssnssssssssssssnsssssssssassnssnssssssnssns Xiii
ACKNOWYLEDGEMENTS .........ceeeeeeeeeeeeeeseeeeeensteeescnsresessnssasessnssasessmssassssnssasessnssassssnssassssansnsnnes Xv
Chapter 1. J10 10T (7ot 1 [ o T 1
1.1 The structure and functions Of DNA.......cc.ciiiiiiiiiiiiireicreeereeeereeecreeerensesensesensessnsssnssesanns 1
1.2 DNA alkylating Qgents........cccceeuiiiieeeiiiiiieeiiireneeirreneeerrenesessrenesssrensssssrensssssrensssssnennssssnennnes 2
1.3 DNA intercalating agents......cc.cciiieeeieiiiieeiciiieiieeireneeeereassessrenssessrensssessenssessrennssssnenssssssennnes 7
1.3.1 Anthracene intercalator and it’s deriVAtiVES .........cccuiiiiii i e e et e e e e e e eanes 8

1.3.2  Anthracene derivatives used for DNA photo-cleavage studies ........c.cccvveieiieniieiieennieeree e 10

1.3.3  Anthracene derivatives used for DNA binding studies. .........cceveeriiiieiieniiieiereeee e 11

1.3.4  Application of ANthracene deriVatiVes. ........c..eieiciiii it e e et e e ara e e eaaes 14

1.4 Photosensitive DNA cross-linking agents and their mechanism .........ccccceiveirieiiienicrneneee. 16
1.5 DNA Interstrand Cross-linking Induced by Chemical Agents.......cccceeeiereeiiiencreenccrenccreenenenn. 19
1.6 L] L] =T 1o TP 26

Chapter 2. Photo-induced DNA interstrand cross-link formation with anthracene as core
structure. 30

2.1 Yo T ot o o 30
2.2 Anthracene analogues as Photo-inducible DNA Cross-linking Agents.......ccccceciiieeiciiiennnenns 31
2.2.1  Synthesis of 9, 10-anthryl derivatives contain various |€aving groups .........ccccceecuveeeecieeesiivereeeiiveeennns 31
2.2.2  Preparation OFf DNA DUPIEX.....ccceiiiiiiiierieeeriee sttt eiee st e stee st e st e sabeesbeesabeesabeesabeesaseesabeesaseesabeesnseesas 34
2.2.3 DNA interstrand cross-liNKiNG @SSAY ......ccueeiiiiiieieiiirecieeeeesiee e et e esree e e stre e e s saee e e seaaee e e sbeeessnreeesnnnnes 37
2.3 Mechanism of DNA ICL formation and leaving groups effects. .....ccccccereeenciireeenciirececeneenan.. 48
2.3.1  Correlation between UV absorbance and the photo-reactivity........cccococverivieiiicee e 48
2.3.2  The effect of the free radical and cation trapping agents on DNA cross-link formation..................... 50
233 Determination of DNA alKylation SITES .......ccccuiiiiiiiii it tree e et e e e are e e e 54
24 000 o ol 1T o 3 T 61
25 EXPErimeENnt SECION .....ccuiiiiiiiiiciittittn ettt cracratesereseraseraseresseassasssasssasssnssenssenssasennnes 61
2.6 3= =T =T T 69
2.7 Appendix A: Phosphor Image Autoradiograms........ccccceeiiieeeieiiienneiiieniesienneessennesessennsnenns 70
2.8 Appendix B: Characterization of compounds..........ccceeeiiiiiieiiiiiiciciiiennernrees e rennenenne 91

Chapter 3. In vivo efficacy and selectivity of hydrogen peroxide activated DNA interstrand

CrOSS-TINKING AQENLS.....ceuueeeeneeeeneereeeeeenrereneerreeesensserenssesenssesssssenssessassssnssesenssessnssssnssessnsans 114
3.1 QYo T ot o o 114
3.1.1 Reactive oxygen species as activator for Prodrug ........ccccvevceeeeeciiie e e e e 114

Vii



3.1.2  H20:s-Activated Nitrogen MUSTard PrECUISOIS ........coiiierierieiie sttt ettt ettt et sbe e 115

3.2 IN-Vitro tOXiCity StUAY ..ccuueiiiiiiiiiiiniiiiiiiiiiiriisiiiiiiiirenseisniiiiessssssssssiisieeesssssssssssasessses 118
3.2.1 Concentration Dependent CytotoXiCity StUY. .....cooveiriiiiiiiniieiieee e 118
3.2.2 Time Dependent CytotoXiCity STUAY. ....ciieiiiieieiiee e ciee et e e e eeere e e st e e e saee e e eeanaee e snnaeeeas 120
3.2.3  MDA-MB-468 Cell Produced a High Level 0f HaO2. ...cooceiiiiiriiiiiiiinieeniicciee e 121
3.2.4  Cytotoxicity inhibition study using ROS DIOCKET. .........coeiiiiiiiiie e 122

3.3 In-vitro efficacy and selectivity of ROS-activate prodrugs .........ccceeeirieeeiiirieneniiiieneiisnnenene 123
3.3.1  Safety StUdY With CD-1 IMIICE....c.uiiiiieiieeiite sttt sttt sttt s et sab e e b e s e e e neesanes 123

34 In vivo efficacy study with athymic nude mice xenografted with breast cancer cell ineMDA-
MB-468125

3.4.1 Pharmacokinetics and Stability. ......cccciviiuiiiiiiiiei et e e e e e 128
3.4.2 Detection of Drug Metabolites in Cell CULUIE. .....cuiii et 131
3.5 0o T ol 1Yo 134
3.6 (2700 1= a1y  T=Ta Y A o o] o of o | EFONO RIS 136
3.6.1  Protocol for Cell PreParation.......c...iiicieeieciiee ettt e e tte e e s rae e e e st e e e searae e e sbbeeeesataeeeensaeeessraeann 136
3.6.2  Protocol for cell injection t0 NUAE MICE........ccociiii ittt e et e bae e e s aaee s 139
3.6.3 Protocol for compound injection t0 NUAE MICE.........ccccieiiiiiiie ettt e eree e e rae e e 140
3.6.4  Protocol fOr CYytOtOXICItY ASSAY ....eiriiiiiiiriieiieeeiee sttt sttt sttt et e et e st e e b e sabeeeneesabeeeneesanes 140
3.6.5  Extracellular Reactive Oxygen Species Detection ASSAY .......ccceeiieeriieerieeeiieenieeeiee st 142
3.6.6  Protocol for Inhibition of Cytotoxicity Study Using ROS Production Blocker .........ccccceeveeriieienueennne 143
3.6.7  Protocol for Drug Metabolite Extraction to Detect Transformation. .........ccccceevvieeeeiciie e, 144
3.6.8 Blood Pharmacokinetics and LC-MS/MS ANaIYSIS......cuervueeiireeeiieeiireeeieecreeereesveeereesreesveesreesareeens 144
3.6.9  Microsomal Stability ASS@y ProtOCOL......cccciiiiiciiie ettt et eesare e e rae e e s arae s 145
3.6.10 Liver Pharmacokinetic Assay ProtOCO! .......ccuuiiiiiiie ettt eevte et e et e aae e e s areee s 146
3.6.11 Brain Pharmacokinetic ASsay ProtoCol.........coceiiiiiiiiiniiieeiee ettt 147
3.7 L3S LT =T 4T 149
3.8 Y o o 1= 0T LG 152

viii



LIST OF FIGURES

Figure # Figure title Page #
Figure 1-1 Three types of DNA alkylation 3
Figure 2-1 Time-dependence of DNA ICL formation of duplex 3 for 43

1a-j upon photo-irradiation



Table #
Table 2-1
Table 2-2

Table 2-3
Table 3-1

LIST OF TABLES

Table title Page #
The solubility of 1a-J......coooiii 38
The optimized conditions, ICL yields and UV absorption data for 1a- 47

J e e
Photo-reactivity of 1b-c towards dG and dA.............................. 60

Biophysical properties of 3-9 compared with cytotoxicity and Glsg 117



A
AIBN
ATP

C

dA

dC

dG

dT
DIPEA
DMF
DMSO
DMTr
DNA
ds DNA
EDTA
ESI
EtOAC
EtOH
G
HPLC
AIBN
HRMS
ICLs
LC-MS
MALDI-TOF
MeCN
MeOH
MS
NBS
NMR
ODN
Pac
PAGE
iPr

QM
ROS
RNA

T
TBAF
TEA
TEMPO
THF
Tm
TMS

LIST OF ABBREVIATIONS

Explanation
Azobisisobutyronitrile

Adenosine triphosphate

Cytidine

Deoxyadenosine

Deoxycytidine

Dexyguanosine

Deoxythymidine
N,N-Diisopropylethylamine
Dimethylaminomethylene
Dimethyl sulfoxide

4' 4'-Dimethoxytrityl
2’-Deoxyribonucleic acid
Double-stranded DNA
Ethylenediaminotetraacetic acid
Electrospray

Ethyl acetate

Ethanol

Guanosine

High-performance liquid chromatography
Azobisisobutyronitrile
High-resolution mass spectrometry
Interstrand cross-links

Liquid chromatography—mass spectrometry
Matrix-assisted laser desorption/ionization — time of flight
Acetonitrile

Methanol

Mass spectrometry
N-Bromosuccinimide

Nuclear magnetic resonance
Oligodeoxyribonucleotide
Phenoxyacetyl

Polyacrylamide gel electrophoresis
Isopropyl

Quinone methide

Reactive oxygen species
Ribonucleic acid

Thymidine

Tert-n-butylammonium fluoride
Triethylamine
2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Tetrahydrofuran

Melting temperature
Trimethylsilyl

Xi



U Uridine

uv Ultraviolet
UVA Ultraviolet A
TEA Triethylamine

xii



Scheme #
Scheme 1-1

Scheme 1-2

Scheme 1-3
Scheme 1-4

Scheme 1-5
Scheme 1-6
Scheme 1-7
Scheme 1-8
Scheme 1-9

Scheme 1-10
Scheme 1-11
Scheme 1-12

Scheme 1-13

Scheme 1-14

Scheme 1-15
Scheme 1-16

Scheme 1-17

Scheme 1-18
Scheme 1-19
Scheme 1-20

Scheme 2-1
Scheme 2-2
Scheme 2-3
Scheme 2-4
Scheme 2-5

Scheme 2-6
Scheme 2-7
Scheme 2-8
Scheme 2-9

Scheme 2-10

LIST OF SCHEMES

Scheme title

Structure of DNA double helix and Watson-Crick base
pairing.

Possible alkylation sites on dA, dG, dC, and dT (dR = 2’-
deoxyribose).

Monofunctional methylating agents.

Commonly used bi-functional alkylating agents as
chemotherapeutic agents

Cisplatin compounds

Nitrogen mustards and the mechanism of action
Anthracene intercalator

Structure of AMAC

Anthracene derivative having DNA photocleaving
properties.

Structure of AMAC intercalator.

Structure of anthryl moiety having DNA binding properties.
Structure of anthryl moiety appended with pyrene having
DNA binding properties.

Structure of anthracenedione analouges having anticancer
properties

Structure of anthracene analouges reported for
chemosensor.

Structure of psoralen analog.

General structure of three classes of photo-inducible QM
precursors

Three classes of photo-inducible DNA cross-linking agents
via a carboncation mechanism

H20.-activated QM precursors

H>02-inducible DAN cross-linking agents.

Mechanism of action for H2O-activated nitrogen mustard
precursors

The structures of 1a-j

Synthesis of 1a-e

Synthesis of 1f-j

The sequence of DNA duplex 3.

Automated DNA synthesis cycle (1A) and structures of
phosphoramidites (2B)

Deprotection scheme

The structure of [y-32P] ATP.

(A) Free radical trapping reaction and (B) cation trapping
reaction product obtained with 1b-c upon 350nm irradiation
Cation and free radical trapping products obtained with and
upon 350 nm irradiation.

Proposed mechanism for DNA ICL formation.

Xiii

Page #

o~

= = 00 o O1
— O

13
14

14

15

17
18

18

21
22
23

31
33
34
35
36

37

37
53

54



Scheme 3-1
Scheme 3-2

Scheme 3-3
Scheme 3-4

Scheme 3-5
Scheme 3-6

Activation of H20,-triggered alkylating agents.

Chemical structures of modified aromatic nitrogen mustards
3-11.

Structure of antitumor agent 12 with control drug
Chlorambucil and Melphalan

Activation of 12 by H.O>

Possible way of 12 metabolism.

Possible metabolites of 12 other than activated metabolite.

Xiv

115
116

118
132

133
134



ACKNOWLEDGEMENTS
First of all, I am grateful to my dear advisor Prof. Xiaohua Peng, is an outstanding scholar who
has guided me through my research. She has been extremely helpful with the selection of
projects, and has helped with troubleshooting them as well. My development as a chemist began
with Dr. Peng's profound knowledge, excellent advice, and patient mentoring. It is an honor to be
under the supervision of Dr. Peng, and | am greatly appreciative and respectful of her.
| greatly appreciate my committee members: Prof. James Cook, Prof. Alexander Arnold, Prof.
Andy Pacheco, Prof. Shama Mirza for their nice support, encouragement, insightful
comments and valuable advice for my research. Having them on my committee is a great honor
for me. The talent and expertise they share with us is admirable. I am grateful for their
generosity. Especially thank Professor Alexander Arnold for his fruitful collaboration and
professionally training in cell culture and animal study. Also special thanks to Prof. James Cook

and Prof. Andy Pacheco for their insightful comments and valuable advice for my paper.

XV



Chapter 1. Introduction

1.1 The structure and functions of DNA

The DNA is a genetic material that carries the genetic information required for the cell's
development, function, and reproduction. The structure of DNA was discovered in 1953 by
Watson and Crick. DNA has a double helix structure, which consists of two complementary
polynucleotide chains® (Scheme-1). Each polynucleotide strand is constructed by nucleotides
containing a phosphate group, a deoxyribose, and one of four nitrogen-containing nucleobases
(adenine [A], thymine [T], guanine [G] and cytosine [C]). Hydrogen bonds bind the
complementary strands together, namely A pairs with T and C pairs with G, as part of the Watson-
Crick system. The formation of hydrogen bonds allows the temporary separation of two DNA
strands that are necessary for DNA replication and transcription, while Watson-Crick base pairs

are critical for maintaining high fidelity of DNA replication and transcription.
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Scheme 1-1. Structure of DNA double helix and Watson-Crick base pairing.

A wide range of chemical agents can react with DNA, as well as photo irradiaion, causing it to



lose the normal function. For example, many electrophiles, including alkyl halides, quinone
methides, and carbocation precursors, can alkylate DNA bases and phosphate backbones. The
cyclic nitrogens, exocyclic amino groups, and carbonyl group in cytosine, guanine or adenine can
act as nucleophiles reacting with various alkylating agents (Scheme 1-2). In contrast, the
unsaturated C=C bonds located in pyrimidine rings of thymine and cytosine are capable of reacting
with other unsaturated molecules by means of the [2+2] cycloaddition mechanism. As a result of
all of these reactions, DNA interstrand cross-links are formed, which inhibit DNA replication and
transcription. In order to understand how DNA functions and how its chemical reactivity affects
genetic information, it is extremely important to understand the reactivity of various chemical
agents toward DNA. This thesis focuses on investigating the reactivity of DNA towards two
classes of aromatic compounds as novel inducible DNA cross-linking agents, i.e. photo-activatable
anthracene analogues and H2>O--activated arylboronate nitrogen mustard prodrugs. We designed,
synthesized, investigated mechanism of function of these molecules and explored their biomedical
applications. We utilized the tools of synthetic organic chemistry, physical organic chemistry,

biochemistry, molecular biology and medicinal chemistry for this study.
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Scheme 1-2. Possible alkylation sites on dA, dG, dC, and dT (dR = 2’-deoxyribose).

1.2 DNA alkylating agents

Molecular modifications of DNA, such as alkylation, are essential for nucleic acid research and

chemotherapy. DNA mono-alkylation, intrastrand cross-links, and interstrand cross-links (ICL)

2



are the three major types of alkylation. A mono-alkylation modifies a single base on one DNA
strand. An intrastrand cross-link is formed when two DNA bases on the same strand are alkylated;
and DNA ICL is produced when two bases on the opposite strand are alkylated. DNA ICLs are the

sources of the cytotoxicity of many antitumor and anticancer agents.

R

Interstrand cross-link Intrastrand cross-link ~ Monoalkylation

Figure 1-1. Three types of DNA alkylation.

Cancer chemotherapy often uses DNA alkylating agents to alter DNA's original structure in order
to prevent it from functioning properly. A number of antitumor and anticancer agents showed
cytotoxicity through DNA alkylation. Eventually, it can cause DNA mutations and block DNA
replication and transcriptionof, leading to cell death. DNA alkylating agents are categorized into
two major categories: monofunctional alkylators and bifunctional alkylators. They are one of the
significant classes of compounds that have been widely utilized forcancer treatments.

A large variety of DNA alkylating agents have been developed, including methylating agent,
quinone methide-based alkylating agents, nitrogen mustard-based alkylators, etc. The simplest

alkylating agents are methylating agents that form monoalkylation in DNA such as Temozolomide



(TMZ) and dacarbazine. They have been studied and used for repairing DNA damage and cancer
treatment (Scheme 1-3).7 In general, methylation occurred either at the N- or O-positions of
nucleobases. N-Methylation products are the major adducts formed with methylating agents
(~80%). One of the earliest oral alkylating drugs approved for cancer treatment is TMZ. In
comparison with other existing drugs, TMZ had two advantages. It is small in size and has good
lipophilicity, which makes it efficiently cross the blood-brain barrier and can be used for treating
brain cancer. Furthermore, TMZ demonstrated perfect bioavailability (100%) resulting in
improved efficacy. The chemotherapeutic agent dacarbazine is used to treat skin cancer melanoma.
Dacarbazine damages DNA by methylation at the N7 or O6 of guanine moiety (Scheme 1-3),

causing cancer cell death.
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Scheme 1-3. Monofunctional methylating agents.

As time progressed, bi-functional alkylating agents have been developed, which could form intra-
or interstrand cross-links. Interstrand cross-links can induce bends in DNA, affecting how it binds
to DNA binding proteins and inhibiting its normal function. Covalent bonds between
complementary DNA strands prevent them from separating, inhibiting DNA replication and/or
transcription, which ultimately causes cell death. Although DNA ICL is toxic, nucleotide excision
repair (NER) can readily repair intrastrand cross-links, which limits its use for cancer treatment.
In contrast to intrastrand cross-links, DNA ICLs cannot be easily repaired by NER, making them

more toxic. DNA interstand cross-linking agents have attracted more attention for cancer treatment



and other biological applications. A wide variety of bi-functional alkylating agents have been used
for cancer treatment, including cisplatins, mitomycin C, and nitrogen mustard analogues (Scheme

1-4).
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RH N'Pf‘ | j 1
2R Ry Me NH cl
0)
Cisplatins Mitomycin C Nitrogen Mustard

Scheme 1-4. Commonly used bi-functional alkylating agents as chemotherapeutic agents
Cisplatin is a well-known anticancer drug approved for medical use. It has been used for half
cancer patients who have ever received chemotherapy. For instance,
cisdiamminedichloridoplatinum (11) (CDDP), carboplatin, and oxaliplatin (Sheme 1-5) are
anticancer drugs used for the treatment of lung cancer, bladder cancer, germ cell tumors,
sarcomas and cervical cancer. These platinum compounds are commonly made up of platinum
(11), two neutral ammonium molecules, and two ligands with negative charge. Cisplatin forms
both inter- and intrastrand cross-links. However, cisplatins can cause a number of side effects,

including kidney damage, hearing loss, bone marrow suppression and vomiting.
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Scheme 1-5. Cisplatin compounds.
Mitomycin C, a natural product initially isolated from Streptomyces caespitosus, is a quinone

methide based prodrug that has been used for treating anal cancers, breast cancers, and bladder



cancers. Mitomycin C is inert towards DNA, but can be activated by enzymatic reduction to
form quinone methide intermediates that cross-link DNA via alkylating dGs. However,
Mitomycin C showed a series of adverse effects such as nausea, hair loss, mouth sores, and
toxicity to the bone marrow.

Nitrogen mustard analogues are another class of DNA alkylating agents which are still widely used
for cancer treatment such as chlorambucil, melphalan, cyclophosphamide, and bendamustine
(Scheme 1-7). They are featuring a highly reactive N,N-bis-(2-chloroethyl)amine functional group
that produces DNA ICLs by alkylation. Due to their high reactivity, nitrogen mustards lack of
selectivity, which lead to serious side effects, including nausea, hair loss, mouth sores, and loss of
fertility due to poor selectivity.

OH

OH
0. _OH
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™ e
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Chlorambucil =~ Melphalan Cyclophosphamaide  Bendamustine

Scheme 1-6. Nitrogen mustards and the mechanism of action

However, most of these traditional chemotherapeutic agents showed poor selectivity even though
they are widely used for cancer treatment. Due to their inability to distinguish between cancerous
and normal cells, these agents caused serious side effects. Cisplatins, for example, can damage the
kidneys, cause hearing loss, suppress bone marrow, and cause vomiting. Side effects of nausea,
hair loss, mouth sores, and infertility are all associated with nitrogen mustard analogues.

For better treatment of cancer diseases, we need to improve the selectivity of the DNA alkylating
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agents. The development of inducible DNA alkylating agents is an effective way to reduce the
toxicity of DNA alkylating agents towards normal cells. These agents are inert to normal cells but
can be activated specifically in tumor cells. By targeting the unique conditions of malignant cells,
such agents can minimize side effects therefore leaving normal cells untouched. The inducible
DNA cross-linking agents are non-toxic and selective, so they can also find other biological
applications. Several methodologies have been developed for inducing DNA ICL formation,
including photo induction, chemical agent induction, and enzymes induction. This work is
focusing on development of efficient photo-inducible DNA cross-linking agents as well as H2O»-
activated DNA alkylating agents. We use a DNA intercalating moiety, anthracene, to improve the

binding interaction as well as photosensitivity, therefore enhancing ICL efficiency.

1.3 DNA intercalating agents

Molecular interactions with DNA can occur in a variety of ways, including covalent, electrostatic,
or intercalation interactions 2. The intercalation of molecules into DNA lies in the concept of
insertion between the planar bases of the DNA molecules. The DNA intercalating agents are
substances that bind to DNA and insert themselves into the DNA double helix structure.
Intercalation brings molecules close to DNA which is helpful for studying chemical reactivity of
DNA towards various organic functional groups. Some DNA intercalating agents are used in
cancer treatment to kill cancer cells by preventing them from dividing and inducing DNA damages.
Most of these ligands are polycyclic, aromatic, and planar, which makes them good nucleic acid
stains. Several DNA intercalators have been studied in depth, including berberine, ethidium
bromide, proflavine, daunomycin, doxorubicin, anthracene. Among them, anthracene is a well
known DNA intercalator. Part of this thesis focuses on studying the photo reactivity of anthracene

analogues towards DNA.



Anthracene 1

Scheme 1-7. Anthracene intercalator.

1.3.1 Anthracene intercalator and it’s derivatives

Anthracene, a solid polycyclic aromatic hydrocarbon, consists of three fused benzene rings. It is a
part of coal tar. It is planar, linear, and can overlap with DNA base pairs®. A wide variety of closely
related derivatives can be prepared using anthracene nucleus' versatile chemistry4. Anthracene
analogues showed a broad spectrum of biological activities, including anticancer activities®,
effective against certain conditions of the skin,. One of the first anthracene-based drugs to enter
clinical trials was pseudourea.

By spectroscopic methods, anthracene probes can be used to monitor ligand binding to DNA
because they absorb moderately in the near-UV region and produce a high fluorescence quantum
yield’. In DNA, the GC sequences quench the fluorescence of anthracene derivatives while the AT
sequences increase anthryl fluorescence. This can be used to identify the binding sites®. Anthryl
probes also induce DNA damage and strand cleavages due to their long-lived triplet excited states®-
11, During intercalation of the anthracene moiety into DNA double helix, substituents at the
positions 9 and 10 are strategically positioned to occupy the grooves!?. The anthracenedione
moiety is also known to undergo redox processes, which could directly produce cytotoxic effects®s.
There are four naturally occurring anthracenes viz. 1,4,10-trimethoxyanthracene-2-carbaldehyde,

(1,4,10-trimethoxy-2-anthracen-2-yl) methanol, 1,4,8,10-tetramethoxyanthracene2-carbaldehyde,



1,4,10-trimethoxyanthracene-2-carboxylic acid and 1,3-dimethoxy-2-
methoxymethylanthraquinone, which were extracted from a woody plant Coussarea
macrophylla4. Yu et al. reported the bis anthryl compound and its DNA binding and cleavage
studies. Bis anthryl compounds have a greater binding constant than monoanthryl compounds?®.
Tolpygin has reported the photo induced electron transfer effect in the amino methyl anthracene
derivatives. In the excited state, amino methyl anthracene derivatives may induce photo-induced
electron transfer from nitrogen atom lone pairs to anthracene fragments, quenching fluorescence.
As a consequence of interactions with metal cations and proton, these compounds inhibit photo-
induced electron transfer, causing the sensor to exhibit strong fluorescence®. Kraicheva reported
the biological activities of anthracene with amino phosphonic acids. These are quite promising as
anticancer agents. Due to the fact that the DNA intercalating anthracene ring is the primary
pharmacophoric fragment in some cytostatic drugs, amino phosphonates derived from anthracene
would be of particular interest here!’. Phanstiel et al. reported the anthracene containing polyamine
compounds. These compounds show a selective drug delivery (cell surface protein)!8. Metal-free
DNA cleaving reagents have been studied by Gobel and co-workers, these compounds are thought
of as safer agents for cleaving the P-O bond of phosphodiesters in nucleic acids, showing clinical
potential’®. Small organic molecules, such as guanidinium derivatives®, cyclodextrin
derivatives?!, dipeptides?> and especially macrocyclic polyamines?3, have also been used as
cleaving agents of nucleic acids. The anthraquinone group, as a fine intercalator of DNA, has been
frequently adopted in certain anticancer drugs, such as doxorubicin, anthracyclines, mitoxantrone
and anthrapyrazoles?*. Teilla et al. reported that the compound formed by conjugating the cis, cis-
triaminocyclohexane-Zn2+ complex (cleaving moiety) with anthraquinone (intercalating moiety)

via an alkyl spacer led to a 15-fold increase in DNA cleavage efficiency when compared with the



cis, cis-triaminocyclohexane- Zn2+ complex without the anthraquinone moiety?®. Yu et al.
reported that macrocyclic polyamine bis-anthracene conjugates showed higher DNA binding and
photocleaving abilities than their corresponding mono-anthracene conjugates®®. Roe et al. showed
carcinogenic activity of some benzanthracene derivatives in new born mice?. Fabbrizzi et al.
explained the redox switching of anthracene fluorescence through the Cull/Cul Couple. Lorente

et al. reported concentration dependent interaction studies with DNA and anthracene derivatives?’.

1.3.2 Anthracene derivatives used for DNA photo-cleavage studies

Since Sigman et al. discovered the nuclease activity of the cuprous complex (phen)2 Cu(l), a
significant amount of research has been undertaken to identify the mechanism(s) that underlie
DNA cleavage?’. An important property of the anthryl chromophore is its photochemical reactivity
and its high singlet excited state energy (76 kcal/mol), which enables photoreactions to be initiated
with DNA. It has been shown that the anthracene moiety containing an ammonium salt undergo
photochemical reactions with nucleotides and cause DNA strand scission. Thus, (9-anthryl)

ammonium chloride has a high potential for DNA cleavage studies’.

. -
NH;CI

(2

9-Anthryl Methyl Ammonium Chloride

(AMAC)
Scheme 1-8. Structure of AMAC
A series of compounds based on 1,10-phenanthroline covalently tethered, at the 2 and 9 positions,
to either two benzene (3), naphthalene (4), acridine (5) or anthracene (6) chromophores were

synthesized. Among these acridine and anthracene derivatives were shown to be good DNA
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photocleavers (pH=7.0, 22°C, 350 nm), whereas benzene and naphthalene were inactive. Acridine
compound showed copper(ll)-enhanced photocleaving activity at micromolar concentrations,
while only 0.25 uM of anthracene derivatives was required to cleave DNA completely. Moreover,
the effect of CuCl2 addition to anthracene derivative was shown to be concentration-dependent.
Low concentrations of these compounds exhibited cleaving activity that was quenched by addition

of the metal salt, while at higher concentrations activity was increased?®’.

Scheme 1-9. Anthracene derivative having DNA photocleaving properties.

1.3.3 Anthracene derivatives used for DNA binding studies.
Due to the important functions of DNA in living organisms, studying the interactions between
small molecules and DNA is helpful for developing more effective DNA-targeted drugs,
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preventing and curing diseases?® 2%, %0, Binding studies of Anthracene or derivatives have not been
explored as well as other simple aromatic hydrocarbons. In general planarity was suggested to be
one of the important features needed for efficient intercalation into the DNA helix®®. Therefore the
large planar hydrophobic anthryl moiety is expected to facilitate intercalation of the probe into the
relatively nonpolar interior of the DNA helix. The methylene chain 11 functions as a short spacer
to separate the chromophore and the charge center to above or below the plane of the anthryl
moiety. Thus, when the anthryl moiety intercalates into the helix, the cationic charge is positioned
closer to the DNA phosphates for a favorable electrostatic interaction. The strong absorption and
fluorescence characteristics of the anthryl group provide a sensitive spectroscopic handle to study
its interaction with DNA. The well-resolved vibronic transitions of the anthryl chromophore in the
300-400 nm region of the electronic absorption spectrum provide a spectroscopic signature for the
probe environment. Changes in the intensities of these transitions can be used to decipher the
nature and the strength of the stacking interactions between the chromophore and the DNA bases.
Another interesting feature of the anthryl chromophore is its photochemical reactivity and its large

singlet excited state energy (76 kcal/mol). These can be used to initiate photoreactions with DNA”.

. -
NH;CI

9-Anthryl Methyl Ammonium Chloride
(AMAC)
2

Scheme 1-10. Structure of AMAC intercalator.
The bis-anthryl compound with multiple peptide band structure backbone, cyclen (1, 4, 7, 10-

tetraazacyclododecane) moiety was introduced to enhance water solubility and binding ability
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towards DNA. The DNA binding activity of 7 was higher compared with the mono-anthryl
compound 8 with similar structure found that DNA binding constant of the bis-anthryl compound
is 100 times more than that of monoanthryl compound. On the other hand, mono anthryl compound
shows significant CG-selective DNA binding activity3l. In aqueous solutions, imidazolium
anthracene probe exhibited a selective fluorescent quenching effect only with DNA among various
anions including the nucleotides investigated. This probe was further applied to monitor the

activity of DNase®.

N
N/\n/ NN N~ NCOOEt
H T L 8 H
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o

Scheme 1-11. Structure of anthryl moiety having DNA binding properties.

The anthracene 9 and pyrene 10 chromophore appended polypyridyl ligands and their mixed
ligands ruthenium complexes are studied with DNA have revealed that these complexes bind to
DNA, mainly in an intercalative mode with moderate strengths. Modification of phen, especially
extension of the planarity of the ligand and attaching aromatic chromophores(antracene) that will

increase the strength of interaction of its complexes with DNA33,
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Scheme 1-12. Structure of anthryl moiety appended with pyrene having DNA binding properties.

1.3.4 Application of Anthracene derivatives.

Anticancer Activity of Anthracene Derivatives

Anthracyclines (anthracycline antibiotics) are used in cancer chemotherapy. These anthracyclines
inhibit DNA and RNA synthesis by intercalating between base pairs of the DNA/RNA strand, thus
preventing the replication of rapidly-growing cancer cells®*. The anthracenediones represent two
latter generation classes of DNA intercalators that show great clinical promise as antitumor
drugs®. An intermediate, 6-bromomethyl-1,4-anthracenedione 11 was synthesized and converted
to various active anti-tumour agents, including a water-soluble phosphate ester pro-drug. Based on
their ability to decrease L1210 and HL-60 tumor cell viability, 1,4-dihydroxyanthraquinones 12

are inactive but 1,4-anthracenediones 13 have interesting anti-tumour activity®®.

Br 0 0 OH O
o) 0 OH 0)
11 12 13

Scheme 1-13. Structure of anthracenedione analouges having anticancer properties.
Anthracene Derivatives In Redox Activity

The anthracene are strong light emitting fragments and chemically stable. The transition metal
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based anthracene cyclam rings show a rich and versatile redox chemistry. Profatilova et al. studied
the redox activity of potent chemosensors based on anthryl containing diamines 14, thiourease 15
and urease 16 in the absence and in the presence of complexing metal cations in solution was
studied by cyclic and differential pulse voltammetry. The oxidation of compounds under
consideration occur in one or two steps involving the anthryl fragment and the donor moiety i.e.,
amino, thiourea or urea group. It is known that anthracene is reversibly oxidizes via formation of
a stable radical cation. Similar oxidation pattern was reported for chemosensors, 9,10-bis(1,3-
dithiol-2-ylidine)-9,10-dihydro anthracene derivatives, in which the sulfur containing ionophore
was oxidized at about 0.35 V and the oxidation peak of anthracene moiety was observed at 1.62

V.

N—< O

Scheme 1-14. Structure of anthracene analouges reported for chemosensor.
Anathracene chromophores play a crucial role in the development of organic photochemistry.
There has been extensive research on anthracene derivatives in many fields, such as material

chemistry, thermochromic and photochromic chemistry, and organic light emission. Furthermore,
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anthracenes have been used in optical, electronic, and magnetic switches. Anathracene skeletal
compounds are also useful for probing DNA cleavage in biological systems. It has been found that
anthracene derivatives are capable of acting as good cancer-preventing drugs for humans and are
carcinogenic to a wide range of animals.

Anthryl chromophore 2 intercalative binding towards natural and synthetic polynucleotides has
also been demonstrated in conjunction with the detailed DNA binding properties of AMAC.
Moreover, the anthryl chromophore is highly photochemically reactive and has a relatively high
energy of excitation (76 kcal/mol), which is used to initiate photoreactions with DNA. It has been
observed in experiments that the AMAC does not show any sequence specificity for binding except
for homo AT sequences, but that it does transfer energy from DNA bases to the anthryl
chromophore in a sequence dependent manner. It is clear from findings that anthryl chromophore-
based molecular systems can bind DNA avidly and thus has a high potential for DNA binding
studies. This is why we designed AMAC (2) based DNA crosslinking agents for photosensitive

DNA cross-linking study.

® ©

L L= Leaving group

Photosensitive DNA cross-linking agent

1.4 Photosensitive DNA cross-linking agents and their mechanism
There are two major categories of inducible DNA interstrand cross-linking agents, i.e. photo-

induced DNA cross-linking agents and chemical-induced DNA cross-linking agents. Photo-

induction has received great attention due to its unique properties, such as its biocompatibility and
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orthogonality. As a clean and noninvasive method, photo-induction can be used without requiring
any additional chemical reagents. A number of photo-induced DNA cross-linking agents have been
developed for producing DNA ICLs. There are three general mechanisms involved in the photo-
induced DNA ICL formation, including [2+2]cylcoadditon, alkylation via quinone methides
(QMs), and alkylation via photo-generated carbocations.

Psoralens are the first type of photo-activated DNA cross-linking agents, which can be activated
by UVA light (320-410 nm) to form DNA ICLs by a [2+2] cyclo addition reaction with DNA
thymidine residues®’. The combination of psoralens and UVA has been extensively used to treat
skin disorders, such as skin cancer and psoriasis®. A number of psoralen analogs have been
synthesized and studied. Several of them showed good therapeutic properties at low risk of adverse
effects®®. Coumarin moiety also induced DNA ICL formation by a [2+2] cycloaddition reaction
(please cite the references here, a few from our group)/ 4-Dimethylthieno-8-azacoumarin, for
instance, had an antiproliferative effect in HL-60 cells without causing erythema, which is a
common side effect*® of methoxsalen (8-MOP). Later on, a large number of photo-induced DNA
cross-linking agents have been developed, including different coumarin analogues, quinone
methide analogues, biaryl functional groups, bifunctional napthalene compounds, bifunctional

benzyl boronates etc .
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Psoralens 4,4"-dimethylthieno-8-azacoumarin

Scheme 1-15. Structure of psoralen analog.
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Scheme 1-16. General structure of three classes of photo-inducible QM precursors.

There are extensive studies on photo-induced DNA cross-linking via [2+2] cycloaddition and QM
formation. In contrast, photo-induced DNA ICL formation via a carbocation mechanism has been
less explored. A series of biaryl bifunctional compounds 11d-j has recently been developed to cross-
link DNA with photo-induced activation**=%3, Upon UV irradiation at 350 nm, all of these
compounds cross-linked DNA efficiently. Carbocation plays a key role in DNA cross-linking. It

is possible to produce carbocations either by oxidizing the corresponding radicals or by

heterolyzing C-L bonds directly.
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Scheme 1-17. Three classes of photo-inducible DNA cross-linking agents via a carboncation

mechanism.

1.5 DNA Interstrand Cross-linking Induced by Chemical Agents

A variety of chemical agents were employed to activate DNA ICL precursors, such as fluoride (F-
), NalOs or 02, N-bromosuccinimide (NBS), and hydrogen peroxide (H202). A number of silyl-
containing aromatic compounds have been developed as fluoride-inducible DNA cross-linking
agents as the silyl protective group can be selectively cleaved by fluoride ions to generate DNA
cross-linkers, such as quinone methide or nitregent mustard. Phenyl selenide-containing
compounds have been reported as NalOas or Oz inducible DNA cross-linking agents.. Some furan-
containing nucleosides can be activated by NBS to form enal species, which cross-link DNA. A
wide variety of boronate or boronic acid-containing compounds can selectively activated by H202
to generate DNA cross-linkers, i.e. QMs or nitrogen mustard. In this thesis, we are focusing on

hydrogen peroxide inducible DNA cross-linking agents and their biomedical applications.

H20:2-activated prodrugs for targeting cancer cells. Cancer cells are under oxidative stress due
to uncontrolled growth, increased metabolism, mitochondria malfunction or exogenous insults
such as chemotherapy 344, Higher level of reactive oxygen species (ROS), including H2O,
superoxide, and hydroxyl radicals, are observed in many cancer cells than normal cells**“°.
Increased ROS production is a unique feature of cancer cells, which has been explored for
development of targeted cancer therapies. Among various ROS, H-O: is the most stable one that
can accumulate in cancer cells, which is an ideal candidate for targeting cancer. Prodrugs that are
specifically activated by H202 in tumor cells have the potential to improve tumor selectivity and
reduce toxicity to normal tissues. A wide variety of H2O2-activated prodrugs have been developed

for selectively killing cancer cells*’. Most of these H.O»-activated prodrugs contain a boronate or
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boronica acid group that is responsive to H2O.. These boronate-based prodrugs are non-toxic but
can be selectively activated by H>O: to release cytotoxic species specifically in cancer cells with
high level of H20,, of which many have demonstrated in vitro efficacy and selectivity. H2O»-
Activated prodrugs include DNA alkylating agents, ROS-amplifiers, histone deacetylase
inhibitors, therapeutic proteins, and prodrugs of a wide variety of FDA-approved anticancer
agents®. Our group has developed a wide variety of H,O,-activated DNA cross-linking agents that
showed in vitro anticancer activity and selectivity. This work focus on determining the in vivo
efficacy and selectivity of some of the most promising H>O2-activated DNA cross-linking agents.
H202-inducible DNA Cross-linking Agents. Major problems of DNA cross-linking agents as
anticancer drugs are their poor selectivity for cancer cells. Except for being toxic to cancer cells,
they are also harmful to normal cells. To enhance the selectivity and reduce the toxicity of DNA
cross-linking agents, H>O»-activated prodrugs have been developed that are only activated under
tumor-specific conditions. It is well known*® that boronic acid or boronic esters (A) can selectively
react with H2O5 to generate HO-containing compounds (B). The chemical reactivity of compounds
can be greatly altered by changing from a boron group that withdraws electrons to a hydroxyl
group that donates electrons. This is the foundation for the development of a variety of inducible
DNA cross-linking agents that are activated by H2O., with the aim of reducing the toxicity to
normal cells, including H2O2-activated QM precursors*+49-5! (scheme 1-18) and H0,-activated
nitrogen mustard precursors®>=>* (scheme 1-19). All of these H,O-activated molecules contain a
boronic acid or boronate ester as a H20:-sensitive trigger unit. The strong electron
withdrawingboron group in the trigger unit deactivates these molecules, but can selectively react
with H2O: to produce a strong electron donating hydroxyl group, thereby activating the prodrugs

to release DNA alkylating agents, QM or nitrogen mustard that cross-link DNA.
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Scheme 1-18. H202-activated QM precursors.

Compounds 23-25 (scheme 1-18) can be activated by H202 to form highly reactive QM
intermediates that directly cross-link DNA. Among them, 24 showed higher DNA cross-linking
efficiency and selectivity as well as anticancer activity and selectivity®!. We have also developed
several classes of H202-activated nitrogen mustard precursors that contain a boronic acid or
boronate ester as a trigger unit (scheme 1-29). In order to deactivate the nitrogen mustard, we
employed three ways to decrease the electron density of mustard nitrogen that is highly important
for its activity, including introducing a positive charge on mustard nitrogen (28),%% using an
electron-withdrawing linker connecting the boronate trigger and nitrogen mustard (30 and 31),%
or directly attaching mustard nitrogen to the benzene ring of the phenylboronate group (29)%3. The
strong electron withdrawing boron group can deactivate the nitrogen mustard, but selectively react

with H202to generate a strong electron donating OH group followed by releasing the highly active
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nitrogen mustard.
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Scheme 1-19. H202-inducible DAN cross-linking agents.
Compounds 28a-b, which contain a boronic acid (or ester) and a nitrogen mustard with a positive
charge, were the first generation of H202-activated nitrogen mustard precursors®2. Because of the
positively charged nitrogen, these prodrugs were not active towards DNA, while the presence of
boronic acid (or ester) in 28a-b allows their activation by H202 to produce the phenol intermediate
28c, which spontaneously releases free nitrogen mustard directly cross-linking DNA. Compounds
28a-b showed good selectivity toward H202. In the presence of H202, high ICL yields were
observed, while no ICL formation was observed without H202. The compounds also showed
selective cytotoxicity, which inhibited the growth of cancer cells while had minimal effects on

normal cells®. However, compounds 28a-b were found to have low anticancer activity, likely due

to their positive charge that prevented them from passing through the cell membrane.

22



< N @P DNA 'h
w— @ — T NN
)| ol cl ~c cl AND DNA
ONT
Br L__ci
28c
(\OH o OH
DNA
29a-b —— D —_—
A%
N N N
J Ie L
S
L, L, L, AND DNA
29c¢
o]

/@ﬁokx X X X
HO DNA
3la-b —— © — © — ————
N N N
J L SN S M
3

1c

a:X=0
b: X=NH

VAR
z

Scheme 1-20: Mechanism of action for H.O>-activated nitrogen mustard precursors

Later on, two classes of neutral compounds (29, 31) have been developed with the objective of
increasing membrane permeability as well as anticancer activity and selectivity. Compounds 29
contain a nitrogen directly bonded to the benzene ring of the trigger unit phenylboronic acid (or
ester) at the para-position. The boron group decreases the electron density of nitrogen by both
inductive and resonance effects, therefore deactivating nitrogen mustard, while allows activation
of nitrogen mustard with H20> by generating a phenol intermediate 29c with a strong electron

donating OH group which pushes electrons to the nitrogen therefore greatly enhancing its activity.
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To study the effect of linker units on the selectivity of these prodrugs against hydrogen peroxide,
compounds 30 were designed and synthesized (scheme 1-20). A carboxyamide or carbonate linker
connected the aromatic nitrogen mustard moiety to the trigger unit, thereby decreasing the electron
density of the nitrogen and decreasing its activity. Reaction of 31 with H2O> results in the
formation of 31c with a strong electron-donating group (OH, NH2) that induced efficient DNA
ICL formation (scheme 1-20). These nitrogen mustard prodrugs formed DNA ICL products by
alkylation at dG, dC, and dA sites.

Among these H>O»-activated nitrogen mustard prodrugs, 29 showed the best anticancer activity
and selectivity, so it served as a lead compound for further optimization. We introduced various
substituents in the benzene ring with different electronic properties and/or different size in order
to tune its activity towards H>O5, anticancer activity and selectivity, as well as drug-like properties.
We observed that a strong donating group (OMe) or a withdrawing group (NO2) decreased the
selectivity. The groups with big size inhibit the cross-linking capability even in the presence of
H>0> possibly due to prevention from interaction with DNA. Finally, compound x with a methyl
group showed the best activity and selectivity. We also observed a boronic acid functional group
greatly increased the water solubility which is highly important for in vivo study. So, this work

focus on evaluating the in vivo efficacy and selectivity of modified 29a (methylated).

Currently, most methods for forming DNA ICL require chemical reagents, which makes in vivo
applications quite complicated. Some require additional chemical reagents (Cul) that are highly
toxic to the cells, which limited their applications under cellular conditions. In addition to their
high toxicity, some require additional chemical reagents , which limits their use in cells. The photo-

induction and H202-induction methods, however, are the most attractive of these methods because
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of their bioorthogonal characteristics. A photo-induction method is a green method, which is a
non-invasive and clean to use method, which does not require any additional chemicals to be used.
In the body, H>O: is produced by endogenous processes. Cancer cells produce higher levels of
H20, than normal cells, which makes it possible to selectively crosslink DNA with H,O,-activated

agents to target cancer cells..
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Chapter 2. Photo-induced DNA interstrand cross-link
formation with anthracene as core structure.

2.1 Introduction

Anthracene, a polycyclic aromatic ring, is a well-known DNA intercalator which makes it
attractive for DNA interstrand cross-linking study. Planarity of anthracene ring is considered one
of the important features for efficient intercalation into the nonpolar interior of the DNA double
helix. It has a large binding constant with DNA bases and can be sensitized by DNA which is a
unique feature of it. In addition, anthryl chromophore is photo-chemically reactive and has large
singlet excited state energy which is good for initiating photochemical reaction. In addition,
anthracene has a longer wavelength of maximum absortion which is higher than 350 nm. Ths is
very useful to use it as longer wavelength means lower energy which is less harmful to biological
materials such as DNA, RNA, and proteins etcWe designed and synthesized nine anthracene
analogues la-i containing different functional groups on the anthracene backbone as leaving
groups, investigated the photo reactivities of these molecules towards DNA, and demonstrated
the mechanism of function. Many of these analogues efficiently induced DNA ICL formation via
a photo-generated carbocation upon 350 nm irradiation. The leaving groups strongly affect the
photo-induced DNA cross-linking formation. A trimethyl ammonium salt (1b) as a leaving group
greatly facilitates the DNA ICL reaction, which is complete within minutes. to make DNA cross-
linking agent that can cross-link faster than usual as well as can be activated easily. We designated
some anthracene-based analogues to explore the potential of cross-linking by anthryl
chromophore. Subsequently, we will improve the ICL formation efficacy by structure
modification.

Nine 9,10-anthryl compounds having different leaving groups was synthesized. Interstrand cross-
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linking reactions had been conducted under 350 nm UV irradiation and mechanism is studied.

la: L =Br

1b: L = ® NMe,

le: L =® PPhy

1d: L = NMe,

le: L = N(CH,CH,),0
1f: L = 0Ac

1g: L=0OH

1h: L = OCH;4

li: L = OCH,CH=Ch,
1j: L = OCH,Ph

la-j

Scheme 2-1. The structures of 1a-j.
We designed several 9,10 anthracene derivatives based on 9-anthrylmethyl)ammonium chloride
(AMAC) which was reported to be efficiently intercalating DNA?. Based on their observation we
designed bis anthryl compound 1a-j using bromomethyl, trimethyl amine, triphenylphosphine,
dimethyl amine, morpholine, acetate, methanol, oxymethyl, oxy-allyl and oxy-phenyl groups as
photoactivable leaving groups.
Bromomethyl, trimethyl amine, triphenylphosphine, dimethyl amine, morpholine, acetate,
methanol, oxymethyl, oxy-allyl and oxy-phenyl has already proven to be effective photoinducible
leaving groups with different benzyl and naphthalene aromatic hydrocarbons with various
substituents. They produce carbocation and/or free radicals upon photoirradiation at 350nm thus
making it effective DNA cross-linking agents. We synthesized 1a-j, tested their DNA cross-
linking efficiency upon irradiation at 350nm and tried to characterize the cross-link formation
mechanism.
2.2 Anthracene analogues as Photo-inducible DNA Cross-linking Agents
2.2.1 Synthesis of 9, 10-anthryl derivatives contain various leaving groups
Compounds la-e were synthesized starting from anthracene 2 (Schemes 2-2). As previously

described?, 2 was treated with paraformaldehyde, cetyltrimethylammonium bromide (CTAB),
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and ag. HBr in acetic acid to generate the bromomethylated product 1a that was converted to 1b-
e via nucleophilic substitution reaction in almost quantitative yields. Compound 1b was obtained
from 1a by treating with trimethylamine in ethyl acetate, while 1c, 1d, and 1le were generated by
treatment of 1la with triphenylphosphine, dimethylamine, and morpholine respectively (Scheme

2-2). All compounds are characterized by NMR.
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(CH,0), CTAB

CH;COOH, aq

HBr
80%

Br

Br
1a

NMe,

EtOAc
90%

PPh,

Toluene
90%

\

Scheme 2-2. Synthesis of 1a-e.

2Br ~ Ph
MO

1b ITb
© @Elilph

Compounds 1f-i were prepared starting from 1a that was first converted 1f containing the acetate

as a leaving group by treatment with acetic acid and potassium acetate. Compound 1f was then

hydrolyzed with methanol and potassium hydroxide to generate 1g. Compounds 1h, 1i, and 1j

were obtained by treatment of 1g with methyl iodide, allyl iodide, and benzyl bromide,

respectively.
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Scheme 2-3. Synthesis of 1f-j.

2.2.2 Preparation of DNA Duplex

1f
/
C3HsI, NaH
DMF
60%
1i
PhCH,Br
D OOO
87%
o0~ 1j
Ph)

ODN sequence design. A 49-mer double helix Oligonucleotide (ODN) 3 was used for studying

the photo reactivity of 1a-j towards DNA. The sequences of duplex 3 is part of p53 genes that have

been used in our previous study®# (Scheme 2-4). The DNA damages in p53 gene may result in

uncontrolled cell cycles, causing uncontrolled growth of abnormal cells and eventually leading to

cancer. There are more than 50% human cancers caused by p53 gene mutation®*.
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1 56 1415 18 22 2425 27 31 40 44 49
5'-dGCCTAGTTCTTTTAATTACTTGCAATGCAAGTAATTAARAGCTTGATCTG (3a)
3'-dCGGATCAAGAAAATTAATGAACGTTACGTTCATTAATTTCGAACTAGAC (3b)

Scheme 2-4. The sequence of DNA duplex 3.
ODN synthesis. Oligonucleotides were synthesized via standard solid-phase DNA synthesis
techniques using commercially available phosphoramidites (Scheme 2-5). The ODNsynthesis goes
from the 3'- to 5'-direction. One nucleotide is attached per synthesis cycle. Each cycle contains
four steps: (i) detriylation (removal of 4,4'-dimethoxytrity group), () activation
(protonation of diisopropylamine group of the incoming phosphoramidite building block ii) and
(iii) coupling (the terminal 5’-hydroxyl group of the growing ODN chain (B) attacks the
phosphorus atom of the incoming phosphoramidite building block (C) to form a new P-O bond),
(iii) capping (block the unreacted 5’-end hydroxyl groups (E)), and (iv) oxidation (convert P (111)

to P (V).
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o Inintial
o detriylation @)

DNA
Synthesis DMT
cycle o B
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iii) Capping
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o
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N A N A

N(6)-benzoyl dA dT N(2)-dimethylformamidyl dG N(2)-acetyl dC
Scheme 2-5. Automated DNA synthesis cycle (1) and structures of phosphoramidites (2).
ODN purification. The ODNs were deprotected and cleaved from the solid support under mild
conditions using a mixture of 40% aqueous MeNH:> and 28% aqueous NH3 (1:1) at rt for 2 h, then
purified by 20% denaturing polyacrylamide gel electrophoresis (PAGE) followed by desaltation

using the column x. The -cyanoethyl group was removed by S-elimination reaction. All protecting
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groups in the base moieties were removed by hydrolysis.

0 0
HN/U\© HN/U\©
o T oy

o o <N 'N//' HO ¢ 1 ]

o
> NHBz NH,

o)
I /O N . | O
CN _PZ SN MeNH2INH40H o L N N
~"0" 0 Cl 1:1 0" 0 Iy
o N N/ > N N/J
NHAc  Deprotection 0 NH
2
rt, 2h
A
o SN
I /O , | O ’
CN Pl = z
~ o N/&O @O/P o Né&o
) :H\
o

Scheme 2-6. Deprotection scheme..
32pP-Labeling at the 5°-end of oligodeoxyribonucleotides. ODN 3a was 5’-end labeled
using gamma 32P ATP ([y-32P] ATP) and T4 polynucleotide kinase (T4 PNK) with standard

protocol, where T4 PNK transfers the gamma-phosphate from ATP to the 5'-OH group.

NH,
N N
N
o o o AL
HO-P-0-P-0-P-0 NTON
OH OH OH ;0:
y B a OH
[y-32P] ATP

Scheme 2-7. The structure of [y-32P] ATP.

2.2.3 DNA interstrand cross-linking assay

After having synthesized la-j, we studied their photo reactivities towards DNA using a 49-mer
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DNA duplex (3) in a phosphate buffer (pH 8.0) upon 350 nm irradiation by assessing DNA ICL
formation®®. PAGE was used for DNA ICL analysis. The cross-linked and the single-stranded
DNA can be distinguished by PAGE because they migrate differently in the polyacrylamide gel
due to different molecular size. The cross-linked products with larger molecular size migrate
slower than the single-stranded ODN. Molecular Dynamics phosphorimager (ImageQuant, version
5.2) was used for quantification of DNA ICL yields, where the ICLs and the single strands show
different bands on the image plate. Origin 8.0 software was used for data plot and curve fitting.

Solubility: Initially we tested the solubility of 1a-j in an aqueous solution as well as different
organic solvents. It showed that 1b has excellent solubility in water while 1c has only slight water
solubility. Other analogues 1a and 1d-j are insoluble in water and only slightly soluble in organic
solvents used for DNA ICL study, such as CH3CN...... Compounds 1b-e are soluble in methanol
while 1a and 1f-j have better solubility in chloroform. It was observed that all compounds (1a and
1c-j) except for 1b showed better solublity in DMSO than any other organic solvents. Thus, we
decided to do DNA cross-linking study of 1b with water and 1a and 1c-j with DMSO. Besides we
studied the effect of solvent ratio (DMSO:phosphate buffer) on the photo-induced ICL formation

of 1b.

Table 2-1. The solubility of 1a-j.

Compound Structure Solvents with good solubility
Br
la OOO DMSO, CHCl;
Br
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1b

H.O, MeOH

1c

DMSO, MeOH, H:0

1d

DMSO, MeOH

le

DMSO, MeCOH

1f

CHC|3, CH2C|2, EtOAC, DMSO
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HO

W OO oSO, Mook

1h OOO CHCls, CH:Cl;, EtOAc, DMSO

o
|
o
1i OOO CHCls, CH:Cl;, EtOAc, DMSO
o

1j OOO CHClIs, CH:Cl;, EtOAc, DMSO

Ph

/—O

We tested the DNA cross-linking ability of 1a-j in the presence or absence of 350 nm light. These
compounds did not induce DNA ICL formation without photo irradiation while efficient DNA
cross-linking was achieved upon UV irradiation at 350 nm. Previous study showed that the DNA
cross-linking efficiency strongly depended on the irradiation time and the concentration of the

substrates®. To fully understand how the anthracene ring and various leaving groups affect the
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DNA cross-linking ability, we first optimized the reaction time and compound concentration to
obtain optimal DNA cross-linking efficiency for 1a-j.

Time-dependent DNA cross-link study. We carried out the time-depended DNA cross-linking
study of 1a-j with a concentration of 500 M to determine the time needed to achieve the highest
DNA ICL yield. In general, the DNA ICL yields gradually enhanced with the increased reaction
time, and then reached a balance at specific time points. Further increase of the reaction time did
not enhance the ICL yields. This time was then defined as optimal reaction time for the compound.
The optimal reaction time for 1b in buffer only and in buffer:DMSO system (Buffer: DMSO= 7:3
ratio) was found to be 5 min and 20 min approximately. The optimal time for 1a and 1c-j in
buffer:DMSO system (7:3 ratio) is 55 min, 50 min, 360 min, 480 min, 600 min, 240 min, 300 min

and 300 min respectively (Figure 2-1 and Table 2-2).

la
30- 1b in H,O system
50
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20 409
) 30
< 15 —1 304
$ s
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Figure 2-1. Time-dependence of DNA ICL formation of duplex 3 for 1a-j upon photo-irradiation.
Solvent ratio for all compounds tested was H,O:DMSO = 7:3, except for 1b which was tested in
both H20 only and H,O:DMSO system. 1a at time points 0°, 10°, 20°, 30°, 40°, 50°, 65’and 80 min.
[1a] = 500 uM; 1b (Solvent: H20 only) at time points 0, 2, 4, 6, 8, 11, 14, 19, 25 min [1b] = 500
MM; 1b ) at time points O, 2, 4, 6, 8, 11, 14, 19, 25 min [1b] = 500 uM; 1c at time points 0, 5, 10,
20, 30, 40, 50, 70, 90 min, [1c] = 500 uM; 1d at time points O, 1, 2,3, 4, 5, 6, 8, 10, 12 h. [1d] =
500 uM; 1e at time points 0, 1, 2,3, 4, 5, 6, 8, 10, 12, 24 h. [1e] = 500 uM; 1f at time points 0, 1,
2,3,4,5,6,8,10, 12, 24 h. [1f] =500 uM; 1g at time points 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 24 h. [1g]
=500 uM; 1h at time points 0, 1, 2, 3,4, 5, 6, 8, 10, 12, 24 h. [1h] = 500 uM; 1j at time points O,
1,2,3,4,5,6,8, 10, 12, 24 h. [1]] = 500 uM. Reaction mixtures were irradiated with UV at 350

nm.

It was observed that salts (1b-c) generally have much faster reaction rate than all other leaving
groups (la, 1d-j) regardless of nature of leaving groups (Table 2-2). However, it was also
observed that the trimethyl ammonium salt (1b) showed faster photo-induced DNA cross-linking
reaction rate , when reacted in buffer only instead of DMSO:buffer mixture (3:7) (Figure 2-1 and

Table 2-2) ICL yield also decreased greatly when reacted in DMSO:buffer system compared to
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buffer only.

Concentration-dependent DNA cross-linking study. Having determined the optimal reaction
time for 1la-j, we performed the concentration-dependent DNA cross-linking study to determine
the optimized concentration to reach the highest DNA cross-linking yields. In general, the DNA
ICL yields were gradually enhanced by increasing the concentration of compounds except for 1b-
c. For 1b-c, it appears that they showed the highest ICL yields at low concentration: 350uM and
300uM respectively. Concentrations higher than x mM of 1b and y mM of 1c did not lead to
higher ICL yields but on the other hand caused DNA damages. The DNA cross-linking reaction
reached a balance at specific concentrations, and further increase of compounds concentration did
not increase the ICL yields. This concentration was defined as optimal concentration for the
compound. For example, the DNA ICL yield reached the highest at approximately 0.35 mM
concentration for 1b (when dissolved in water), and the concentration higher than 0.35 mM did
not further increase the DNA ICL yield. On the other hand, increasing the concentration caused
noticeable DNA damage. Thus, 0.35 mM was the optimal concentration for 1b. Finally, the optimal
concentrations for all compounds were determined, 0.8 mM for 1a and 1d-e, 0.35 mM and 1 mM
for 1b when dissolved in H,O and DMSO respectively, 0.35 mM for 1c, 0.6 mM for 1g, and 0.7

mM for 1h-j (Figure 2-2 and Table 2-2).
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Figure 2-2. The concentration dependence of DNA ICL formation of duplex 3 for 1a-j upon 350

nm irradiation. Solvent ratio for all compounds tested was H>O:DMSO = 7:3, except for 1b which

was tested in both H20 only and H,O:DMSO system. 1a with an irradiation of 55 min; 1b with an

irradiation of 5 min and 20 min in H20 system only and H.O:DMSO system respevtively; 1c with

an irradiation of 50 min; 1d with an irradiation of 360 min; 1e with an irradiation of 480 min; 1f

with an irradiation of 600 min; 1g with an irradiation of 240 min; 1h with an irradiation of 300

min; 1j with an irradiation time of 300 min.

These data suggested that compounds la-c with bromo, trimethyl ammonium salts or

triphenylphosphonium salts as leaving groups showed faster ICL reaction rate and higher ICL

yields than 1d-j. Acetate or ether functionalities are not good leaving groups for the photo-induced

ICL formation induced by the anthracene moieties.

Table 2-2. The optimized conditions, ICL yields and UVabsorption data for 1a-j.

Reaction
Conc. ICL Mso & 550 K
Compound Time [b] ] 0 5
e | @) | @m) (M em™) (1077
(min)
1a (R=Br) 55 0.8 2642 394 3055.4 4
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1b (R=+NMe, ) in

5.0 0.35 40+2 94.1
H>O system

379 3525.9

1b (R=+NMe, ) in

20.0 1.0 10+1 4.3
DMSO:H20 system
¢ (R=+PPh;) 49.8 0.3 21+1 389 3812.8 6
1d (R=N(CH,)2) 360 0.8 13+1 373 2011.6 0.5
le (R=0O(C,H,),NH) 480 0.8 15+1 377 5786.2 0.44
1f (R =0Ac) 600 0.6 1242 373 2080.7 0.52
1g (R = OH) 240 0.7 11+1 369 44433 | o
1h (R = OCH3) 300 0.7 1342 372 4989.5 0.44
1j (R = OCH2Ph) 300 0.7 15+2 374 4221.5 0.42
® The DNA cross-linking reaction was performed in a pH 8 phosphate buffer with 50nM
DNA duplex 3 upon 350 nm irradiation.
The minimum compound concentration needed to obtain the highest DNA cross-linking
efficiency.
© The maximum DNA ICL yield obtained for each compound under optimizedconditions
(all data are the average of three experiments).

Finally, we performed DNA cross-linking assay under the optimum concentration and optimized
reaction time for each compound (Figure 2-3). Among all compounds teste, 1b is the most
efficient photo-activated DNA cross-linker with the highest ICL yield and the shortest reaction

time
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Compound: - - la 1a 1b 1b 1c 1lc 1d 1d 1le 1le 1h 1h 1j 1j 1g 1g 1f 1f

ICL (%): 2 2 143 47 1 31 1 111 1 105 1 9 1 12

Reaction Time (min): 600 600 55 55 5 5 50 50 360 360 480 480 300 300 300 300 240 240 600 600

Figure 2-3. Photo-induced DNA ICL formation induced by la-j. Lane 1: DNA without UV
irradiation; lane 2: DNA with 10 h UV irradiation at 350 nm; lanes 3, 5, 7, 9, 12, 13, 15, 17, 19:
DNA with the compound but no UV irradiation at 350 nm for respective optimum time; lanes 4,
6, 8, 10, 11, 14, 16, 18, 20: DNA with the compound upon 350 nm irradiation for respective
optimumtime: lane 4: 1a (ICL yield, 4.7%); lane 6: 1b (ICL yield, 31%) ; lane 8: 1c (ICL yield,
8.5%); lane 10: 1d (ICL yield, 13%); lane 11: 1e (ICL vyield, 15%); lane 14: 1h (ICL yield, 11%);
lane 16: 1j (ICL yield, 11%); lane 18: 1g (ICL vyield, 9%); lane 20: 1f (ICL yield, 12%). All DNA
ICL yields were obtained by duplicate experiments and shown as average + standard deviation.

2.3 Mechanism of DNA ICL formation and leaving groups effects.

2.3.1 Correlation between UV absorbance and the photo-reactivity

Apart from the electronic effect, As the leaving groups could also affect the UV absorption which

may in turn influence the photo reactivity of these molecules towards DNA, we measured their UV
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absorbance (Figure 2-4). UV-Vis spectra of 1a-j were determined at 20.0 uM concentration in
water (1b), methanol (1c-e) or chloroform (1a and 1f-j). There is no clear correlation between the
UV absorption and the photo reactivity of these compounds. All compounds showed hypsochromic
or blue shift (~400 nm) for maximum UV absorption compared to the parent compound 2.
However, 1a-c showed higher shift than the remaining analouges. In general, compounds with a
UV absorption closer to 350 nm (maximum output for rayonet photo reactor used in the study)
exhibited lower DNA cross-linking reactivity than compounds with a UV absorption away from
350 nm. For instance, 1a, 1b-c showed higher blue shift whereas at the same time they showed
higher DNA cross-linking efficiency than the remaining groups in general. However, the photo-
induced DNA ICL reaction rate for different compounds did not correlate well with the order of

the hypsochromic shift.
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Figure 2-4. UV absorption spectra for 1a-e and 1f-j at 20.0 uM concentration.

2.3.2 The effect of the free radical and cation trapping agents on DNA cross-link formation

Our previous study showed that the leaving groups, as well as the aromatic substituents affect the
pathways for photo-induced carbon cation formation®. For phenyl boronate esters with bromo as
a leaving group, carbocations were formed via free radical oxidation, while for those with
trimethyl ammonium as a leaving group, they were formed via direct heterolysis of C-N bonds.
However, due to the limited literature data, it is difficult to conclude that this is a common
phenomenon. Few compounds have been reported to cross-link DNA by a carbocation mechanism

upon photoirradiation with a limited structure variation. There is no report about photo-inducible
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DNA ICL formation by anthracene analogues.

To better understand the mechanism and how different leaving groups affect the DNA cross-link
mechanism, radical and cation trapping experiments were carried out for 1b-c under the optimized
DNA cross-linking conditions. Compounds 1b-c were chosen for this study as they showed faster
reaction rate as well as higher ICL yields in comparison to other compounds. The 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) was used as a radical trap, methoxyamine used as a
carbocation trapping agent, whereas betamercapto ethanol was used as both radical and

carbocation trapping agent. The results are shown in Figure 2-5
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Figure 2-5. Carbocation and radical trapping with DNA ICL formation for 1b-c.
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In general, the DNA ICL vyields gradually decreased for 1b with increased concentration of
methoxyamine and BME. The inhibition of ICL formation with methoxyamine indicated that
carbocations were involved in the photo-induced DNA ICL process. Carbocation can be generated
from radical oxidation or direct heterolysis of C-X bonds. We performed radical trapping
experiments using TEMPO as a trapping agent to figure out if radicals were involved in the
process. For 1c an unusual trend of DNA ICL vyield inhibition was found where ICL yield
increased initially with increasing concentration of TEMPO but decreased afterwards (after 5 mM
TEMPO). This indicated that DNA ICL formation maybe of radical-cation pathway (defined as
first to generate radicals, then the radicals were converted to cations via free radial oxidation)
where the radials were first formed upon photo irradiation of these compounds, then oxidized to
cations that directly crosslink DNA. However, surprisingly none of the trapping agents was able
to inhibit the DNA ICL vyield completely even with very high concentration (100 mM or 200
mM). At this point, we don’t have explanation of that but we assume intercalation of these
compounds in the DNA may have some effect with it.

We were not able to get a perfect ICL formation inhibiton trend for 1b with TEMPO or 1c with
Methoxyamine and BME. Thus, we propose that the DNA ICL formation might be of both free
radical way (1c) as well as carbocation way (1b).

In order to provide direct evidence for free radicals and carbocations formation, the carbocation
and radical trapping reactions were carried out with monomers of 1b-c, 1f, and 1j using large
excess of methoxyamine and TEMPO as trapping agents, respectively. The cation and radical
trapping adducts (4-8) were obtained for 1b, 1c, 1f and 1j upon 350 nm irradiation, which was
confirmed by LC-MS and/or NMR analysis. The departure of two leaving group in 1b took place

in a stepwise manner since the mono-trapping adduct 4 as well as di-trapping adduct 5 were
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detected in the trapping reaction. Radical traaping adduct for elctron withdrawing leaving groups

were obtained for 1f, 1j. The biscation trapping adduct 6 was obtained for 1a-c.

M-Br+H]" caled: 517.37
1b: L = +N(CH3); : ’ found: 517.4 5

[M+H]* calcd: 419.62
found: 419.3

H
L . e @ \O/N
uv MeONH, uv
— l» QOO —
350nm
350nm
L L L L

1bc: L = +N(CHj)s, +PPhs Confirmed by
1 12,
Hand 12C NMR

Scheme 2-8. (A) Free radical trapping reaction and (B) cation trapping reaction product

obtained with 1b-c upon 350 nm irradiation.

Scheme 2-9. Cation and free radical trapping products obtained with and upon 350nm irradiation.

Overall, these results showed that the mechanism pathway for photo-induced DNA cross-link
formation by these compounds was complex and not only influenced by the leaving groups but

also maybe by the intercalation of anthracene moiety into DNA.
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Scheme 2-10. Proposed mechanism for DNA ICL formation.

2.3.3 Determination of DNA alkylation sites

As the N7-alkylated purine nucleosides can be cleaved upon heating in the presence of piperidine,
studying the heat stability of the cross-linked DNA has been used to determine whether ICL
formation occurs with dG or dA”®. Thus, we performed the heat stability study with DNA ICL
products formed with 1b and 1c. We isolated both single-stranded ODNs (p32-ODN) as well as
the ICL products formed with DNA duplex 3, which were heated in pH 7 phosphate buffer or
piperidine at 90 °C for 30 min. The heat stability data of the isolated single-stranded ODNs and
ICL products for 1b-c are demonstrated in Figure 2-6. All ICL products were relatively stable upon
heating under neutral conditions (pH 7.0 phosphate buffer), while obvious cleavage bands were
observed under basic conditions (1.0 M piperidine).

The reaction sites of 1b-c upon 350 nm irradiation was examined by testing the stability of the
DNA ICL products upon heating under neutral or basic conditions. All DNA ICL products formed
with 1b-c were destroyed by heating in 1.0M piperidine for 30 min, whereas they were subjected

to heating in a phosphate buffer.
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Figure 2-6. Determination of the cross-linking site of 1b-c with 49-mer DNA duplex (3).
Phosphor-image autoradiogram of 20% denaturing PAGE analysis of the isolated ICL products
and alkylated single-stranded ODN. Lane 1: isolated alkylated single-stranded ODN (control); lane
2: single-strand ODN heated in pH 7 phosphate buffer at 90°C for 30min; lane 3: single-strand

ODN heated in 1.0M piperidine at 90°C for 30min; lane 4: G+A sequencing; lane 5: DNA ICL
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products heated in 1.0M piperidine at 90°C for 30min; lane 6: DNA ICL products heated in a pH

7 phosphate buffer at 90°C for 30min; lane 7: isolated DNA ICL products (control).

The piperidine heat stability study can identify alkylated purines but not alkylated pyrimidines. To
investigate whether the alkylation could occur with pyrimidines, we tested the ICL reaction with
duplex containing dCs/dTs in one strand (9a) and dGs/dAs in the complimentary strand (9b). ICL
formation was observed when duplex was treated with 1b and 1c (approximately 6%) which

suggested that dC and/or dT are possible alkylation sites.

1 56 1415 18
5'"-dCCCTTCTTTTCTTTTCTTCCC (9a)
3'-dGGGAAGAARAGAAAAGAAGGG (9b*p-32)
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Figure 2-7. A) Photo-induced DNA ICL formation for 1b-c with CT labeled 21mer duplex 9.
Phosphorimage autoradiogram of 20% denaturing PAGE analysis of the ICL reaction mixture. B)
Determination of the cross-linking site of 1b-c¢ with GA labeled 2 1mer duplex (9). Phosphor-image
autoradiogram of 20% denaturing PAGE analysis of the isolated ICL products and alkylated single-

stranded ODN. Lane 1: isolated precipitated single-stranded ODN; lane 2: single-strand ODN
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heated in pH 7 phosphate buffer at 90°C for 30min; lane 3: single-strand ODN heated in 1.0M
piperidine at 90°C for 30min; lane 4: G+A sequencing; lane 5: isolated precipitated single-stranded
ODN; lane 6: single-strand ODN heated in pH 7 phosphate buffer at 90°C for 30min; lane 7: single-

strand ODN heated in 1.0M piperidine at 90°C for 30min.

To determine whether cross-linking reaction takes place with dT, we synthesized one self-
complementary dAT sequences (10a) that was treated with 1b upon 350 nm irradiation. The DNA
ICL formation was not observed, however tailing duplex was clearly observed indicating that ICL
reaction did not take place between dA and opposing dT but mono alkylation may have occurred
with dA and dT (Figure 2-8 A). However, the cleavage bands were observed with dAs when the
single-stranded ODN 10a was isolated from the cross-linking reaction mixture and heated in 1.0M
piperidine at 90’C for 30 min (Figure 2-8 B). This indicated that mono-alkylation occurred with

dAs.

1 56 1415 18 24
5'-dATATATATATATATATATATATAT (10a*p-32)
3'-dTATATATATATATATATATATATA (10a)
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Figure 2-8. A) Photo-induced DNA ICL formation for 1b with duplex 10. Phosphorimage

autoradiogram of 20% denaturing PAGE analysis of the ICL reaction mixture. B) Determination
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of the cross-linking site of 1b-1¢ with AT labeled 24mer duplex. Phosphor-image autoradiogram
0f 20% denaturing PAGE analysis of the isolated ICL products and alkylated single-stranded ODN.
lane 1: isolated precipitated single-stranded ODN; lane 2: single-strand ODN heated in pH 7
phosphate buffer at 90°C for 30min; lane 3: single-strand ODN heated in 1.0M piperidine at 90°C
for 30min; lane 4: G+A sequencing; lane 5: isolated precipitated single-stranded ODN; lane 6:
single-strand ODN heated in pH 7 phosphate buffer at 90°C for 30min; lane 7: single-strand ODN
heated in 1.0M piperidine at 90°C for 30min.

For comparison of the photo-reactivity of these compounds towards dG and dA, we estimated the
cleavage ratio of dG27+dG2> to dA2s+dAz4 (Cleaved dG/dA). Both compound 1b-c showed major
cleavage at dG sites with a cleavage ratio of dG/dA of approx. ~1.5, indicating that dGs were the
preferred alkylation sites for these compounds (Table 3). Compound 1b showed less selectivity

towards dG compared to 1c.

Table 3. Photo-reactivity of 1b-c¢ towards dG and dA evaluated from the ratio for cleavage at dG7, dG2o,

dAss and dAy4.[

Compound 1b (R = +NMejs) 1c (R = +PPh3)
Cleav.l!
(dG/dA) 1.28 1.53

[a] The DNA cross-linking reaction was performed in a pH 8 phosphate buffer with 50 nm DNA duplex upon
350 nm irradiation. The ICL products were isolated and heated in 1.0 M piperidine at 90°C for 30 min. The
cleavage bands at dG27, dG2», dAss, and dAxs were quantified. [b] Ratio of cleavage at dG27 + dGo» to that at

dAss + dAos.

Collectively, these data demonstrated that ICL reactions took place with opposing dG/dC while
mono-alkylation occurred with dAs. As DNA duplexes contain multiple dG/dC base pairs, it is
likely that a variety of cross-linked duplexes are formed by irradiation depending on the position

and the amount of crosslinks introduced in the duplex.
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2.4 Conclusions

We have developed a novel type of 9,10-anthryl analogues as efficient photo-sensitive DNA cross-
linking agents. These compounds can contain variety of leaving groups that can be activated by
350nm irradiation to generate anthryl cations directly producing DNA interstand cross-linking
products. For all these five compounds tested, the formation of anthryl cations was through
oxidation of the corresponding anthryl radicals generated from photo-induced cleavage of C-L
bonds. Leaving groups did not affect the formation of anthryl cations. However, DNA ICL
efficiency and cross-linking reaction rate strongly depended on the leaving groups as well as
solubility. ICL reaction rate was very faster with 1b containing trimethyl ammonium group
compared to the others (when dissolved in water). It also appears that analogues with salt leaving
groups (1b-c) have higher reaction rate than remaining (1a, 1c-d). The anthryl cations generated
from 1b-c alkylated dG, dC and dA while cross-linking reaction took place with opposing dG/dC
and with dA/dT as well. Monoalkylation with dA also occurred. Like previous compounds, these
also showed dGs as the most preferred site of alkylation. This study provides novel example of
very fast photo-inducible DNA cross-linking agents. It also sets examples and guidelines for
development of fast photoactivable probes and agents for various biological applications.

2.5 Experiment Section

General Information. All chemicals from commercially available source were directly used
without further purification. Oligonucleotides were synthesized via standard automated DNA
synthesis techniques. Deprotection of the synthesized DNA were performed under mild
deprotection conditions using a mixture of 40% aqueous MeNH2 and 28% aqueous NH3 (1:1) at
room temperature for 2 h. 20% denaturing polyacrylamide gel electrophoresis was used for DNA

purification. [y-32P] ATP was used for DNA labeling with standard method. Quantification of

61



radiolabeled oligonucleotides was carried out using a Molecular Dynamics phosphorimager
equipped with ImageQuant, version 5.2, software. *H NMR and *C NMR spectra were taken on
a Bruker DRX 300 MHz spectrophotometer with TMS as internal stander. High-resolution mass

spectrometry IT-TOF was used for molecular measurement.

Anthracene, 9,10-bis(bromomethyl)- (1a). A mixture of anthracene (10 g, 0.056 mmol, 1 equiv),
paraformaldehyde (0.056 mmol), cetyltrimethylammonium bromide (0.224 g), and glacial acetic
acid (14 mL) were stirred at rt. Next, 35 mL of aqueous HBr (48% w/v) was slowly added drop
wise to the reaction mixture over a period of 1h. The reaction mixture was stirred and heated to
80°C for 5 h, cooled. Solid was filtered, washed with water, then dried. Recrystallization from
toluene furnished pure 9,10-bis(bromomethyl)anthracene. Yield 16.35g (80%). (the NMR spectra

were in agreement with those reported®.

IH NMR (500 MHz, CDCls):5 ppm 8.31 (dd, J = 6.81, 3.21 Hz, 4H), 7.61 (dd, J = 6.98, 3.05 Hz,

4H), 5.46 (s, 4H).

13C NMR (CDCls, 500 MHz): § 25.58 (2C, s), 123.36 (5C, s), 125.68 (4C, s), 128.59 (2C, s),

129.26 (1C, s).

13C NMR (DMSO, 500 MHz): § 28.83 (2C, s), 125.26 (4C, 5), 127.2 (5C, 5), 129.54 (2C, 5), 131.34

(1C, s).

1,1'-(anthracene-9,10-diyl)bis(N,N,N-trimethylmethanaminium) dibromide (1b) . To a mixture
of 1a (100mg, 0.275 mmol) in ethyl acetate, trimethylamine solution (0.36 ml, 1.375 mmol) was
added through syringe. The mixture was stirred for 5 hour. After reaction completion, solid was

filtered, washed with ethyl acetate and then dried to give 1b as a solid.
'H NMR (DMSO, 500 MHz): & 3.10 (s, 18H), 5.85 (s, 4H), 7.75 (dd, J =, 4H), 8.90 (dd, J =,
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4H).

IH NMR (300 MHz, DMSO):8 ppm 3.11 (s, 18H), 5.83 (s, 4H), 7.76 (q, J = Hz, 4H), 8.90 (dd, J

= 6.80, 3.20 Hz, 4H).

13C NMR (DMSO, 500 MHz): § 53.30 (8C, s), 53.68 (1C, s), 58.67 (2C, 5), 124.94 (1C, s), 126.18

(3C, 5), 127.49 (5C, s), 132.91 (2C, 9).

9,10-Anthrylenebismethylenebis(triphenylphosphonium bromide) (1c) . To a solution of la
(100mg, 0.275 mmol) in toluene, triphenyl phosphine solution (0.36 ml, 1.375 mmol) was added
through syringe. The mixture was refluxed for 5 hour and cooled down leading to solid precipitate,

which was filtered, washed with toluene, and dried to give 1c as a solid.

IH NMR (MeOD, 500 MHz): § 5.95 (4H, d), 7.54-7.77 (30H, dddd), 7.04 (4H, ddd), 7.90 (4H,

ddd).

IH NMR (300 MHz, MeOD)ppm 5.99 (s, 4H), 7.05 (dd, J = 6.96, 2.94 Hz, 4H), 7.92 (dd, J = 6.73,

3.21 Hz, 4H), 7.52 (dd, J = 13.14, 5.90 Hz, 24H), 7.78 (dd, J = 8.44, 4.71 Hz, 6H).

13C NMR (MeOD, 500 MHz): § 24.3 (2C, q), 117.3 (3C, q), 121.8 (1C, 1), 124.6 (4C, s), 125.8

(5C, 5), 129.8 (13C, sx), 130.7 (2C, s), 134.2 (14C, s), 134.8 (7C, Q).

N2,N° N N-Tetramethyl-9,10-anthracenedimethanamine (1d). Into a solution of 1a in ethyl
acetate was added dimethylamine solution (2.0M in Methanol). The reaction mixture was stirred
at rt overnight. After evaporating solvent, the residue was purified by column chromatography

(ethyl acetate: methanol = 5:1) to afford 1d as a yellow solid.

IH NMR (DMSO, 300 MHz): § 2.36 (12H, s), 4.59 (4H, s), 7.59 (4H, ddd), 8.57 (4H, ddd) (the

NMR spectra were in agreement with those reported?).
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4,4'-[9,10-Anthracenediylbis(methylene)] bisfmorpholine] (1e). Into a solution of 1a in ethyl
acetate , morpholine was added. The resulting mixture was stirred at rt overnight. Solvent was
removed and the precipitate was collected by filtration, purified by column chromatography (ethyl

acetate:methanol = 5:1) to yield 1e as a solid product (2.1 g, 70%).

IH NMR (CDCls, 500 MHz): 5 2.56 (8H, s), 3.57 (8H, s), 4.39 (4H, s), 7.46 (4H, ddd), 8.47 (4H,

ddd).

13C NMR (CDCls, 500 MHz): & 52.61 (5C, s), 53.65 (2C, s), 66.14 (5C, 1), 124.15 (4C, s), 124.5
(4C, s), 130.1 (2C, s).

anthracene-9,10-diylbis(methyl) diacetate (1f). Compound 1a and potassium acetate were mixed
in acetic acid and refluxed at 120°C overnight. Then, the mixture was poured into cold water and
the precipitate was filtrated and dried in vacuum. The residue was purified by column
chromatography (Hexane: Dichloromethane = 10:1) to give 1h as a light yellow solid.

'H NMR (DMSO, 300 MHz): & 2.08 (6H, s), 6.15 (4H, s), 7.66 (4H, ddd), 8.43 (4H, ddd).
9,10-bis(hydroxymethyl)anthracene (1g). A mixture of 1f and KOH in methanol was refluxing
overnight. Then, the solution was cooled to rt, leading to the formation of the solid product that

was filtered and washed with water.
'H NMR (DMSO, 300 MHz): § 5.43 (4H, s), 7.56 (4H, ddd), 8.44 (4H, ddd).

9,10-bis(methoxymethyl)anthracene (1h). Into a solution of 1m in DMF at 0°C, NaH was added.
The reaction mixture was stirred for 10 min at 0°C, then CHzl was added. The reaction mixture
was allowed to warm to rt, stirred overnight, quenched with water, diluted with ethyl acetate,
washed with brine and dried over anhydrous Na>SOs. Solvent was removed and the residue was

purified by column chromatography (Hexane: DCM = 10:1).
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9,10-Bis-(benzyloxymethyl)-anthracene (1j). Compound 1m in DMF was cooled to 0°C, followed
by the addition of NaH. The resulting mixture was stirred for 10 min. Then benzyl bromide was
added. The reaction mixture was allowed to warm to rt and stirred overnight, quenched with water,
diluted with ethyl acetate, washed with brine and dried over anhydrous Na>SOs. Solvent was
removed and the residue was purified by column chromatography (Hexane: DCM = 10:1) to afford
1j as a solid.

Free radical trapping adducts.
9,10-bis(((2,2,6,6-tetramethylpiperidin-1-yl)oxy)methyl)anthracene (5). A solution of 1a, 1b, or
1c (1 equiv) in CH3CN (2 mL) was added TEMPO (10 equiv) at rt while stirring. The resulting
mixture was irradiated with 350 nm light for (how long?) until all starting material was consumed.
Solvent was removed and the residue was purified by chromatography (hexane/DCM=10:1 for
la; DCM/methanol=10:1 for 1b—c) to afford the trapping adducts 4, 5, and 6, respectively.
Trapping adducts were confirmed using LC-MS.

Cation trapping adducts.
N,N*-(anthracene-9,10-diylbis(methylene))bis(O-methylhydroxylamine) (6). To a solution of
MeONH:-HCI (40 equiv) in DMF (2 mL) was added trimethylamine (44 equiv). After stirring at
rt for 30 min, 1b or 1c (1 equiv) in DMF were added. The resulting mixture was stirred for 20 min,
then irradiated with 350 nm light until the starting material was consumed (about how long?). The
reaction was quenched with water and the mixture extracted with ethyl acetate (3x3 mL). The
combined organic phases were washed with brine and dried over anhydrous Na,SOs. After
removing solvent, the residue was purified by column chromatography (hexane: methanol = 10:1)
to provide the corresponding trapping adduct 6 which was confirmed by NMR.

IH NMR (CDCls, 500 MHz): ppm 8.31 (dd, J = 6.81, 3.21 Hz, 4H), 7.61 (dd, J = 6.98, 3.05 Hz,
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4H), 5.46 (s, 4H)

IH NMR (500 MHz, Solvent) d ppm 8.36 (t, J = Hz, 4H), 7.49 (t, J = Hz, 4H), 5.38 (s, 4H), 3.47
(s, 6H)

13C NMR (CDCls, 500 MHz): § 57.3 (2C, s), 65.7 (3C, s), 123.8 (5C, ), 124.7 (5C, s), 129.2 (1C,
s), 129.7 (2C, s).

Photoreaction of oligonucleotides. The photoreactions of 1a-j with DNA duplex 3 (50-100 nM)
were carried out in 10 mM potassium phosphate (pH 7) and 100 mM NaCl buffer in Pyrextubes
in a Rayonet photochemical chamber reactor (Model RPR-100) fitted with 16 lamps having
an output maximum at 350 nm..

ICL formation with duplex DNA 3: The **P-labelled oligonucleotide (0.5 uM) was annealed
with 1.5 equiv of the complementary strand by heating to 90°C for 5 min in potassium phosphate
buffer (oH 7, 10 mm), followed by cooling to rt. The 32P-labeled ODN duplex (2 uL, 0.5 um) was
then mixed with Im NaCl (2 uL), 100 mm potassium phosphate (2 pL, pH 8), and la-j
(concentration range: 50 uM to 1 mM in 6 mL DMSO and H>0 mixture) and autoclaved distilled
water to give a final volume of 20 pL. The reaction was irradiated with 350 nm light until the
reaction was completed, followed by quenching with an equal volume of 90 % formamide loading
buffer. The resulting mixture was then subjected to 20 % denaturing polyacrylamide gel for
electrophoresis.

Trapping assay of oligodeoxynucleotides: The *?P-labeled oligonucleotide duplex (2 pL, 0.5
uM) was mixed with 1M NaCl (2uL) and 100 mm potassium phosphate (2uL, pH 8). The stock
solution of MeONH.-HCI (2M) was titrated with 5M NaOH to adjust the pH to ~ 7.0, which was
diluted to the desired concentration (100/3 uM to 2000/3 mM). Then, 3 puL was added to the

reaction mixture as appropriate for the desired concentration (final MeONH2 concentration: 50
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uM to 100 mM). Similarly, 3uL or 6L of TEMPO in DMSO (100/3 uM to 2000/3 mM) was
added to the reaction mixture as appropriate for the desired concentration (final TEMPO
concentration: 50 uM to 100 mM). Compounds la-1c (0.5mM in 6 uL. DMSO or H20) and the
appropriate amount of autoclaved water were added to give a final volume of 20 uLL (DMSO/H>0:
a final ratio of 3:7). The reaction was irradiated with 350 nm light for optimized time for each
compound and quenched with an equal volume of 90% formamide loading buffer, then subjected
to 20% denaturing polyacrylamide gel electrophoresis.

Piperidine Treatment with DNA ICL Product Formed with Duplex 3/9/10 and 1b-c. The 3?P-
labeled oligonucleotide duplex 3a/3b (0.5 uM) was mixed with 1 M NaCl, 100 mM potassium
phosphate (pH 8), and 5/3 mM 1b-c (dissolved in DMSQO). The solution was irradiated with 350
nm light (5min for 1b or 50 min for 1c) and purified by 20% denaturing PAGE. The band
containing cross-linked product was cut, crushed and eluted with 200 mM NaCl and 20 mM
EDTA. The crude product was further purified on a C1g column eluting with H20 (4 x 1.0 mL)
followed by MeOH/H20 (3:2, 1.0 mL). The dry product was dissolved in H2O (35 pL) and divided
into three portions. One portion (15 pL) was incubated with piperidine (10M, 5 pL) at 90°C for
30min, the second portion (15 pL) was incubated with 1M NaCl and 10mM potassium phosphate
buffer (pH 7) mixture (1:1) under the same condition, and the third portion (5 puL) was used as a
control sample. Next, the samples were subjected to 20% denaturing PAGE analysis.

General Procedure for the trapping assay.

Radical Trapping. A reaction mixture of 1a-c (200 mg, 0.23 mmol, 1 equiv) and TEMPO (360
mg, 10.0 equiv) in CH3CN (2 mL) was irradiated with 350 nm UV light for around 24 hours until
there was no more new products formed. The solvent was removed, and the residue was puried

by column chromatography (hexane/Dichloromethane =10/1) and analyzed by the liquid
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chromatography mass spectrometry ion-trap time-of-flight (LCMS-IT-TOF).

Carbocation trapping: To a solution of MeONH2-HCI (40 equiv) in DMF (2 mL) was added
trimethylamine (44 equiv). After stirring at RT for 30 min, 1b (1 equiv) in DMF were added. The
resulting mixture was stirred for 20 min, then irradiated with 350 nm light until the starting
material was consumed. The reaction was quenched with water and the mixture was extracted
with dichloromethane (3V3 mL). The combined organic phases were washed with brine and dried
over anhydrous Na>SOas. After removing solvent, the residue was purified by chromatography
(hexane/ dichloromethane =5:1) to provide the corresponding trapping adducts 6.

Methods used for LCMS-IT-TOF analysis: The separation of the reaction mixture was
conducted on an ACQUITY CSH C18 column (2.1 mm 50 mm, 1.7 mm particle size) using
gradient: 0-2.0 min 30-60% MeCN in A, 2.0-3.0 min 60-90% MeCN in A, 3.0-4.0 min 90%
MeCN in A, 4.0-4.3 min 90-30% MeCN in A, 4.3-6.0 min 30% MeCN in A, at a flow rate of

0.4 mLminl [Solution A: 0.1% (v/v) formic acid in water].
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2.7 Appendix A: Phosphor Image Autoradiograms

uv: - + 4+ + + + + + + +
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The rate of ICL formation of duplex 3 for 1a upon photo-irradiation. 1a at time points 0, 10, 20,
30, 40, 50, 65, 80 min. [1a] = 800 uM. Reaction mixtures were photo-irradiated under UV (350
nm), duplicates was done at each time point.
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The rate of ICL formation of duplex 3 for 1b upon photo-irradiation. 1b at time points 0, 2, 4, 6,
8, 11, 14, 19, 25 min. [1b] = 500 pM. Reaction mixtures were photo-irradiated under UV (350
nm), duplicates was done at each time point.
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The rate of ICL formation of duplex 3 for 1b upon photo-irradiation. 1b at time points 0, 2, 4, 6,
8,11, 14, 19, 25 min. [1b] = 500 uM and aqueous: organic ratio (v/v) = 14: 6. Reaction mixtures
were photo-irradiated under UV (350 nm), duplicates was done at each time point.
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The rate of ICL formation of duplex 3 for 1c upon photo-irradiation. 1c at time points 0, 5, 10, 20,
30, 40, 50, 70 and 90 min. [1c] = 400 uM. Reaction mixtures were photo-irradiated under UV (350
nm), duplicates was done at each time point.
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The rate of ICL formation of duplex 3 for 1d upon photo-irradiation. 1d at time points 0, 1, 2, 3,
4,5, 6,8, 10 and 12 h. [1d] = 500 uM. Reaction mixtures were photo-irradiated under UV (350
nm), duplicates was done at each time point.
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The rate of ICL formation of duplex 3 for 1e upon photo-irradiation. 1e at time points 0, 1, 2, 3, 4,
5,6, 8,10, 12, 24. Concentration of [1e] = 500 puM. Reaction mixtures were photo-irradiated under
UV (350 nm), duplicates were done at each time point.
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The rate of ICL formation of duplex 3 for 1e upon photo-irradiation. 1e at time points 0, 1, 2, 3, 4,
5,6, 8,10, 12, 24. Concentration of [1e] = 500 puM. Reaction mixtures were photo-irradiated under
UV (350 nm), duplicates were done at each time point.
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The rate of ICL formation of duplex 3 for 1e upon photo-irradiation. 1e at time points 0, 1, 2, 3, 4,
5,6, 8,10, 12, 24. Concentration of [1e] = 500 puM. Reaction mixtures were photo-irradiated under
UV (350 nm), duplicates were done at each time point.
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The rate of ICL formation of duplex 3 for 1e upon photo-irradiation. 1e at time points 0, 1, 2, 3, 4,
5,6, 8, 10, 12, 24. Concentration of [1e] = 500 puM. Reaction mixtures were photo-irradiated under
UV (350 nm), duplicates were done at each time point.
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Concentration dependent DNA ICL formation S
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The concentration dependence of ICL formation of duplex 3 for la upon photo irradiation.
Phosphor image autoradiogram of 20% denaturing PAGE analysis of la under varying
concentration. 0, 100 uM, 200 uM, 300 uM, 400 pM, 500uM, 600 uM, 800uM and 1000uM.
Reaction mixtures were photo-irradiated under UV (350 nm) for 55 min.
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1b in Water
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The concentration dependence of ICL formation of duplex 3 for 1b (dissolved in H2O) upon photo
irradiation. Phosphor image autoradiogram of 20% denaturing PAGE analysis of 1b under varying
concentration. 0, 50 uM, 100 uM, 200 uM, 250 uM, 300 pM, 350 uM, 400 uM, 600 pM, 800uM
and 1000pM. Reaction mixtures were photo-irradiated under UV (350 nm) for 5 min.
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The concentration dependence of ICL formation of duplex 3 for 1b (dissolved in DMSO) upon
photo irradiation. Phosphor image autoradiogram of 20% denaturing PAGE analysis of 1b under
varying concentration. 0, 100 uM, 250 uM, 300 uM, 350 pM, 400 uM, 600 uM, 800uM, 1000uM.
Reaction mixtures were photo-irradiated under UV (350 nm) for 20 min.
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The concentration dependence of ICL formation of duplex 3 for 1c upon photo irradiation.
Phosphor image autoradiogram of 20% denaturing PAGE analysis of 1c under varying
concentration. 0, 50 uM, 100 uM, 200 uM, 400 puM, 600 pM. Reaction mixtures were photo-
irradiated under UV (350 nm) for 50 min.
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The concentration dependence of ICL formation of duplex 3 for 1c upon photo irradiation.
Phosphor image autoradiogram of 20% denaturing PAGE analysis of 1c under varying
concentration. 0, 50 uM, 100 uM, 200 uM, 400 puM, 600 pM. Reaction mixtures were photo-

irradiated under UV (350 nm) for 50 min.
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The concentration dependence of ICL formation of duplex 3 for 1c upon photo irradiation.
Phosphor image autoradiogram of 20% denaturing PAGE analysis of 1c under varying

concentration. 0, 50 uM, 100 puM, 200 puM, 400 puM, 600 pM. Reaction mixtures were photo-
irradiated under UV (350 nm) for 50 min.
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The concentration dependence of ICL formation of duplex 3 for 1c upon photo irradiation.
Phosphor image autoradiogram of 20% denaturing PAGE analysis of 1c under varying
concentration. 0, 50 uM, 100 puM, 200 puM, 400 puM, 600 pM. Reaction mixtures were photo-
irradiated under UV (350 nm) for 50 min.
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The concentration dependence of ICL formation of duplex 3 for 1c upon photo irradiation.
Phosphor image autoradiogram of 20% denaturing PAGE analysis of 1c under varying

concentration. 0, 50 uM, 100 puM, 200 puM, 400 puM, 600 pM. Reaction mixtures were photo-
irradiated under UV (350 nm) for 50 min.
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MeONH?: trapping:

Lane 1: UV only. Lanes 2-21: with UV and compounds; MeONH2 concentration: lane 2,3: 0, lane
4,5: 780uM, lane 6,7: 1.56mM, lane 8,9: 3.12mM, lane 10,11: 6.25mM, lane 12,13: 12.5mM, lane
14,15: 25mM, lane 16,17: 50mM, lane 18,19: 100mM, lane 20,21: 200mM.

Drug (1b): - + + + + + + + + + . +

MeONH2(mM): © 0 0.39 0.78 1.56 3,12 6.25 125 25 50 100 200
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Carbocation trapping with ICL formation of duplex 3 for 1b at optimized conditions: 350 uM. 5
min.
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BME trapping:

Lane 1: UV only. Lane 2-21 with UV and compounds; BME concentration: lane 2,3: 0, lane 4,5:
190 pM:, lane 6,7: 390 uM, lane 8,9: 780 uM, lane 10,11: 1.56 mM, lane 12,13: 3.12 mM, lane

14,15: 6.25 mM, lane 16,17: 12.5 mM, lane 18,19: 25 mM, lane 20,21: 50 mM, lane 22,23: 100

mM.

Drug (1b): -+ + o+ o+ 4+ + o+ + o+ o+

BME(mM): DNA 0 0.19 0.39 0.78 1.56 3.12 6.25 12.5 25 50 100
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Carbocation and/or radical trapping with ICL formation of duplex 3 for 1b at optimized
conditions: 350 M. 5 min
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TEMPO trapping: lane 1: UV only. Lane 2-24 with UV and compounds; TEMPO concentration:
lane 2: 0, lane 3,4: 625 pM:, lane 5,6: 1.25 mM, lane 7,8: 2.5 mM, lane 9,10: 5 mM, lane 11,12:
10 mM, lane 13,14: 20 mM, lane 15,16: 35 mM, lane 17,18: 50 mM, lane 19,20: 70 mM, lane
21,22: 100 mM, lane 23,24: 200 mM.

Drug (1c): + + + + o+ + + + + + + +

TEMPO(mM): 0 62512525 5 10 20 35 50 70 100 200

bkl
B[]

1c
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-~ TEMPO

% ICL
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Trapping agent conc. (mM)

TEMPO trapping with ICL formation of duplex 3 for 1c at optimized conditions: 350 pM. 5 min
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Organic Solvent Ratio dependent ICL formation study of 1b

%H20 (v/v): 100 100 95 90 80 70 60
%DMSO (v/v): 0 0 5 10 20 30 40

[ J
I I

I

— l—\ é(—\ .‘#}ﬁ [ . \ . f
' ‘;_’ri_ g
3 : : : i '

i i ¥ 1

AL LITIY

%ICL: 1.5 45 29 22 13 6 4.4

Photoinduced DNA ICL formation for 1b. lane 1: DNA without drug but with UV irradiation at
350 nm: Lane 2,4,6: DNA with the drug (optimal concentration) but no UV irradiation at 350 nm
for optimal time; lane 3,5,7: DNA with the drug (optimal concentration) upon 350 mM irradiation
for optimal time: lane 3: 1b (ICL yield, 40 %); lane 5: 1a (ICL yield, 10.9 %); lane 7: 1¢ (ICL
yield, 11.3 %). DNA ICL yields were obtained by duplicate experiments and shown as average +
standard deviation.
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2.8 Appendix B: Characterization of compounds

DM O D @M~ QM (=1
oM, N=O0 O w
moen Qo8 =
@ @ @ Ll ol >3

Br

L o
w B
[=:] o
(=] o
8.0 7.0 6.0 50 4.0 3.0
ppm (11)
oW 0N o< oo f=] 4§ N Y
L B B O W < <t L] q A= =1
0 wuww L e e [ -] o wnwwn
000 0 M R w b oo

<—:

Br.

Br

) DR ~ L I _dJku I A
w y y L o
IS &~ IS ' r
= =) o © o
= =2 S o ~
- =3
9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0

ppm (t1)

H NMR (500 MHz, CDCI3-d, DMSO-d6) spectrum of compound 1a.

91

3000C

2500C

2000C

1500C

1000C

5000C

1500C

1000C

5000C



4000C

L8G'SE

3000C

Br.

2000C
1000¢

50

o
w |

E9E°ET) ————

S658ZL

292'6Z1

5.29
4.23

0.8

100

ppm (t1)

1000C

2£8°82

5000C

o

yog'sel ———_
€0z Lel ————
I¥G6eL ———
LPE'LEL

=- 439
- 4,97
2.36
0.15

50

100

ppm (1)

13C NMR (500 MHz, CDCI3-d, DMSO-d6) spectrum of compound 1a.

92



20000
15000
10000
50000

905
ELbE — T 1787
e J
0&
R:H
ad
R
ol
5e8' %k_bm

~o g m
- oG ®
o & o o)
o o5 0o oo

B

[=)

=]

8.0 7.0 6.0 5.0 4.0 3.0

9.0
ppm (11)

'H NMR (500 MHz, DMSO-d6) spectrum of compound 1b.

93



15000
10000
50000

60€'65 ——
L8O'ES =1.88
8.9'85 = 2.00

¥ LEL

£1672El

50

100

13C NMR (500 MHz, DMSO-d6) spectrum of compound 1b.

94



1500C
1000C
5000C

(]
NN
il
Ly o]

i

| 2431

} 643
Hf 4.44

3.0

4.0

5.0

6.0

7.0

8.0

ppm (t1)

'H NMR (500 MHz, MeOD-d) spectrum of compound 1c.

95



2500¢C

B80S'¥E
255°ve

Shl'Ly
Sle'ly
98y’ Ly
959' Ly

—

2000cC

1500C
1000C
5000C

= =180

g
L¥6' Ly
966°LY
291’8y

0r0°LLL
S50°2LL
LELLLL
9FLLLL
808'1LZL
Geg'Lel
Lreiel

£99'%CL
658'52L

L9961
104621
CLUBTL
£29'62L
21862
EV6BZL
869°0EL
LLLFEL
ZELPEL
LSLPEL
£61bEL
EEepEL
BYEVEL

FIaecl

N2

e S

— =16
— =110

J = 3335

50

100

13C NMR (500 MHz, MeOD-d) spectrum of compound 1c.

96



4000C

6L5¢

[T4°83
N
LEge

GGy ——
198y

629'2
6£9°2 %
269’2
£99'2

7758
£55'8 W
9958
958

3000cC

2000cC

1000C

— 37

- REES

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

9.0
ppm (t1)

'H NMR (500 MHz,) spectrum of compound 1d.

97



4000C

LoLe

¥95°¢

SIS

LBE'V

1228

681°L
PS¥'L
09r'L
89r'L
Piv'L

19’8
29’8
PLiv'8
L8¥'8

VR

3000C

2000C

1000C

I 7.38

385

T 4.00

1.0

20

3.0

4.0

5.0

6.0

7.0

8.0

9.0

ppm (t1)

'H NMR (500 MHz, DMSO-d6) spectrum of 1e.

98



130.094

L'l —=

130
ppm (t1)

124.529
124.447
124.166

124.141

e
A

9By =

120

g
o
\_‘/N
0
i@
LIJ
P

110 100 90 80 70

13C NMR (500 MHz, DMSO-d6) spectrum of 1e.

99

60

53.658

T—— 52612

iy

N
55

4000C

3000C

2000C

1000C



8.338
8.332

8.325
8.318

€.106
2.018

00y

ppm (1)

8.0

86°€ L

7.0

vor

26's

0
=

4.0 3.0

H NMR (500 MHz, CDCI3-d) spectrum of 1f

100

5000C

4000C

3000C

2000C

1000C



6000C
\fo
o 5000C
o 4000C
o}\
3000C
2000C
1000C
Mmm 0
W WLy Lyl e
(8] =0 N - -y
=1 oo = @ ~
o O=0~ [=] -
150 100 50
ppm (t1)

13C NMR spectrum of (500 MHz, CDCI3-d) spectrum of 1f

101



MmO Wo NN W @ M~ m
M= 0 W Q@ W M~ M~ P~
] e E T - £ <
© 0 © © L N v o
|
[s)
(2]
|
Y ¥ Y Y
o w - o
=1 e w o
S (=1 = ]
8.0 7.0 6.0 5.0 4.0 3.0 20 1.0

ppm (t1)

'H NMR (500 MHz, CDCI3-d) spectrum of 1h

102

8000C

7000C

6000C

5000C

4000C

3000C

2000C

1000C

-1000



2500C

2000C
| 1500C
cl) 1000C
5000C
sl b oo 0
oo e o
- o g r
-0 w o @ [+
[y oo = [=]
130 120 10 100 90 80 70 60
pem (1)

13C NMR (500 MHz, CDCI3-d) spectrum of 1h

103



1000C

5000C

cL0e

!

9LLE llllffff

¥6L'E

5Ly
18L%
S¥e'v
0s8'v
¥06'%
8067
GZ0'G
GES'S
255'6
0.8'G
L6S'G
609'G
L29'G

e

)

\

§69'9
¥aL’L
SLLL
a8lL
8617,

LLo'8
2z0'8

80’8
S0 ——

) U

L gy
£ iy
s

2.0

I_'_l

3.0 2.0

4.0

5.0

6.0

'H NMR (500 MHz, ) spectrum of 1i

7.0

8.0

ppm (t1)

104



6000C

BEDP

EEY'S

G8L°L
L6274
LEL
T4
B2y’ L
9eY'L
EPPL
0S¥°L
XA
6.2'8
982’8
£6Z°8

W2

5000C

4000C

3000C

2000C

1000C

=- 3.82

T 3.87

TF 1043
T 3.54

T 4.00

1.0

20

3.0

4.0

5.0

6.0

7.0

8.0

ppm (t1)

IH NMR (500 MHz, CDCI3-d) spectrum of 1j

105



1500C

o 1000¢

5000C
0
! IR ¥ w
= bl by b M
5 B s 2 9
130 120 110 100 90 80 70

ppm (t1)

13C NMR (500 MHz, CDCI3-d) spectrum of 1j

106



v

8.371
8.364
8.350

)

7.495
7.489
7.481
7475
7.188

o < o
= ~ =
© < w
w [} —
N
\0/
/O\N
H

O

0.00000

8.0
ppm (t1)

3

7.0

80 =
08'G =

8.0 5.0 40 30 20 1.0

'H NMR (500 MHz, CDCI3-d) spectrum of adduct 6.

107

0.0

50000

40000

30000

20006

10000



0 © 0 0
N oo <+ < © ~
~ o ~ @ b= =
@ @ ] ] b
™ ™y o™ u ~
‘_)‘_ ‘_)_ «w d 1500C
H
N o~
909
/O\N
H
5000C
oL - A \ . .‘ 0
i vy Y Y
haa e » b2
== o B =3
=] ] =] &
130 120 110 100 90 80 70 60
ppm (t1)

13C NMR (500 MHz, CDCI3-d) spectrum of compound 6.

108



-
|

| ®

Scan (E+) Ret. Time: [0.157->0.333]-[0.423->5.923] Scan#: [95->201]-[255->3555]

4000000

3000000

2000000

1000000

v

=]

o
[x]

o
=3
1

%
=]
S

367

< o —
] ] D ol
s ~

=
&
=

—
150

L%
T

200

T
250

T
300

Measured Region for 161 m/z

357
430
o7

T T [ T | T T
350 400 450 500 550 600 650 700

—{749

750

800

_IB48
881

850

5000000

4000000

3000000+

2000000

1000000

152

154

161

157
159
163

167

168

170

T
155

ESI-MS analysis of compound 1b

109




see
1o}

Scan (E+) Ret. Time: [14.807->15.137]-[0.150->14.730] Scan#: [8885->9083]-[91->8839]

600000+

500000

400000

517

300000;

200000

100000

33
1575
1
763
96
2
77

T T I S SAE R
50 700 750 800 850

Measured Region for 517 m/z

517

300000

200000

518

100000

29

2
J23

510 515 520 525
m/z

ESI-MS analysis of TEMPO trapping di-adduct with compound 1b

110



-
Vo

o

Scan (E+) Ret. Time: [13.467->13.897]-[0.073->13.087 Scan#: [8081->8339]-[45->7853]

200000

441

100000

19

©
S
&

ld

570
10
F642
65
702

)
-
=

T T T
0 750 800 850

. v h‘lu.‘d L
b e

| . :
T T ! T T
300 350 400 450 500 550 600 650 7

Measured Region for 419.62 m/z

252
taar
1s0
Lsig
176

1
4

Q1

80000

70000+

419

60000

50000

40000

30000

20000

10000

k16
——a18
421
F423
425

I i — " " T ' " " " T
415 420 425

ESI-MS analysis of TEMPO trapping mono-adduct with compound 1b

111



Scan (E+) Ret. Time: [13.007->13.553]-[0.200-12.717] Scan#: [7805->8133]-[121->7631]

110000

100000

90000

80000

70000~

60000

50000

40000

30000~

200004

100003

3
¥

551

523

o
]

2
ool 5 5

=) -]
2 v T

320
1354

o

=697
737
761

669

o1
bl

~
)

T T f et 1 T ey
300 350 400 450 500 550 600 650

Measured Region for 420.25 m/z

2
T \
700 750 800

T
850

T
900

120000%
110000
100000%
90000
eooooé
70000%
60000-
50000-
40000%
30000-
20000%

10000€

420

415

e~

w
]

427

1 |
415 420

]
425

Anthracene Acetate Analogue TEMPO Mono-Adduct Spectrum 11-2-21

112




see

(0

O

Scan (E+) Ret. Time: [11.853->12.660]-[0.170->11.737] Scan#: [7113->7597]-[103->7043]

200000

=1
hid

100000

278

512

&

=550

—F-298
359

s 3 3
" In T IL Ll pal g I‘ L] ‘I Js L Ly, - |\ L ‘ - L ‘ ‘ ‘
300 350 400 450 500 550 600 650 700 750 800 850 900

Measured Region for 468.28 m/z

——918

1600

089

o
~ ~ —_ "
o
=+ [ o =]
1 s i Lo

468

200000

100000

-4

473

=
)

@ol

460 465 470 475
Anthracene Benzyloxymethyl Analouge TEMPO Mono-Adduct Spectrum 11-2-21

113




Chapter 3. In vivo efficacy and selectivity of hydrogen peroxide
activated DNA interstrand cross-linking agents

3.1 Introduction

3.1.1 Reactive oxygen species as activator for prodrug

There are various types of DNA ICL agents available for the treatment of various types of cancer
diseases, such as cisplatins, mitomycin C, nitrogen mustards, psoralens, etc?. However, these
traditional DNA ICL agents lack of selectivity towards cancer cells, which is why they show
serious side effects. One way to reduce the toxicity of these agents is to make DNA alkylating
agents that can only be activated in tumor specific conditions. Various strategies have been
employed for inducing DNA ICL formation under tumor specific condition. Our group focuses on
exploiting the differences between tumor and normal cells for developing inducible DNA cross-
linking agents that can selectively attack and kill tumor cells.

Cancer cells have an intrinsically high rate of metabolic rate. Due to the increased metabolisms
and mitochondria malfunction, cancer cells produce high level of reactive oxygen species (ROS)
including hydroxyl radical (OH?*), superoxide radical anions (O27) and hydrogen peroxide®*.
Among different ROS, H20: is relatively stable with a longer half-life and higher intracellular
concentration. Various ROS probes have been employed to measure the level of endogenous
H20>, the most stable ROS, which indicated that many different types of human tumor cell lines
produced large amounts of H2O>. It has been assessed that the concentrations of H.O> can be up
to 100-fold higher in cancer cells than in healthy cells®>®. To improve the selectivity and
specificity of cytotoxic agents against cancer cells, H>O.-activated anticancer prodrugs have
been designed and developed!®!', Boronate esters and boronic acids selectively react with H,O2

and thus make an ideal target for the activation of prodrugs?. A number of arylboronic acid- and
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ester-based prodrugs have been developed, including prodrugs of DNA alkylating agents®-

19 aminoferrocene analogues?®-??, estrogen receptor regulators?>24 antitumor nitric

oxide?>?8, and theranostic prodrugs®”2%. Many of these prodrugs showed in vitro cytotoxicity and
selectivity toward cancer cells. However, only a few reports have discussed in vivo efficacy and
selectivity!62028,

3.1.2 H>O-Activated Nitrogen Mustard Precursors

Recently, our group reported two classes of H20O.-activated DNA cross-linking agents, including
quinone methide precursors!341° and nitrogen mustard analogues®™2°, that contained a boronic
acid or boronate ester as a ROS-responsive trigger unit (Scheme 3-1). The electron-withdrawing
property of boronates mask the reactivity of the DNA alkylating functional group while allow its
selective activation by H>O2 (1 — 2) (Scheme 3-1). These prodrugs can be activated in the
presence of H20> to release nitrogen mustards that directly cross-link DNA at the dG/dC sites.
DNA ICL assay indicated that these novel prodrugs showed good activity and selectivity toward
H20.. Furthermore, they selectively inhibit cancer cell growth, but normal cells were less affected.
These results demonstrated that the arylbronates can effectively mask the cytotoxicity of nitrogen

mustards while allow the activation by H20,18.

OH

@)
Trigger
H,0, DNA
— > —

H
N N N
Linker J/ \L J/ \L
1

2

Scheme 3-1. Activation of H20:-triggered alkylating agents.
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Previously, the DNA cross-linking activities and selectivity’s of 3-11 were investigated using a
49-mer DNA duplex, that contained one consensus sequence for nitrogen mustards. ICL formation
and vyields were analyzed via denaturing polyacrylamide-gel electrophoresis (PAGE) with
phosphor image analysis (Image Quant 5.2). Most of the compounds (3-6 and 9-11, 1.0 mM)
induced very few DNA ICLs (1.5-15%) in the absence of H202 (1.5 mM), whereas addition of
H.0> greatly enhanced their cross-linking yields'® (up to 65%). It was found that the compounds
with weak donating groups, such as 4, had increased selectivity (defined as the ratio of the DNA-
ICL yield with H20O> to that without H202). On the other hand, compounds with strong donating
groups (5) or strong withdrawing groups (6) had decreased selectivity. Thus it was concluded that
a strong donating group offsets the deactivating effect of the boronic acid or ester group, leading
to an increased cross-linking yield (8% for 5) in the absence of H202. A withdrawing group, e.g.
NO: suppresses the reactivity of the liberated compound, causing low enhancement of the H20,-
induced cross-linking efficiency (9% for 6). These results showed that the electronic effects could

tune the cross-linking ability and selectivity of the ROS-inducible DNA alkylating agents.

( ) Ve N\
6: R =NO, NHBoc 9:R=H NH,
T:R=NES COOMe 10:R = \\’i/s\)\coom

NHBoc NH;
BuOOC HOOC

R
- 1:R=
\ N
o P
h “Cl CIN /

Scheme 3-2.  Chemical structures of modified aromatic nitrogen mustards 3-11.

Wenbing et al. also investigated compounds with amino acid side chains (7, 8, 10, and 11).

Surprisingly, very low DNA-ICL vyields (less than 5%) were reported for 7 and 8, both with and
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without H>O2. The low DNA-cross-linking capability is thought to be caused by the steric
hindrance of the Boc group preventing 7 and 8 from effectively interacting with the major or minor
grooves of DNA. Further investigation showed that removal of the Boc group led to compounds
(10 or 11) with greatly enhanced DNA-ICL formation. Thus, in addition to electronic properties,
steric hindrance significantly affects the ICL formation of these compounds. These results further
indicated that a strong electron-donating group or an amino acid side chain (5, 10, and 11) slightly
increased the DNA-ICL vyield in the absence of H,O.

Table 3-1 summarizes the biophysical properties, selectivity, and cytotoxicity of all various

modified nitrogen mustards 3-11.

Cytotoxicity in

Compound Selectivity Human Cancer Glso
Cell Line
. . Significant growth .
3
n/a High High inhibition Highest
. . . Significant growth
4
Weak donating High High inhibition <3
5 Strong donating medium medium S|gn_|f|c_a Qt_growth n/a
inhibition
6 Strong withdrawing Low Low No cytotoxicity n/a
7 a.a. with BOC group Low Low No cytotoxicity n/a
8 a.a. with BOC group Low Low No cytotoxicity n/a
. . Significant growth
9
n/a High High inhibition <4
10 a.a. BOC free medium medium Most Sl_gm.ﬂF?nt Lowest
growth inhibition
11 a.a. BOC free medium medium No cytotoxicity n/a
Table 3-1.  Biophysical properties of 3-9 compared with cytotoxicity and Glso.

All previous observations showed that H,O»-activated DNA cross-linking agents are selective
anticancer prodrug candidates for triple negative breast cancer (TNBC) treatment, although a
detailed mechanism for the ROS activation of these prodrugs in cancer cells is yet to be

determined. It was reported that TNBC cells exhibit intrinsically higher H20- levels in association
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with the downregulation and decreased bioactivity of catalase®. Generally, human breast epithelial
cells produce very little ROS and regulate their metabolism normally. On the other hand, the
production of H20- regulates the growth of aggressive breast cancer cells. Since aromatic nitrogen
mustard 9 (CWB-20145) and its methyl analogue 12 (FAN-NM-CHj3) exhibited the best biological
and physicochemical properties, we investigated their pharmacokinetics and in vivo therapeutic

efficacy and selectivity using a cell line-derived xenograft model of TNBC.

HOOC

A

JUL SN TGS

9 12 (FAN-NM-CHj3) Melphalan Chlorambucil
Scheme 3-3.  Structure of antitumor agent 12 with control drug Chlorambucil and Melphalan.
3.2 In-vitro toxicity study
3.2.1 Concentration Dependent Cytotoxicity Study.
Compound 12 is more Cytotoxic than Chlorambucil or Melphalan in Human Breast Cancer
and Renal Cancer Cell Lines.
Previously, the cytotoxicity of 9 was tested against 60 human cancer cell lines at the National
Cancer Institute (NCI) Developmental Therapeutics Program, which showed that 9 has a
significant cytotoxicity in several cancer cell lines. Here, we determined the cytotoxicity of 12
with breast cancer MDA-MB-468 cells and renal cancer cell lines including UO-31, A498, SN12C,
TK-10, and CAKI-1. The results are depicted in Figure 3-1. The dose-dependent cytotoxicity study

(after 48 h in the presence of compound concentrations ranging from 0.195 to 200 uM) showed
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that 12 is more effective in killing cancer cells than chlorambucil and melphalan. For example, the
half-maximal inhibitory concentration (ICso) of 12 for MDA-MB-468 is 3.1 uM, which is one
tenth that of chlorambucil (ICso = 34.4 uM) and one-sixteenth that of melphalan (IC50 =48.7 uM).
Similarly, the ICsp of 12 for UO-31 is 48.94 uM, while those of chlorambucil and melphalan were
higher than 100 pM. Similar results were obtained with A498, SN12C, TK-10, and CAKI-1 cells.
It is important to note that, the introduction of a methyl group in 12 showed improved potency.
For example, 12 is four-fold more potent than 9 for the MDA-MB-468 cell line (IC50 = 3.1 uM
for 12 vs 16.7 uM for 9). Similarly, lower 1Cso values were observed for 12 than 9 in other cell
lines, including A498, SN12C, TK-10, and CAKI-1. Collectively, these data suggest that a methyl

group greatly improved anticancer effect.
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Figure 3-1. Cellular toxicity of 12, chlorambucil, and melphalan in (A) MDA-MB-468, (B) UO-
31, (C) A498, (D) SN12C, (E) CAKI-1, and (F) TK-10 when incubated for 48 h with
concentrations ranging from 0.195 to 200 uM (n = 4, ICsg values were determined by a nonlinear
regression). The significance was determined by one-way ANOVA followed by a Tukey test to
compare all pairs of columns (n =4, (*) P <0.05, (***) p <0.0001.

3.2.2 Time Dependent Cytotoxicity Study.

The time-dependent cytotoxicity of 12 was assessed with MDA-MB-468 over the period of 4 days
(Figure 3-2). The cells were treated with 10 or 20 uM of 12 respectively. Only a 42% viability was
observed for the MDA-MB-468 cells after a 24 h exposure of 12 (20 uM). Similarly, 10 uM 12
led to a 65% viability at 24 h and 29% at 48 h for the MDA-MB-468 cells. It was observed?® that
MDA-MB-468 cells are more sensitive to 12 than to 9. Finally, our findings indicate that the
cytotoxicity of 12 is time-dependent and exhibits a long-lasting effect on the viability of cancer

cells.
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Figure 3-2. Time-dependent toxic response of MDA-MB-468 cells when incubated with 10 or 20

uM of 12 (n = 4). The significance was determined by one-way ANOVA followed by a Tukey test
to compare all pairs of columns (n = 4, (*) P <0.05, (***) p < 0.0001.

3.2.3 MDA-MB-468 Cell Produced a High Level of H20..

Cytotoxicity study established that the MDA-MB-468 cell was particularly sensitive towards these
H20:2-activated prodrugs. So we investigated if there’s a correlation between the efficacy of these
prodrugs and H2O:> level. Previously, Sen and coauthors reported that several breast cancer cell
lines, including the MDA-MB-468 cell line, showed greatly increased H>O> production rates than
normal human breast epithelial cells, which is associated with the downregulation and decreased
bioactivity of catalase in TNBC cells. Increased H>O. production leads to an increased
proliferation of aggressive TNBC cells. Here, we determined H20: level produced by MDA-MB-
468 cells using the Amplex Red hydrogen peroxide assay kit (Invitrogen, A22188). To quantify
the H.O. released from MDA-MB-468 cells, we first prepared a H.O. standard curve.
Approximately 2.0-2.5 uM H20> was detected with (25-50) x 103 MDA-MB-468 cells after being
incubated at 37°C for 5 h (Figure 3-3). It is to be noted that the actual H>O> concentration of the
cell samples is two-fold higher due to the prepared cell samples mixed with an equal amount of

Amplex Red reagent before the assay.
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Figure 3-3. H20- level released from MDA-MB-468 cells as measured by Amplex Red (data are
represented as mean = SD from three independent experiments) (Note: as the prepared samples
mixed with an equal amount of Amplex Red reagent before the assay, the final H2O> concentrations
are two-fold lower). The significance was determined by one-way ANOVA followed by Dunnett
to compare all columns (n = 6), (*) P <0.05, (***) p <0.0001 vs control (Amplex Red only).
3.2.4 Cytotoxicity inhibition study using ROS blocker.

Given that the H.O»-activated prodrugs can be converted to the active forms in the presence of
H20., we postulated that blocking the ROS production by N-acetyl cysteine (NAC) would inhibit
the cytotoxicity of these agents. To test our hypothesis, we incubated MDA-MB-468 cells with 12
in the presence or absence of NAC and measured the end points such as cytotoxicity. On one hand,
our data showed that, in the presence of NAC (250-500 uM), the apoptosis induced by 12 (20 uM)
was slightly decreased (Figure 3-4). On the other hand, a much lower H2O> level was detected in
the cells treated with 12 alone or with 12/NAC (Figure 3-3). Collectively, the data suggested that

12 functions through ROS-dependent mechanisms.
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Figure 3-4. Toxic response of MDA-MB-468 cells when incubated with NAC (250 uM), 12 (20
uM), 12 (20 uM) + NAC (250 uM), and DMSO (control). Data are represented as mean + SD from
three independent experiments. The significance was determined by one-way ANOVA followed
by Dunnett to compare all columns (n = 4), (*) P <0.05, (***) p <0.0001 vs 20 uM 12.

3.3 In-vitro efficacy and selectivity of ROS-activate prodrugs

3.3.1 Safety Study with CD-1 Mice

One dose treatment. The CD-1 mice were injected ip with one dose of nitrogen mustard precursor
12 and observed for one week. Five different doses of 12 were tested (20, 40, 60, 80, and 100
mg/kg) . All mice survived after seven days. No obvious toxicity was observed for mice treated
with 20 mg/kg dose, where the weight of mice slightly increased, which was similar to the control
mice (Figure 3-5). However, obvious weight loss was observed with the mice treated with 40
mg/kg or higher doses. The mice weight significantly decreased next day after drug treatment,
while the mice weight slightly increased when the injection was discontinued. Chlorambucil,

however, induced death at 80 mg/kg for all animals.
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Figure 3-5. The results of one dose treatment for compound 12.

Five dose treatments: Single dose toxicity study demonstrated that ROS-activated prodrug 12 are
less toxic than chlorambucil. Then a repeated-dose toxicity study was conducted to determine the
safe dose for further in vivo efficacy study. The mice were injected with six different dosages of
compound 12 (5 mg/kg, 10 mg/kg, 20 mg/kg, 30 mg/kg, 40 mg/kg, and 50 mg/kg) and each dose
with seven continuous injections within seven days. All mice treated with lower dosages (10 and
20 mg/kg) of 12 survived after seven days (Figure 3-6). Mice treated with 10 mg/kg dose had no
obvious weight loss in the first three days, weight loss was observed beginning the 5™ day, while
obvious weight loss was observed on the 7" day. Mice treated with 20 mg/kg dosage showed
obvious weight loss from the 3™ day. Mice treated with higher dose (40 mg/kg, 50 mg/kg) of

compound 12 showed obvious weight loss and euthanized on the sixth and fourth day respectively.
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Figure 3-6. The results of five injections per week for compound 12.

Chlorambucil induced death at a 40 mg/kg repeated dose on day 3. All mice treated daily with 40
mg/kg and 50 mg/kg 12 survived. Thus, ROS-activated prodrug 12 showed a better safety profile
than chlorambucil. No obvious weight loss was observed for mice treated with 12 at all three doses
(5.0, 10, and 20 mg/kg) (Figure 3-6). More importantly, a slight increase of body weight was
observed for mice treated with 5.0 mg/kg of 12 which was similar to control mice. Thus, a dose of

5.0 mg/kg was used for the following in vivo efficacy study.

3.4 Invivo efficacy study with athymic nude mice xenografted with breast cancer
cell ineMDA-MB-468

To investigate the in vivo efficacy of 12, the human breast cancer xenografts were established by
a subcutaneous implant of MDA-MB-468 cancer cells in athymic nude mice. Tumors developed
in all mice within one week. The mice were divided into two groups that were treated with either
vehicle or 12 (5 mg/kg). The mice was injected with 12 daily except for weekend. The size of
tumors and the weight of mice were measured weekly. The data are presented in Figure 3-6. It was
found that 12 greatly inhibited the tumor growth in vivo, evidenced by 94.6% of calculated tumor

growth inhibition rate [IR (%) = [1 - (mean volume of treated tumors)/(mean volume of control
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tumors)] x 100] and 80% of tumor shrinkage. After nine weeks of treatment, the mean volume for

12-treated tumors was only 46.3+17.7 mm?3, that is, 5.4% of the mean volume of the control tumors.
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Figure 3-6. In vivo evaluation of a daily treatment of 12 in athymic nude mice. The volume of

tumors for control and 12-treated mice from 1% to 9" week (5 mg/kg). Time-dependent tumor

growth measured by caliper. The mice were administered IP with vehicle, 12 at a dose of 5 mg/kg.
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Figure 3-7. Final harvested tumor weight for control and 12-treated mice after 9-week’s treatment.
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Figure 3-8.  The mean of tumor weights at the end of treatment. Data are expressed as mean +
SD (n = 8), (***) p < 0.001 vs control group.

The tumors were excised and weighed on the first day of week nine. The weight of tumors in the
control group ranged from 100 to 370 mg, while those of 12-treated mice were 17.3 + 7.4 mg. The
results demonstrated that 12 effectively inhibited the tumor growth for MDA-MB-468 xenografts
with a dosage of 5.0 mg/kg.

The two groups of athymic nude mice under an in vivo efficacy study were also monitored for
symptoms of toxicity including changes in body weight, loss of appetite, reduced activity levels,
treatment-related mortality, and changes (color and weight) in kidney, liver, spleen, and heart. Our
observation suggested that the IP administration of 12 (5 mg/kg) for nine weeks (five injections
per week) induced neither animal death nor weight loss. The 12-treated mice showed a similar
increase in body weight as compared to the control group (Figure 3-9). Together, the in vivo
investigation demonstrated that ROS-activated prodrug 12 potently suppressed the tumor growth

without affecting normal tissues in the mice.
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Figure 3-9.  Body weight of mice for control and 12-treated mice from 1%t to 9™ week (5 mg/kg).
3.4.1 Pharmacokinetics and Stability.

Blood Plasma pharmacokinetics and LC-MS/MS analysis. The conversion of prodrug 12 was
investigated in mice (Figure 3-10) as well as in the presence of liver microsomes (Figure 3-10).
Initially, we investigated the conversion of 12 in mice over a period of 2 h (Figure 3-11). The
blood concentrations of 12 were quantified by LC-MS/MS following a single intraperitoneal
injection of 10 mg/kg (Figure 3-10). Compound 12 was readily detected in plasma with a tmax of
~3 min. The presence of a methyl group in 12 greatly increased the half-life to 8.84 min from
4.92 min for 9. The rate of transformation for 9 in the blood was fast (0.141 min™'), which is 2
times faster than that of 12 (0.078 min~!). Compound 12 showed an area under the curve (AUC)
of 16253 ng-min/mL, which is higher than that of 9 (10883 ng-min/mL). The data suggested that

a methyl group greatly increases the half-life and duration of the prodrugs.
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Figure 3-10. Pharmacokinetic profile of 12. Plasma pharmacokinetic analysis of 12 in CD-1 mice
following a single IP dose of 10 mg/kg. All experiments were conducted twice in triplet.
Microsomal Stability Assay. The conversion of prodrug 12 was investigated in mice as well as
in the presence of liver microsomes (Figure 3-11). The in vitro microsomal stability studies
revealed that prodrug 12 is significantly more stable in human microsome (t1> = 59.38 min for

12) than in mouse microsome (tu2 = 23.49 for 12) (Figure 3-11).
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Figure 3-11. Pharmacokinetic profile of 12. Stability of prodrug 12 in the presence of human and
mice microsomes. All experiments were conducted twice in triplicate.

Liver Pharmacokinetics and LC-MS/MS Analysis.
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Figure 3-12. Pharmacokinetic profile of 12. Liver pharmacokinetics analysis of 12 in CD-1 mice
following a single IP dose of 10 mg/kg. All experiments were conducted twice in triplet.
Transformation of prodrug 12 in liver was also investigated in mice over a period of two hours.
Liver concentration of 12 was quantified similarly using LC-MS/MS following IP injection.
Compound 12 reached maximum concentration with a tmax of ~ 4min. Half-life was found to be
approximately 9.5 min.

Brain Pharmacokinetics and LC-MS/MS Analysis.
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Figure 3-13. Pharmacokinetic profile of 12. Brain pharmacokinetics analysis of 12 in CD-1 mice
following a single IP dose of 10 mg/kg. All experiments were conducted twice in triplet.
Penetration of prodrug 12 in brain tissue was also investigated in mice over a period of two hours.
Brain concentration of 12 was quantified similarly using LC-MS/MS following IP injection.
Compound 12 reached maximum concentration with a tmax 0f ~ 4min in brain which was very
similar to blood and liver. However, half-life was found to be approximately 25 min which is
relatively higher than blood and liver. This led us believe it to be a potential compound for brain
tumor-related treatment. However, more study and investigation are required for detailed
mechanism.
3.4.2 Detection of Drug Metabolites in Cell Culture.
Synthesis of Activated Phenol 13. In order to provide direct evidence for the activation of these
ROS-activated prodrugs by H20 in cancer cells, we determined the possible metabolites in cell
cultures as well as in cells. We first synthesized the activated form 13 by oxidative deboronation

of 12, then used 13 as an internal standard.
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The reaction of 12 (200 umol) with H2O2 (100 umol) was carried out in a mixture of 400 mM
deuterated potassium phosphate buffer (pH 8.0) (30 uL) and DMSO (2ml). In the presence of
H20>, oxidative deboronation of 12 occurred yielding alkylating agent 13, which was characterized
by NMR (See appendix). The conversion of 12 to 13 was fast that almost 80% of 12 was
transformed to 13 within 30 min, and >95% of 13 was formed after 2 h, which showed that the
aryl boronates developed in this work are efficient H.Oz-responsive trigger units. Overall, the
prodrugs developed in this work are sensitive to H.O> under physiological conditions.

In an effort to provide direct evidence for the selective transformation of a boronic acid prodrug
to the phenol analogue, we used mass spectroscopy to analyze the transformed adducts obtained
from a cell culture. Approximately 1-2 million cells were treated with 20 uM prodrug 12 and
incubated at 37°C for 2, 4, 6, 12, and 24 h. Then, the cell culture media and cells were separated,
and the cells were trypsinized, extracted with MeOH, and analyzed by mass spectroscopy.

Other possible metabolites/ transformed product:
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Scheme 3-5. Possible way of 12 metabolism.
There could be several transformed product of compound 12: Hydrated 11, Hydrated activated 12,
Protodeboronated 12, protodeboronated and activated 12. Compound 11 was detected with the
samples incubated for 2, 4, and 6 h but disappeared after 6 h of incubation, which suggested that
12 was completely transformed to other products (Appendix). We easily detected hydrated 12 and
protodeboronated 12. The activated phenol form, however, was not detectable by mass
spectrometry. It is possible that an attempt to detect activated phenol did not succeed for a number
of reasons: (a) It's possible that phenol is too active to be detected; (b) It is possible that the
conversion yield is low since the level of H20: in cells is lower than that used in DNA cross-
linking studies; (c) other transformation products are possible, including hydrolysis, reactions, or
association with cellular metabolites and/or biomolecules within the cells. All these would make
the detection of prodrug transformation more difficult. Collectively, these data suggest that the

MDA-MB-468 cell does produce a high level of H20. and that 12 may function through ROS-
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dependent mechanisms, but the detailed mechanism of function has not been fully understood yet.

& & oo

PRANAWSRWSAY

Molecular Molecular Molecular Molecular
Weight: 239.08 Weight: 211.26 Weight: 195.13 Weight:
231.06

Scheme 3-6. Possible metabolites of 12 other than activated metabolite.

3.5 Conclusion

A central goal of cancer treatment is to selectively target tumor cells. To develop safer cancer
treatments, it is necessary to utilize the unique biological processes of cancer cells. ROS-
responsive trigger has shown to successfully induce the production of a cytotoxin to kill cancer
cells and offers a therapeutic advantage, as cancer cells have an increased level of ROS in
comparison to healthy cells®>3%-32, Many ROS-activated anticancer prodrugs have been
investigated, but few showed in vivo efficacy or selectivity'2027. Here, Using a xenograft mouse
model, we demonstrated the therapeutic utility of a ROS-activated DNA interstrand cross-linking
agents. Some of the most widely used anticancer drugs are DNA-alkylating agents such as
cyclophosphamide, chlorambucil, and bendamustine. They are effective against fast-dividing
cancer cells because they interfere with DNA replication and transcription, stall mitosis, and/or
induce apoptosis. However, many nonmalignant cells, such as those in bone marrow, the lining of
the mouth and intestines, and hair follicles, also divide rapidly. This is why, most DNA-targeting

anticancer drugs have serious side effects, including weight and hair loss, nausea and vomiting,
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fatigue, low blood-cell counts, easy bruising or bleeding, and the risk of cardiotoxicity. Luckily,
their side effects due to their toxicity are controllable as it is dose-limiting. Nevertheless, in the
absence of improved agents, alkylating agents are still needed for cancer treatments. However,
more selective DNA-targeting agents are needed to reduce unwanted side effects.

The in vivo evaluation suggested that ROS-activated DNA cross-linking agent, FAN-NM-
CHs (12) which is the methyl analouge of CWB-20145 (9), showed an improved in vivo efficacy
and selectivity in comparison with the clinically used DNA alkylation agents chlorambucil and
melphalan. In addition to being more toxic than chlorambucil and melphalan in several cancer cell
lines, FAN-NM-CH3 had improved in vivo efficacy, safety, and reduced side effects. It led to a
significant tumor shrinkage in mice xenografted with the MDA-MB-468 cell line (up to 80%
shrinkage in tumor size) without any obvious signs of general toxicity. In comparison with the
parent compound CWB-20145 (9), its methyl analougue FAN-NM-CHj3 showed improved drug-
like properties (e.g., increased duration time and absorption) and a superior in vivo efficacy with
a favorable safety profile. The results of this study provide valuable guidance for further designing
compounds with drug-like properties that may eventually be used as therapeutics in humans.
Most important finding of this study is that, it indicated that FAN-NM-CHzs are most effective
against TNBC cells, such as MDA-MB-468 cells. TNBC is one of among different subtypes of
breast cancers. It is particularly difficult to treat and has a poor prognosis since it lacks estrogen
receptors, progesterone receptors, and HER23334, Patients with triple-negative tumors have largely
been bypassed out of the treatment revolution that has transformed many breast cancers. Because
of the absence of a recognizable therapeutic target, cytotoxic chemotherapy remains the only
systemic treatment option®>-3° for TNBC. FAN-NM-CHjs showed increased in vivo efficacy and

selectivity toward TNBC cells, which may lead to a selective chemotherapy with phenyl boronic
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acid-modified DNA cross-linking prodrugs as a new treatment option for patients with TNBC.
Although the in vivo mechanism of function for this type of molecule is yet to be fully understood,
a high level of H,O> was detected with TNBC cells, such as the MDA-MB-468 cell, which might
be one of the factors that accounted for an improved efficacy and selectivity of these molecules
toward TNBC cells. In normal cells with low levels of H202, these prodrugs are unlikely to be
activated, but they should activate specifically in cancer cells under oxidative stress, as the
presence of electron-withdrawing boronic acid masked the toxicity of alkylating effectors.
However, a correlation between ROS levels and efficacy and selectivity in vivo has not yet been
established, but it is under investigation.

In conclusion, Our results here demonstrate a more potent and selective drug candidate FAN-NM-
CHs (12) that is effective in vivo following our earlier development of ROS-activated DNA
alkylating agents. It has improved in-vivo efficacy and selectivity, along with reduced side effects
and improved pharmacokinetic properties. As FAN-NMCH3 has a promising therapeutic activity
and selectivity against TNBC cells, the H202-activated cross-liking agents may be useful in the
treatment of TNBC patients and warrant further clinical evaluation. Currently, we are studying
metabolites, exploring the correlation between in vivo efficacy and ROS level, understanding
signal transduction pathways, and assessing immune toxic effects of this novel class of compounds
in addition to investigating the potential for FAN-NM-CH3 to serve as an Investigational New
Drug.

3.6 Experiment protocol

3.6.1 Protocol for cell preparation

Everything must be done in biosafety hood. The hood was sprayed down with 70% ethanol and

cleaned. 16 of big flasks (150 cm?), full of cancer cells, were prepared before xenograft mice study.
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The matrigel was stored in ice and put in 2-8°C overnight before xenograft mice study. The media

and trypsin (HyClone, cat #: SH30042.01) was pre-warmed at 37°Cand 25°C respectively for 30

min before the assay.

Breast cancer cell line MDA-MB-468

Media component: 500 mL of L-15 Leibovitz media (cat #: SH30525.01), 50 mL of Fetal bovine

serum (MIDSCI Cat#: S01520HI), 5 mL of NEAA (HyClone, cat #: SH30238.01), 5 mL of

Penicillin (HyClone, cat #: SV30010). Note: don’t need CO2 for growth (small incubator without

CO2, “VENT” flask)

Preparation of cancer cells in 16 big flasks:

The media and trypsin (HyClone, cat #: SH30042.01) was pre-warmed at 37°C and 25°C
respectively for 30 min before the assay. Media component: 500mL of L-15 Leibovitz media
(cat #: SH30525.01), 50mL of fetal bovine serum (MIDSCI Cat#: S01520HI), 5SmLof NEAA
(HyClone, cat #: SH30238.01), 5mL of penicillin (HyClone, cat #: SV30010).

Coating: add 3.0 mL matrigel solution (0.5 mL matrigel + DMEM/High modified 200 mL)
and spread to the whole bottom of the flask, incubate the flask at 37°C for 10 min. Then,
remove the matrigel by aspiration.

Pretreat the flask: prewash the flask with 5.0 mL media and remove the media, then add 25
mL media in the flask; meanwhile, quickly thaw the cancer cells at 37°C within 1-2 minutes
(Note: cells can easily die at r.t. in DMSO).

One flask cell growth: transfer the cells to the pre-washed flask (150 cm?) with about 25.0
mL media and incubate the cells at 37°C for about 2-7 days (the cells are spreading in the
bottom of the flask).

Remove the media in the flask with MDA-MB-468 cell lines by aspiration and 5 mL media
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was added to wash the bottom of the flash, remove the media carefully not touching the
bottom.

vi.  Add trypsin (SH 30042.01, Hyclone) (4 mL) to the flask and incubate at 37°C for 5min.

vii. Homogenization of cells solution by pipetting the solution up and down 10 times in thecorner
of the flask.

viii. Transfer 1 mL solution into four new flasks (150 cm?) which were pre-treated with 3 mL of
matrigel solution (VWR cat #: 47743-715) (Step ii, coating), and add 25 mL media to the
flask for cells growing.

iX.  Three to seven days later, prepare 16 big flasks of cells by repeating step i to v on every fask
which is full cancer cells. The total approximate time is two to three weeks.

Renal cancer cell line (UO-31, SN-12C, A-498, CAKI-1, TK-10)

Media component: 500 mL of RPMI 1640, 1X with L-glutamine media (VWR cat #: 45000- 396),

50 mL of Fetal bovine serum (MIDSCI Cat#: S01520HI), 5 mL of Penicillin (HyClone, cat#:

SV30010). Note: CO; is necessary for cell growth (big incubator with CO,, flask: not vent).Other

renal cancer cell lines in our lab use the same method for growth.

i. One flask cell growth: transfer the cells to the flask (don’t need coating) (150 cm?)with about
25.0 mL media and incubate the cells at 37°C for about 2-7 days (the cells are spreading in the
bottom of the flask).

ii. Remove the media in the flask with cell lines by aspiration and 5 mL media was added to wash
the bottom of the flash, remove the media carefully not touching thebottom.

iii. Add the trypsin (SH 30042.01, Hyclone) (4 mL) to the flask and incubate at 37°C for 5 min.

iv. Homogenize the cells solution by pipetting the solution up and down 10 times in thecorner of

the flask.
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V.

Vi.

Transfer 1 mL solution into four new flasks (150 cm?), and add 25 mL media to theflask for
cells growing.
Three to seven days later, prepare 16 big flasks of cell lines by repeating step ii to v on every

flask which is full cancer cell lines. The total approximate time is two to three weeks.

3.6.2 Protocol for cell injection to nude mice

Vi.

Vii.

Store the matrigel on ice and stay in 2-8°C overnight before xenograft mice study.

. Remove the media in the flask containing cancer cell lines by aspiration and 5 mL media was

added to wash the bottom of the flask, remove the media carefully not touching the bottom. 4
flasks were done one time.

Add trypsin (6 mL) to the flask and incubate at 37°C for 10 min until all the cellsdetached from
the bottom.

Homogenize the cells solution by pipetting the solution up and down 10 time in the corner of
the flask and transfer the detached cells (4 flasks) to a 50 mL conical tube (4 X 6 mL),then
wash the 4 flasks with 25 mL media, collect in the conical tube (4 X 6 mL+25 mL), total 4
conical tubes.

Spin down the cells in the 4 conical tubes (1000 rpm, 5 min) and remove the mediacarefully.
Add 10 mL media to each conical tube mix (up and down 10 times) and combine thesolution
in 50 mL conical tube, centrifuge (1000 rpm, 5 min) and remove the media again.

Add 5 mL media to the cell lines, mix and devided them into 25 small tubes (150-200 uLeach

tube).

viil. Spin down for (1000 rpm, 1 min) and discard half of the supernatant.

iX.

Mix the cell lines with the same volume of matrigel (100-160 uL) with pipette (keep the

matrigel in ice, then put in 4°C refrigerator as the matrigel can easily solidify at room
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temperature) and inject 100 pL of the mixture to each mice.
X. Injection: 0.1 mL of above solution was injected under skin of the mice, the inject positionwas
on the back close to the legs.
3.6.3 Protocol for compound injection to nude mice
Formulation:
Vehicle: In two of 1.5 mL vials, add 75 puL of DMSO, 712 pL of PEG 400 and 712 pL of PBS
(1X) buffer (Cat No SH30256.01). Mix well by pipetting 10 times or shaking tube.
Drug solution (Order of adding different solutions is extremely important): (1) In two of 1.5 mL
vials, add 75 pL of drug solution (DMSO); (2) add 712 puL of PEG400 and mix; (3) add 712 pL
of PBS (1X) (Cat No SH30256.01) and mix well (add half of it and mix, then add remaining); (4)
For a dose of 10 mg/kg, the weight of mice is 20 g in average. Compound (6 mg) was dissolved
in 150 pL of DMSO.
Injection protocol:
0.1 mL of compound solution was injected each day and 5 days/per week in the belly of the

mice, the injection position was close to and under the nipple. The treatment lasts for 6-8 weeks.

3.6.4 Protocol for Cytotoxicity Assay

i. The media and trypsin (HyClone, cat #: SH30042.01) was pre-warmed at 37°C and 25°C
respectively for 30 min before the assay. Media component: 500 mL of L-15 Leibovitz media
(cat#: SH30525.01), 50 mL of Fetal bovine serum (MIDSCI Cat#: S01520HI1), 5 mL of NEAA
(HyClone, cat #: SH30238.01), 5 mL of Penicillin (HyClone, cat #: SV30010).

ii. Remove the media in the flask with MDA-MB-468 cell lines by aspiration and 5 mL media
was added to wash the bottom of the flash, remove the media carefully not touching the bottom.

(Thaw the cell lines from liquid nitrogen at 37°C for 1 min and immediately transfer them to a
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flask with 40 mL media, replace the media the next day to remove the DMSO).

iii. Add the trypsin (3 mL) to the flask and incubate at 37°C for 5 min.

iv. Homogenize the cells solution by pipetting the solution up and down 10 times in the corner of
the flask.

v. Transfer 1 mL solution into a new flask (150 cm?) which was pre-treated with 3 mL of Mitrigel
(VWR cat #: 47743-715), and add 50 mL media to the flask for cells growing.

vi. Transfer the rest (from step 4) to a 15 mL or 50 mL conical tube, add some media (about 5 mL
depending on the density of the cell lines), pipette several times to mix them, count the cell
lines by pipette 10 uL to the counter: the density equals to the number in the biggest square
x10* /mL. The biggest square has 1 mM x 1 mM area.

vii. Centrifuge the conical tube and cell lines will be on the bottom. Remove the media containing
trypsin without affecting the cell lines.

viii. Add the proper volume of media by counting the density you need.

A. For dose response, the required number is 10000-30000 cells per well (20 uL) which is 50x10*

to 150x10* per mL. Add the cell lines 20 uL to the “384-well white polystyrene microplates”

(Corning, #3570). Centrifuge the plates. Incubate the cell lines at 37°C in the incubater (Fisher

#:504313) for 2-3 h, then add the drugs by Freedom EVO ware transfer two times with each time

100 nL and total 0.2 uL, further incubate the plate at 37°C for 18-24 h. Add 20 uL of celltiter-Glo

Luminescent solution (VWR cat #: PAG7572) to each well and detect the luminescent and draw

the curve.

B. For days response, the required number is 3000 cells per well (100 uL), which is 3x10* per

mL. Transfer the cell lines 100 uL to each well of 96 white plate (Corning, #3903) which was

pretreated by Matrigel (10 uL). Add 0.5 uL of compounds in DMSO solution with certain
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concentrations to all the wells (The final concentration in the wells was suggested as EC3o obtained
from dose response assay). Add 100 uL celltiter-Glo Luminescent solution to one range of the
wells and detect the luminescent for day O; The next day, add 100 uL celltiter-Glo Luminescent
solution to another range of wells and detect the luminescent; ... After 5 days, draw the curve.

Note: DMSO for cell line experiments should always be below 0.1%, as it is cytotoxic at higher
concentrations. Primary cell cultures are far more sensitive, so if it is primaries you are using then
do a further dose/response curve (viability) at concentrations below 0.1%. 5% is very high and will

be dissolving the cell membranes.

3.6.5 Extracellular Reactive Oxygen Species Detection Assay

The Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (#A22188, Invitrogen) was used to
detect the extracellular H20- released by MDA-MB-468 cells. 15x103-50x102 cells per well in 96
Well Black/Clear Bottom Plate (Thermo Scientific™ Catalog: 165305) were seeded. Cells were
either not treated or treated with 20 uM of 12 for 24 h. The cells were then washed twice with 1 x
KRPG (Krebs—Ringer phosphate consists of 145 mM NaCl, 5.7 mM sodium phosphate, 4.86 mM
KCI, 0.54 mM CaCly, 1.22 mM MgSOs, 5.5 mM glucose, pH 7.35) and incubated for 5 h in 100pL
KRPG buffer. Then, 50 pL was transferred in another 96 Well Black/Clear Bottom Plate in
triplicate and mixed with an equal amount of Amplex Red reagent (50uM Amplex Red and 0,1
U/mL HRP final concentrations). After 5 h incubation at room temperature in the dark,
fluorescence was measured (560ex/590em nm) on an infinite M1000 microplate reader (Tecan).

Each value in the figures represents a mean of triplicate samples.
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Figure 3-16. H.O standard curve.

Detection of H20- using the Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit. Reaction
mixture containing 50 uM Amplex® Red reagent, 0.1 U/mL HRP and the indicated amount of
H202 in 50 mM sodium phosphate buffer, pH 7.4, was incubated at rt for 5 h and protected from
light. Fluorescence was then measured with a fluorescence microplate reader using excitation at
530 + 12.5 nm and fluorescence detection at 590 + 17.5 nm. Background fluorescence, determined
for a no-H,O> control reaction, has been subtracted from each value. Preparation of H,O> solution:
dilute the appropriate amount of 20 mM H.O> working solution into 1X Reaction Buffer to produce
H20: concentrations of 0 to 20 uM, each in a volume of 50 uL. Be sure to include a no- H20>
control. As the prepared H20- solution mixed with an equal amount of Amplex Red reagent before

the assay, the final H.O> concentrations will be two-fold lower (0 to 10 pM).

3.6.6 Protocol for Inhibition of Cytotoxicity Study Using ROS Production Blocker
The cell line (MDA-MB-468) was transferred to a 96-well plate (Nunc™: 165306) that was
pretreated with matrigel. The total number of cells was 3000 per well in 100 puL (3x104 per mL).

The cells were treated with 20 uM of 12 in combination with different concentrations of N-Acetyl-
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Cysteine (NAC) in water (0.5uM, 2uM, 5uM, 10uM, 50uM, 125uM, 250uM, 500uM, 1mM and
2.5mM). CellTiter-Glo reagent (100 uL) was added to the first row of the wells. The luminescence
was then measured for day 0. Next, the plate was incubated at 37°C for 24 h with 100% relative
humidity. CellTiter-Glo® Reagent (100 puL) was added to the second row of the wells and the
luminescence was measured for 24 hours. The NAC effect was generated by plotting the
percentage of viable cells against different concentrations of NAC using GraphPad Prism5

software.

3.6.7 Protocol for Drug Metabolite Extraction to Detect Transformation.

1. Cell count: 2,000,000 per well in 1 ml media. About 2 million MDA-MB-468 cells were seeded
in a 6-well plate (about 1.0 mL growth media per cell).

2. 10mM 2uL Drug in DMSO will be added and incubated. A 10 mM solution of 12 in DMSO
(2 uL) was added to each well, which was incubated at 37°C for 2, 4, 6, 12, or 24 hrs.

3. After 6 hour and 12 hour, 0.5 ml media from cell+drug, media+drug, cell+DMSO and media
well will be collected and added to 0.5 ml methanol, vortexed and centrifuged at 10,000 rpm
for 5 minutes.

4. Cells will be trypsinized with 0.5ml trypsin and transferred to another vial.

5. 500uL ml Methanol will be added to the trypsinized cells to deproteinize cells, vortexed, ultra-
sonicated for 10 min and centrifuged at 10,000 rpm for 5 minutes.

6. Supernatant layer from step 3 and 5 will be transferred to Spin-X® Centrifuge Tube Filters
(vwr catalog no. 29442-760).

7. Filtered sample solution taken out for analysis in LC-MS.

3.6.8 Blood Pharmacokinetics and LC-MS/MS Analysis

Internal standard: 1S (133.3 ng/mL, 100 uL) in methanol (cold).
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Vi.

CD-1 female mice were dosed with 12 (10/mg/kg) for collecting blood (using BD 1ml TB
syringe, REF 309626) after different time points (1, 3, 5, 7, 10, 13, 18, 30, 40, 60 & 120 min
- 3 mice for each time point).

Blood was collected by cardiac puncture under terminal CO2 anesthesia into 2 ml cryo vial
tubes (Thermo scientific nunc. 368632) with 50uL of heparin (Img/ml in water) inside and
mixed for uniform mixing of heparin before chilled. The blood samples were stored in liquid
nitrogen.

Blood samples were thawed on ice, vortexed, and a 100uL aliquot is taken and added to 100ul
cold methanol (to deproteinize) that contains 300uL of 133.3 ng/mL I.S.

Samples are vortexed, ultra-sonicated for 10 min, centrifuged at 10,000 rpm for 5 minutes and
the supernatant layer transferred to Spin-X® Centrifuge Tube Filters (vwr catalog no. 29442-
760).

Supernatant layer was transferred and spin filtered through 0.22um nylon centrifugal filter
tubes.

150uL of the filtered sample solution taken out for LC-MS.

3.6.9 Microsomal Stability Assay Protocol

MAM solution:

A: 282 puLof LCMS grade water

B: 80 uL of 0.5 M potassium phosphate buffer (pH 7.4)

C: 20 pL of NADPH A (Corning life sciences no: 451220)

D: 4 pL of NADPH B. (Corning life sciences no: 451200)

E: 4 pL of test compound (1 mM in DMSO) (see the note bellow)

Internal standard: IS (300 nM, 100 pL) in acetonitrile (ice cold).
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MAM solution was prepared with 282 uL of 18.2 mQ of water, 80 pL of 0.5 M potassium
phosphate buffer (pH 7.4), 20 uL of NADPH A (Corning life sciences no: 451220), 4 pL of
NADPH B. (Corning life sciences no: 451200), and 4 L of test compound (1 mM in DMSO).
MAM solution was placed in the incubator (37°C) for 5 min and the reaction was initiated with
addition of 10 pL of human or mouse microsomes (20 mg/mL) (final microsome concentration
was 0.5 mg/mL) and record the time.

. At different time points (0, 10, 20, 30, 40, 50, 60, 80, 100, 120 min), 50 pL of the MAM
solution was taken out to the conical vials with 100 pL of ice cold internal standard o-methyl-
CWB-20145 (3 uM in acetonitrile) inside.

. The solutions in conical vials were sonicated for 10 sec and spin down at 10,000 rpm for 5
minutes.

. 100 pL the supernatant was transferred to Spin-X HPLC filter tubes (Corning Incorporated no:
8169), centrifuged at 13,000 rpm for 5 minutes.

. 50 pL of the flow-through solution was dilute by LCMS grade CH3CN (466.7 pL) and H.O
(0.1% FA) (483.3 pL) to 1 mL.

. Then transfer 1 mL to glass auto sampler vial (Fischer scientific) in 2 mL (Microsolv no:
95025-WCV) and analyzed by LCMS/MS (Shimadzu 8040). All experiments were conducted

in triplet.

3.6.10 Liver Pharmacokinetic Assay Protocol

Internal Standard: IS (100 ng/mL) in cold methanol.

1. CD-1 female mice were dosed with FAN-NM-CHz3 (10/mg/kg) for collecting blood (using BD

1ml TB syringe, REF 309626) after different time points (1, 3, 5, 7, 10, 13, 18, 30, 40, 60 &

120 min - 3 mice for each time point).
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6.

7.

Liver tissue were collected into 2ml cryo vial (Thermo scientific nunc. 368632), freezed in ice
and stored in liquid nitrogen.

Whole liver tissue were thawed over ice, washed with buffer, weighed and collected on new 2
ml tube prior to homogenization.

Samples were homogenized and using a cole palmer LabGen 7B homogenizer (10 sec and
medium speed — 4).

Methanol containing internal standard (100 ng/mL) was added to deproteinize according to
sample weight, vortexed, ultra-sonicated for 10 min and centrifuged at 10,000 rpm for 5
minutes and the supernatant layer transferred to Spin-X® Centrifuge Tube Filters (vwr catalog
no. 29442-760).

Supernatant was spin filtered at 10,000 rpm for 5 minutes.

150uL of that filtered sample was then transferred to LC-MS vial for analysis.

3.6.11 Brain Pharmacokinetic Assay Protocol

Internal Standard: IS (100 ng/mL) in cold methanol.

CD-1 female mice were dosed with FAN-NM-CH3 (10 mg/kg) for collecting blood (using BD
1ml TB syringe, REF. 309626) after different time points (1, 3, 5, 7, 10, 13, 18, 30, 40, 60 &
120 min - 3 mice for each time point).

Brain tissue were collected into 2 ml cryo vial (Thermo scientific nunc. 368632), freezed in
ice and stored in liquid nitrogen.

Whole brain tissue were thawed over ice, washed and vacuum filtered with buffer (Corning
451201), weighed and collected on new 2 ml tube prior to homogenization.

Samples were homogenized and using a cole palmer LabGen 7B homogenizer (10 sec and

medium speed — 4).
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v.  Methanol (100 ng/mL) was added to deproteinize, vortexed, ultra-sonicated for 10 min and
centrifuged at 10,000 rpm for 5 minutes and the supernatant layer transferred to Spin-X®
Centrifuge Tube Filters (vwr catalog no. 29442-760).

vi.  Supernatant was spin filtered tubes at 10,000 rpm for 5 minutes.

vii. 150 uL of that filtered sample was then transferred to LC-MS vial for analysis.
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3.8 Appendix A

ICs0 (WM)
Tumor type Cell line
12 Chlorambucil Melphalan
Breast cancer MDA-MB-468 2.657 34.44 48.68
uo-31 48.94 ~ 2487 ~482.8
A498 23.15 ~ 2487 ~482.8
Renal cancer SN12C 26.03 134.8 71.03
TK-10 91.06 ~209.2 ~294.9
CAKI-1 73.60 ~565.4 ~ 1283

Summary of 1Csg of 12 compared with Chlorambucil and Melphalan.
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Vehicle Treated Mice Group

3

Groups of Control treated and drug (12) treated mice after nine weeks.
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Incubation period: :
6 hour N
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cl cl HO OH
Prodrug + - -
Activated Drug - + -
Media - - -
Media + DMSO - - -
Cell + DMSO - - -
Media + Prodrug + + +
Cell + Prodrug + + +
Water + Prodrug + - -

Summary of metabolite extraction study of 12.
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Event#: 1 Scan(E+) Ret. Time : [1.795->2.000]-[0.040->1.755] Scan#: [1078->1201]-[25->1054]
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LC-MS detection of 12 in the sample obtained in cell culture media after 6 h incubation with
compound 12. Determined by an ACQUITY CSH C18 column (2.1 mm x 50 mm, 1.7 um
particle size) using gradient: 0-2.0 min 30%-60% MeCN in A, 2.0-3.0 min 60%-90% MeCN
in A, 3.0-4.0 min 90% MeCN in A, 4.0-4.3 min 90%-30% MeCN in A, 4.3-6.0 min 30%
MeCN in A, at a flow rate of 0.5 mL/min (Solution A: water) with 254 nm detection.
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Event#: 1 Scan(E+) Ret. Time : [2.980->3.045]-[0.070->2.925] Scan# : [1789->1828]-[43->1756]

=2
-

700004 T

60000 Q/

50000 N

30000

23
518

200004

10000

365
406
546

1388

1

k4
E—ass

186
£-570
Esg

313

LT

T332

L L
Py

0 500 550

=

o ——300

1y
. P A S
150 200 250

s F
&

e e
0 350 400

W

m/z

LC-MS detection of proto-deboronated 12 in the sample obtained in cell culture media after 12 h
incubation with compound 12. Determined by an ACQUITY CSH C18 column (2.1 mm x 50
mm, 1.7 um particle size) using gradient: 0-2.0 min 30%-60% MeCN in A, 2.0-3.0 min 60%-
90% MeCN in A, 3.0-4.0 min 90% MeCN in A, 4.0-4.3 min 90%-30% MeCN in A, 4.3-6.0 min
30% MeCN in A, at a flow rate of 0.5 mL/min (Solution A: water) with 254 nm detection.
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Event#: 1 Scan(E+) Ret. Time : [1.810->1.990]-[0.030->1.770] Scan# : [1087->1195]-[19->1063]
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LC-MS analysis of the sample obtained in cell culture media after 12 h incubation with compound
12. Determined by an ACQUITY CSH C18 column (2.1 mm x 50 mm, 1.7 um particle size) using
gradient: 0-2.0 min 30%-60% MeCN in A, 2.0-3.0 min 60%-90% MeCN in A, 3.0-4.0 min 90%
MeCN in A, 4.0-4.3 min 90%-30% MeCN in A, 4.3-6.0 min 30% MeCN in A, at a flow rate of
0.5 mL/min (Solution A: water) with 254 nm detection.
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Event#: 1 Scan(E+) Ret. Time : [1.795->2.000]-[0.045->1.755] Scan# : [1078->1201]-[28->1054]
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LC-MS analysis of the sample obtained from the trypsinized cells after 12 h incubation with
compound 12. Determined by an ACQUITY CSH C18 column (2.1 mm x 50 mm, 1.7 um particle
size) using gradient: 0-2.0 min 30%-60% MeCN in A, 2.0-3.0 min 60%-90% MeCN in A, 3.0-4.0
min 90% MeCN in A, 4.0-4.3 min 90%-30% MeCN in A, 4.3-6.0 min 30% MeCN in A, at a flow
rate of 0.5 mL/min (Solution A: water) with 254 nm detection.
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H NMR spectrum of compound 12.
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H NMR spectrum of compound 13.
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