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Aims of Research

Comprehending the underpinning mode of cytotoxic action of novel chemotherapeutic agents is
paramount to the progression of therapeutic leads. Given the current state of metallodrug research,
this level of understanding is critical to further improve molecular design for enhanced targeting,
potency, affinity, efficiency and selectivity within cancer cells for subsequent advancement
towards clinical approval. The main objective of my PhD was to establish methodologies and
techniques for the development of Cu®" and Mn®" chemotherapeutic agents. On the basis of
previous publications reporting a promising series of mono- and di-nuclear copper complexes,
founded upon artificial chemical nucleases, in vitro DNA binding and degradation properties were
identified. Furthermore, general toxic activity against a range of human cancerous cell lines and
liberation of general reactive oxygen species were examined. Although preliminary DNA
interactions and cellular toxicities were investigated, no detailed mechanistic analysis was
conducted to determine the intracellular mode of cytotoxic action. The foremost efforts of my PhD
were to establish cell culture methods and techniques within the National Institute for Cellular
Biotechnology to study developmental agents and identify complex efficacy and targeting
properties through detailed analysis of mechanistic pathways and modes of induced cell death. This
was achieved by founding protocols for flow cytometry, epifluorescence and confocal microscopy,

in combination with a range of biomolecular procedures.



Thesis Outline
Chapter 1

This chapter gives an overview of biomolecular methodologies to probe metallodrug-DNA
interactions used in the discovery of novel agents that specifically target nucleic acids. This review
includes background information on DNA structure and categories of binding modes and motifs.
Furthermore, this chapter highlights approaches used in the detection of binding interfaces and
those used to identify intracellular genotoxicty. Such experimental investigations are categorised
based upon electrophoretic, fluorescence and absorbance-based techniques, as well as mass
spectrometry, NMR and cell culture procedures. Relevant examples of Cu*" complexes developed
within the Kellett group, mononuclear and polynuclear Pt*" complexes from collaborator, Professor

Nicholas P. Farrell’s group, are reviewed and examined throughout.

Chapter 2

This chapter describes the effects of a novel Cu®" phenanthrene series with fused diimines N, N -
ligands and their oxidative nuclease activity and redox cycling properties. Intercalative binding
through the minor groove was found to direct DNA cleavage processes, mediated via the
generation of hydroxyl radicals and subsequent formation of oxidative DNA lesion including 8-
ox0-dG. The extent of nuclease activity and resulting implications on DNA replication processes is

also reported.

Chapter 3

This chapter describes the mechanistic investigations into the mode of cytotoxic action of a mono-
Cu complex with di-carboxylate O,O - ligand, o-phthalate. The unique activity of this complex is
highlighted through broad-spectrum cytotoxicity within the National Cancer Institute (NCI) cancer
cell lines screen. The mode of cell death is outlined and attributed to proficient generation of the
superoxide anions, instigating a cascade of deleterious radical species, and thus inducing internal

activation of the apoptotic pathway.

Chapter 4

This chapter describes di-nuclear Cu®" complexes based on the bis-1,10-phenanthroline chemo-
type, bridged with di-carboxylate moieties of varying rigidity, and the mechanistic activation of
apoptosis from intrinsic, mitochondrial origin. In-depth analysis of NCI-60 results through the use
of the COMPARE algorithm endorsed experimental design and rationale for subsequent
investigations into genotoxicity and further identification of cell death pathways. Both complexes
reported within this work possess dual-targeting properties towards genomic DNA and the
mitochondria. Superior liberation of superoxide and singlet oxygen induce extensive mitochondrial

depolarisation, and subsequent induction of intrinsic apoptotic cell death.
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Chapter 5

This body of work outlines an alternative mechanism of cell death upon substitution of the metal
centre from Cu”” to Mn>" within the octanedioate—phenanthroline scaffold. DNA interaction and
genotoxicity studies identified an intercalative binding mode that does not directly induce DNA
damage. Biomolecule degradation is instead explained as a downstream effect of autophagic
induction. The di-Mn”" complex activation of this self-digestion pathway is mediated by superoxide

generation and in turn, activates intrinsic apoptosis.
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454d), black lines indicate hydrogen bonds’’ and, B. D-[Rh(bpy).(chrysi)]’" inserted into (5°-
CGGAAATTCCCG-3"), displacing a mismatched AC pair (PDB 2011).7 ..........c.ccoovvvininnnn. 9

Figure 1. 6 TriplatinNC bound to Dickerson-Drew dodecamer (B-DNA) through backbone tracking
A. and groove spanning and, B. interactions.” N-H~O=P hydrogen bonds shown as dashed
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Figure 1. 7 Molecular structures of selected metal complexes discussed in this review. ................ 14

Figure 1. 8 A. Cleavage profile of Cu-Ph in the presence of radical-specific antioxidants and
trapping agents. Table insert with scavengers® utilised in nuclease studies and intracellular
antioxidants®. Electrophoretic gels of topoisomerase relaxation assay for intercalating agents,
B. EtBr and C. known topoisomerase poison doxorubicin, Doxo (unpublished results). ........ 15

Figure 1. 9 Minor groove binding competition assay using polynuclear platinum complexes........ 16

Figure 1. 10 A. Molecules with fluorescent DNA binding properties; DAPI, Doxo (doxorubicin), PI
(propidium iodide), EtBr (ethidium bromide) and Hoechst 33258 and B. non-covalent DNA
recognition elements; MG (methyl green, major groove binder), Net (netropsin, minor groove
binder) and cobalt(IIT) hexammine ([Co(NH;)e]*" electrostatic agent). .........ccocoeeeurvueveeunne.. 18

Figure 1. 11 A. Determination of molar extinction coefficients for double stranded DNA and
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Figure 1. 12 A. B — Z Nac(l titration of alternating co-polymer poly[d(G-C),] with increasing
amounts of salt (unpublished results) and, B. and wavelengths of interest for CD DNA studies.

................................................................................................................................................... 22
Figure 1. 13 Relative viscosity values of organic and inorganic compounds bound to duplex
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Figure 1. 14 ESI-MS/MS of free (top) and PPC (either TriplatinNC or AH44) adducted (bottom) 5'-
d(TCTCCCAGCGTGCGCCAT) at 100 and 120V of collisional energy, respectively.®
Fragmentation of the glycosidic bonds is prevalent throughout the free, with the region of
enhanced stability in red. The associated fragment ions (ws>,we~, and as-a;, using standard
McLuckey nomenclature'*®'"’) are absent in the adduct indicating the area of PPC binding. .25

Figure 1. 15 {'H,""N} HSQC NMR of TriplatinNC (left) and Dickerson-Drew Duplex (DDD,
right). Satellites from 'J("°"N-'"’Pt) are clearly visible. Adapted with permission from Qu et

Figure 1. 16 A. Nuclear condensation observed in colorectal cancer cells, HTC116 when treated
with TriplatinNC. B. Induction of double strand break detected via YH2AX foci (green) and
nuclear counterstain (red) in ovarian cancer cells SKOV3. C. COMET assay evaluation of
BBR3610 and DACH analogue interstrand crosslinks in irradiated HCT116 cells. Images

reproduced with permission from original publications.®">*'% ... 29

Figure 2. 1 Lane 1-4 (A-D) DNA cleavage reactions with 250 nM, 500 nM, 1.0 puM and 2.5 uM
test complex (A: Cu-Phen, B: Cu-DPQ-Phen, C: Cu-DPPZ-Phen and D: Cu-Terph), 400 ng
superhelical pUC19 and 1 mM added Na-L-ascorbate incubated at 37 °C for 30 minutes.
Lanes 5-16 (A-D) DNA cleavage reactions in the presence of recognition elements, methyl
green (MG), netropsin (Net) and [Co(NHj3)s]Cl; (Co(IIl)), where 400 ng pUC19 was initially
pre-treated with 8 uM of respective non-covalent binding control at 37 © C for 45 minutes and
then with 250 nM, 500 nM, 1 uM and 2.5 pM test complex in the presence of 1 mM added
Na-L-ascorbate at 37 °C fOr 30 MINULES. ......eevueriiiiieeieeieeie ettt et eeeeeeens 49

Figure 2. 2 DNA cleavage reactions in the presence of ROS scavengers. 400 ng of SC pUC19 was
incubated for for 30 min at 37 °C with 250 nM, 500 nM, 1 uM and 2.5 uM of test complex
(A: Cu-Phen, B: Cu-DPQ-Phen, C: Cu-DPPZ-Phen and D: Cu-Terph) in the presence of 1
mM added Na-L-ascorbate for 30 minutes. Lanes 1-4 metal complex only, lanes 5-8: complex
+ 10 mM NaNj3, lanes 9-12: complex + 10 mM KI, lanes 13-16: complex + 10% DMSO, and
lanes 17-20: compleX + 77% D20 .ciiuiiiiiieciieciie ettt ettt et e seae e e sereeenns 50

Figure 2. 3 Structure and quantification of 8-oxo-dG. Graph represents level of generated 8-oxo-dG
as nM (left axis) and ng/mL (right axis). 3000 ng of SC pUC19 with 10 and 20 uM of test
complexes Cu-Phen, Cu-DPQ-Phen, Cu-DPPZ-Phen and Cu-Terph with 1 mM Na-L-
ascorbate were incubated at 37 °C for 30 minutes and followed by ELISA protocol. ............. 51

Figure 2. 4 Illustration of steps involved in a successful PCR reaction (denaturation, primer
annealing, primer extension and template amplification), B. the impact of a bound metal
complex as physical block of the primer extension step, C. inhibition of DNA amplification in
the PCR cycle through the oxidative damage of template strand. ...........cccceevveeviieniiencieenneens 52

Figure 2. 5 400 ng pUC19 DNA was initially exposed to 2.5, 5, 10, 20, 30, 40 and 50 uM of each
test complex in the presence of 1 mM added reductant at 37 °C for 30 minutes. 20 ng of
damaged DNA template was removed and PCR reaction was carried out with each varying
GC content primer set at optimum annealing temperatures and analysed using gel
electrophoresis. Fig. A Lane 1: 35% GC control, lane 2-8 35% GC + Cu-Phen, lane 9-15 35%
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GC + Cu-DPQ-Phen and lane 15-21: 35% GC + Cu-Terph. Fig. B 50% GC and Fig. C 63%
GC respectively. All sequences generated were 120 base pairs. ......c.cceceeeeveeecieeecieenveenveenne. 53

Figure 3. 1 Heat map data representing LCsy concentrations of Cu-Ph across the NCI 60 human
cancer cell line panel. Concentration ranges from most cytotoxic (1 — 5 pM shown in black) to
least cytotoxic (>100 uM shown in light bIUE). ......ccccviiviiiiiiiiiiiece e 66

Figure 3. 2 Molecular structure of Cantharidin (NSC S61805), antineoplastic-353527 (NSC
S353527), the active form of prodrug tamoxifen, 4-hydroxy-tamoxifen (NSC S180973),
Mitotane (NSC S38721), and 7-O-methylnogalarol (NSC S102815).....ccccvveeiveecieenireniieennne. 67

Figure 3. 3 Competitive fluorescence binding of netropsin, actinomycin D, and Cu-Ph to ethidium
bromide (12.6 uM) saturated solutions of calf thymus DNA, Micrococcus lysodeikticus DNA
(ML-DNA), poly[d(A-T),], and poly[d(G-C),] polynucleotides (10 pM). .......cccvverreerreennnennn 68

Figure 3. 4 DNA cleavage reactions in the presences of ROS-specific scavengers. 400 ng of SC
pUC19 was incubated for 1 h at 37°C with complex concentrations of 0.5, 1, 2.5 and 5 uM in
the presence of 25 mM NaCl, 0.5 mM L-Asc in 80 mM HEPES. Lane 1: DNA only, Lanes 2-
5:0.5,1, 2.5, 5 uM Cu-Ph, Lanes 6-9: + 10 % DMSO, Lanes 10-13: + 10 mM tiron, Lane 14-
17: + 10 mM KI, Lanes 18-21: + 10MM NaN3. ...ouuuiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeeeeeeeeee e e 69

Figure 3. 5 A. Viability profile of Cu-Ph in SKOV3 cells in the presence of intracellular
scavengers. Cells were treated with 1 mM of tiron (Tir), D-mannitol (Mann) and pyruvate
(Pyr) for 1 h prior to Cu-Ph addition (3 wM) and incubated for 24 h. B. Scavengers utilized
within this study where *ROS scavengers present in in vitro DNA oxidation experiment and °
scavengers used in intracellular work. C. Molecular structure of tiron (TH;) and D-mannitol.
D. Reaction equations of radical species and their respective scavengers. Not significant (ns) p
>0.05, *¥*P <0.01, ¥F%¥P < 00001, .cceiiiieeieiee et 70

Figure 3. 6 Nexin Assay scatter plots; population represented in quadrants for viable cells (lower
left), mid (lower right) and late stages of apoptosis (upper right). Graph depicting mid-
apoptosis show positive for annexin V only, population for late apoptosis are positive for
annexin V and 7-AAD. Not significant (ns) p > 0.05, *p <0.05, **P <0.01, ***P <0.001.71

Figure 3. 7 Caspase 3/7, 8 and 9 activation after 24 h incubation with drug. Not significant (ns) p >
0.05, *p <0.05,**P <0.01, ¥**¥P < 0.001...coeiieieieieeie ettt 72

Figure 3. 8 Mitochondrial depolarization scatter plots for Doxo, CCCP and Cu-Ph where polarized
mitochondria are shown in purple, to depolarized mitochondria in pink and blue (Y axis = JC-
1 orange, X axis = JC-1 green) The molecular structure of indicative mitochondrial dye JC-1
(5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylbenzimidazolocarbo-cyanine  iodide) also shown.
Graph represents population percentages of depolarized mitochondria for Doxo, CCCP and
Cu-Ph. Not significant (ns) p > 0.05, *p <0.05, **P <0.01, ***P <0.001. ....ccc0eevvvrernnennee. 75

Figure 3. 9 40X confocal images of SKOV3 cells treated with Cu-Ph (3 uM), CCCP (75 uM) and
Doxo (1 uM). The nucleus is stained with DAPI (blue), cytoskeleton with Alexa Flour 488-
Phalloidin and mitochondria with MitoTracker Deep Red. ......c.cccvveeiiiciiiniiiiiecieceee, 76

Figure 4. 1 A. Structure of the B-DNA Dickerson-Drew dodecamer (DDD)
d[CGCGAATTCGCG], positioned from the minor groove (PDB entry 1BNA). DNA
backbone (connecting P positions), gray60; colour code for DNA bases: guanine, orange;
cytosine, light orange; adenine, slate; thymine, density (cartoon mode, bases shown as
spheres). B. Inset structure of the AATT minor groove tract with accessible C1’ deoxyribose
hydrogens shown (H, white) along with Watson-Crick H-bonding pairs (yellow dashes).
Colour code for DNA bases: adenine, slate; thymine, density (shown as sticks). Figure A and
B generated by PyMOL Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC. C.
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Cu' mediated electron transfer reactions: a cascade of reactive oxygen species (ROS) proceeds
from molecular oxygen undergoing 1-electron reduction to superoxide, followed then by
dismutation to hydrogen peroxide (and oxygen - not shown), and finally Fenton-like reduction
to the hydroxyl radical. D. Structures of the major groove binder doxorubicin, and minor
groove targeting compounds neocarzinostatin and [Cu(1,10-phenanthroline),]"..................... 89
Figure 4. 2A. Molecular structure of di-nuclear copper complexes [{Cu(phen),},(u-oda)]*" (Cu-
Oda) and B. [{Cu(phen),}s(u-terph)]*" (Cu-Terph). C. Heat map representation of LCs
concentrations calculated from 5-dose cytotoxicity screen across the NCI-60 human cancer
cell line panel. Concentration ranges from most cytotoxic (0.1 — 0.5 uM shown in navy)
through to least cytotoxic (>100 uM shown in brown). D. Pearson correlation coefficients of
LCsg profiles generated from the NCI DTP COMPARE algorithm, where standard agents and
market drugs are grouped according to their mode of cytotoXic action...........cccceevveerveennenns 98
Figure 4. 3A. Topoisomerase I unwinding across concentration range 0.10 - 400 uM for Cu-Oda
and Cu-Terph. B. CD spectra of Cu-Oda with stDNA and alternating co-polymers
poly[d(A-T,)] and poly[d(G-C,)] at 1 - 7.5% loading ratios. C. Cell cycle phase fractionations
for Cu-Oda and Cu-Terph incubated for 24 h at 0.5, 1.0 and 2.0 wM. D. Double strand breaks
(DSBs) induced by Cu-Oda and Cu-Terph, detected by immunostaining of YH2AX with
median intensity fluorescence (MFI) presented for di-Cu®® complexes and Dox.
Nonsignificant (ns) p > 0.05; * p <0.05; ** p < 0.01; *** p < 0.001..cccceovirirviecinininieene. 100
Figure 4. 4. DNA damage detected through the alkaline comet assay, A. Tail moments and DNA
content of control and 1.0 uM Cu-Oda, Cu-Terph and Dox, B. Mean tail moment of >80
comets analysed, C. Typical comet images acquired for SKOV3 non-treated cells, and those
treated with Cu-Oda, Cu-Terph and DOX.......ccceecuiiieiiiiiiieie ettt 102
Figure 4. 5A. SKOV3 cells are treated over 24 h with varying concentration of Cu-Oda and Cu-
Terph (0.5 - 2.0 wM) and control agent Dox (1.0 uM). A. Populations of early apoptotic cells
exhibiting positive staining for Annexin V only. B. Late apoptotic population detected through
positive staining for Annexin V and 7-AAD. C. Detection of caspase 3/7 in the absences of 7-
AAD positive staining indicative of mid-apoptotic activation. D. Detection of late apoptotic
release of caspase 3/7 through the detection of 7-AAD positive cells. E. Population of caspase
8 (extrinsic pathway) F. Activation of caspase 9 (intrinsic pathway). G. 100x magnification of
SKOV3 cells treated with Dox (1.0 uM), CCCP (75 uM) and dinuclear copper complexes,
Cu-Oda and Cu-Terph (1.0 uM). The nucleus is stained with DAPI, F-actin with Alexa Flour
488-Phalloidin and mitochondria with MitoTracker Deep Red. Scale bar indicates 10 pm.
Individual channels are shown in Figure S4. Nonsignificant (ns) p > 0.05; * p < 0.05; ** p <
0.01; F#% & < 0,001, 1eneiiee ettt ettt ettt ettt et e te st et e beene et et e neeneenteeas 104
Figure 4. 6 SKOV3 cells were treated with Cu-Oda, Cu-Terph and positive controls Dox and
CCCEP at indicated concentrations for 24 h. A. Population of depolarised mitochondria through
the detection of potential-sensitive shift in JC-1 emission. Hypsochromic shifts, evident in
scatter plot, demonstrates drug-induced depolarisation (Figure S5). B. Detection of MitoSOX
red population indicative of superoxide-selective fluorescence activation. The molecular
structures of dyes employed are given (top right). C. Viability results of Cu-Oda, Cu-Terph
and Dox at 1.0 uM in the absence and presence of 1 mM ROS specific scavengers (Table 4.1
insert). Nonsignificant (ns) p > 0.05; * p <0.05; ** p <0.01; *** p < 0.001. ..occverierianenne 106
Figure 4. 7 Proposed mechanism of action for di-copper(ll) agents Cu-Oda and Cu-Terph.
Complexes are incorporated into the cell through copper transport protein (Ctrl). Di-Cu®*
complexes take one of two pathways i.) nuclear localisation and intercalative binding at the
minor groove of duplex DNA (anionic); ii.) mitochondrial accumulation due to MMP (AY,,),
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facilitated by the cationic complex charge and lipophillicity of phenanthroline groups.
Intracellular generation of superoxide (O,) and singlet oxygen ('O,), detected through radical
specific antioxidants, induce significant DNA degradation through the formation of double
strand breaks (DSBs) when quantified by yYH2AX and comet. Enhanced levels of superoxide
within the mitochondrial (MitoSOX) causes collapse transmembrane potential measured
through the extent of mitochondrial depolarisation (JC-1). This results in the release of
cytochrome ¢ and activation of the intrinsic pathway through apoptosome formation and
activation of initiator caspase 9 and executioner caspase 3 or 7. Apoptosis was quantitatively
measured through Annexin V and visualised by confocal microscopy........cccccevvevveerereeennennn 108

Figure 5. 1A. The cation [Mny(n'n'u,-oda)(phen)s(H,0),]*", B. Anion [Mny(n'n'u,-
oda)(phen)s(n'-oda),]*, and C. Hydrogen bonded chains. Hydrogen atoms omitted for clarity,
hydrogen bonds indicated by black dashed lines. Redrawn from coordinates taken from
reference.”” Colour key: C (grey), O (red), N (blue) and Mn (purple). .........ccoeeevveveeeeeeennnn. 128

Figure 5. 2 A. Release of topological tension of supercoiled plasmid DNA by Mn-Oda and, B. Dox.
C. CD profile of Mn-Oda with stDNA and alternating co-polymers poly[d(A-T),] and
poly[d(G-C),] under drug loadings of 1.0 — 2.5% (respective r values of 0.010 — 0.025)..... 130

Figure 5. 3 SKOV3 cells were treated with 1.0 pM Mn-Oda and Dox for 24 h and subsequently
studied in the following assays. A. Comet assay analysis where the frequency of tail moment
(A.U.). B. Examples of typical COMET shapes are represented below respective legends. C.
Cell cycle histograms and, D. Cell cycle phase (G0/G1, S and G2/M) distributions. E.
Immunodetection of YH2AX positive cells. Not significant p > 0.05 ,* p < 0.05, **p <0.01,
Rl o T X 0 RSSO 132

Figure 5. 4 Apoptotic investigation of Mn-Oda, A. Early and B. late apoptosis measured with the
translocation of Annexin V substrate. C. Detection of caspase 3/7 in mid and D. late
populations. E. Activation of initiator caspase 8 and F. caspase 9. G. Extent of mitochondrial
depolarisation detected through bathochromic shift of JC-1 emission upon formation of J-
aggregates. Not significant p > 0.05 ,* p < 0.05, **p <0.01, ***p <0.001. ...cocvvvvrrnnnns 134

Figure 5. 5 Confocal images of SKOV3 100X treated with Mn-Oda, Rapa or SAHA to examine, A.
MDOC staining of acidic vacuoles (blue). White lines indicate cross sections for fluorescence
quantification profiles (see figure 6B). B. Immunofluorescent staining of LC3 (red) and DAPI
(blue) control. C. Morphological changes in cellular structure. Nuclei were stained with DAPI
(blue), F-actin with Alexa Fluor 488 conjugated to phalloidin (green) and mitochondrial with
MitoTracker deep red (red). All scale bars (control, bottom right) are 10 wm. ..................... 135

Figure 5. 6 A. Schematic of autophagy pathway."***° Due to the number of autophagy-related
genes (ATGs) and the complexity of their role in the autophagy pathway, the family is
represented by ‘ATG’ (purple) for simplicity, i. Initiation begins with the formation of
isolation membrane known as a phagophore, engulfing cytoplasmic material, ii. Cytosolic
LC3-1 is converted to the membrane-associated form  LC3-II, through
phosphatiylethanolamine (PE) lipidation and incorporated into autophagosomal double-
membrane, iii. Docking and fusion of lysosome or late endosomes results in the formation of
iv. autophagolysosome. Maturation and catabolic degradation results in recycling and
restoration of nutrient stores. Autophagic inducers employed are Rapa and SAHA (purple
pathway). Autophagic inhibitors are 3-methyladenine (3-MA), NH4CI and chloroquine (CQ)
(orange pathway) while antioxidants utilised are tiron, mannitol (man), histidine (his) and
sodium pyruvate (Py) (teal pathway). Induction was probed through immunodetection of LC3
with flurogenically conjugated secondary antibody and monodansylcadervine (MDC), B.
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Intensity profiles (indicated in Figure 5C) were analysed using Image J on raw images in 8-bit
format with no further modification. C. Differential viability percentages in the presence of
radical scavengers and autophagy inhibitors pre-treated at 1 mM (with the exception of CQ,
10 wM) 2 h prior to drug addition. Mn-Oda, SAHA and Rapa were treated at respective
concentrations, 1 pM, 100 pM and 50 UM, 0Ver 24 h.......cccoeeiieviiiiiieciieciee e 137
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pUCI19 and 1 mM added Na-L-Ascorbate incubated at 37 °C for 30 minutes. Lane 1: pUC19
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Figure S4. 1 Molecular structure of [{Cu(phen)2}2(p-oda)]2+ (Cu-Oda, where oda =
octanedioate) and [ {Cu(phen)2}2(u-terph)]2+ (Cu-Terph, where terph = terephthalate)......151
Figure S4. 2 Heat map of Glsyconcentration ranging from less than 0.1 uM (grey) to 5 uM (light
blue) for Cu-Terph and Cu-Oda..........cccueiiiiiiiiiiiie et eree e eaeesereesene s 153
Figure S4. 3 Competitive fluorescence binding of Cu-Oda and Cu-Terph to ethidium bromide (12.6
uM) saturated solutions of calf thymus DNA, Micrococcus lysodeikticus DNA (ML-DNA),
poly[d(A‘T),], and poly[d(G-C),] polynucleotides (10 uM) in 40 mM NaCl after 1 h
incubation (final volume of 100 LL). ....c.ooioiiiiiiiieiiccieeeee e e 154
Figure S4. 4 Topoisomerase I unwinding across concentration range 0.01 — 400 uM for Dox and
ethidium BrOMIAE. .......coiuiiiiiiiiie ettt ettt ettt e be e bt et e nbeeneeens 155

XiX



Figure S4. 5 100x confocal images of SKOV3 cells treated with Cu-Oda and Cu-Terph (1 pM),
CCCP (75 uM) and Doxo (1 uM). The nucleus is stained with DAPI (blue), cytoskeleton with
Alexa Flour 488-Phalloidin and mitochondria with MitoTracker Deep Red........................ 157
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A

C
Caspase
CAT
CCCP
CD
ctDNA
CTR1
Cu/Zn-SOD
DDD
DMSO
DNA
DSBs
dsDNA
Dox
DPPN
DPPZ
DPQ
D,0O
EtBr
Et’
EtOH

H,0,

ICso

IR

Kapp

LC-3
IcDNA
MDC
ML-DNA
ocDNA

‘OH
0,

Adenine

Cytosine

Cysteine-dependent asparate-specific proteases
Catalase

Carbonyl cyanide m-chlorophenyl hydrazine
Circular Dichroism spectroscopy

Calf thymus DNA

Copper uptake transport protein

Copper and Zinc superoxide dismutase
Dickerson Drew dodecamer
Dimethylsulfoxide

Deoxyribose nucleic acid

Double stranded breaks

Double stranded DNA

Doxorubicin

Benzol-dipyridol[3,2-a:2’ 3'-c]phenazine
Dipyridol[3,2-a:2",3'-c]phenazine
Dipyrido[3,2-d:2’,3'-f]quinoxaline
Deuterated water

Ethidium bromide

Ethidium cation

Ethanol

Guanine

Hydrogen peroxide

half maximal inhibitory concentration
Infrared spectroscopy

Apparent binding constant

Microtubule associated protein 1 light weight chain 3

Linear DNA
Monodansylcadaverine
Micrococcus luteus DNA
Open circular DNA
Singlet oxygen

Hydroxyl radical

Molecular oxygen
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0," Superoxide radical

'0, Singlet oxygen

Oda Octanedioate

PCR Polymerase chain reaction
Poly[(A-T),] Poly(deoxyadenylic-thymidylic) acid sodium salt
Poly[(G-C),] Poly(deoxyguanylic-deoxycytidylic) acid sodium salt
Phen 1,10-Phenanthroline

Phen-Dione 1,10-Phenanthroline-5,6-dione
Rapa Rapamycin

RNA Ribonucleic acid

ROS Reactive oxygen species

rpm rotations per minute

SAHA Suberoylanilide hydroxamic acid
SKOV3 Human ovarian carcinoma cell line
SOD Superoxide dismutase

SODm Superoxide dismutase mimetic
SSBs Single strand breaks

ssDNA Single stranded DNA

stDNA Salmon testes DNA

T Thymine

Terph Terephthalate

Twm Thermal melting

Topo Topoisomerase

YH2AX Phosphorylated H2AX histone

Units of Measurement

A Angstrom

bp Base pair

cm Centimetre

cm’ Reciprocal wavelength

cP Centipoise

Cso Concentration required to reduce 50% fluorescence
°C Degrees Celsius

ATy Difference in thermal melting

ECsg Concentration causing half-maxima response
€max Molar absorption coefficient

g Gram
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GI50

IC50

app
K, cat

LCso

MHz
mol
mmol
mg
min
mL
mM

ng

Tm
TGI

v/v

ne
uM

Concentration causing 50% growth inhibition
Hour

Hertz

Concentration causing 50% inhibition
Apparent binding constant on DNA
Apparent catalytic rate constant

Litre

Concentration causing 50% lethality
Molar

Megahertz

Mole

Millimole

Milligram

Minute

Millilitre

Millimolar

Nanogram

Fluorescence quenching

Pearson correlation coefficient
Second

Thermal Melting

Total growth inhibition concentration
Volt

Volume per volume

Enzyme units

Microlitre

Micromolar
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Creina Slator

Mechanistic Investigation of Developmental Copper Chemotherapeutics

Thesis Abstract

The quest for new metal-based anticancer agents, alternative to clinically established
chemotherapeutics, has been motivated by deficiencies observed in current treatment regimes.
Coupled with the approach of sophisticated and targeted drug design, there is a clear need for
comprehending the underlying biomolecular and cellular responses of new developmental
therapeutics. Reported herein is a detailed analysis of redox active developmental metallodrugs
containing 1,10-phenanthroline (Phen) ligands and their action as novel cytotoxins of human

cancers.

This body of research describes mechanistic investigations into the oxidative nuclease activity
and redox-targeting properties of new Cu*" and Mn”" phenanthroline chemo-types. A number of the
Cu®" complexes have been developed and examined, in collaboration with the National Cancer
Institute, USA, for their ability to induce cytotoxicity within a wide variety of cancer cells. To
uncover these properties, a range of molecular biology and biophysical techniques were employed

including, flow cytometry, confocal microscopy, electrophoresis, and immunohistochemistry.

Replacing auxiliary 1,10-phenanthroline with phenazine-type (N,N’) ligands in mononuclear
systems, [Cu(N,N’)(Phen)]*", was found to enhance intercalation and oxidative DNA scission in
vitro. Alternatively, incorporation of dicarboxylates (O,0") has shown to increase redox potential
and stability, thereby targeting both mitochondrial and genomic DNA in human ovarian cancer
cells, SKOV3. Increased nuclearity and varying rigidity was explored in dinuclear chemo-types
([Cuy(0,0")(Phen),]*") through the addition of aliphatic and aromatic bridging dicarboxylate
ligands. In combination with NCI-60 analysis, the dinulcear complexes were shown to enhance
both geno- and cyto-toxic effects when compared to the mononuclear analogue, leading to an
apoptotic mode of cellular death; activated through intrinsic mitochondrial machinery. Finally,
exchange of the metal centre in the form of di-manganese®” complex significantly influenced the

mode of programmed cell death, activating autophagic catabolism and self-digestion.
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Chapter 1
Molecular Methods for Probing Cytotoxic Metallodrug-DNA

Interactions

This work was submitted to Current Medicinal Chemistry for the special issue “Throwing light on
recent advances on metallodrugs: from deemed poisons to a striking hope for the future” and was

accepted for publication.
Andrew Kellett', Zara Molphy, Creina Slator, Vickie McKee, and Nicolas P. Farrell.

Within this work, I have written complete sections with significant contribution to the overall
manuscript preparation and specifically towards the following sections: nucleic acids as drug

targets, electrophoretic techniques and in cellulo genotoxicity.
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1.1 Abstract

The binding of small molecule metallodrugs to discrete regions on nucleic acids is an important
area of medicinal inorganic chemistry and the nature of these binding interactions allied with
sequence and helical isoform selectivity form the backbone of modern metallodrug-DNA drug
research. In this review we describe a range of molecular methods currently employed within our
laboratories to explore covalent and non-covalent nucleic acid interactions of novel metallodrugs.
At the outset, an introduction to DNA from a structural biological perspective is provided along
with descriptions of covalent (short- and long-range platination) and non-covalent (intercalation,
insertion, and phosphate clamping) metallodrug interactions. Molecular methods for probing these
binding interactions are then organized between: i.) electrophoretic based techniques; ii.)
fluorescence and absorbance based techniques; iii.) viscosity; iv.) mass spectrometry; v.) NMR
spectroscopy; and vi.) in cellulo genotoxicity. In each method discussed, we provide an overview
of the technique and its application toward the elucidation of new metallodrug-DNA interactions
by copper(Ill) and platinum(Il) complexes developed by our groups. As such, structure-activity
factors in metal complex design become apparent and the consequences of unique binding and/or
oxidation reactions at the nucleic acid interface often give rise to unique cytotoxic profiles that are
subsequently followed using intracellular methods. Accordingly, a combination of molecular
methods is often required to elucidate the nature of new metallodrug-DNA interactions and, from a
drug discovery perspective, it is of particular relevance to identify whether metallodrug-DNA

binding activity is conserved intracellularly, and is therefore applicable to cytotoxic action.



1.2 Introduction

1.2.1 Nucleic acid structure

Nucleic acids provide an intriguing molecular target for candidate antitumoral metallodrugs. Given
their electron dense phosphate backbones, heterocyclic and exocyclic heteroatoms found within
nucleobase structures, and intricate secondary and tertiary structures adopted upon Watson-Crick
base pairing under action of ubiquitous enzymes, nucleic acids have a rich history of binding metal
jons and discrete complexes.'™ From a medicinal chemistry perspective, therefore, the ability to
probe metal complex coordination to DNA and RNA provides us with a powerful tool for
developing new architectures to selectively target oligonucleotides. Furthermore, given the
essentiality of the DNA double-helix for the storage of genetic information and in mediating
faithful cell replication, the interruption of processes essential to biogenesis at this primary juncture
provides an important basis for metallodrug discovery.™® Accordingly, the structure of the DNA
double helix, in particular its predominant B-DNA form, is an important consideration for
bioinorganic chemists. B-DNA comprises a right-handed double helix containing two antiparallel
sugar-phosphate chains. The heteroaromatic bases found in the centre of the helix engage in
hydrogen bonding to effectively bind the helical chains together and are supported by flanking van
der Waals base contacts that result in their perpendicular orientation to the helical axis. These
nucleobases obey Chargaff’s rules being found in 1:1 ratio between specific purine-pyrimidine
molecules (adenine (A) : thymine (T) and guanine : cytosine (C)).” Since the edges of the base
pairs from where glyosidic bonds extend and their opposite edges differ in size, unequal grooves
called the minor and major groove, respectively, are found (Figure 1.1C). These grooves are
structurally distinct with the minor being narrow and the major being wide by comparison.*” In B-
DNA the 2'-deoxyribose ring exists in the C2'-endo twist conformation, in contrast to the C3'-endo
twist conformation of both A and Z-form DNA (Figure 1.1B and C).'"” Structural characteristics
can be exploited for molecular recognition as the major groove (10.5 A) is wider than the minor
groove (4.8 A) though their depths are identical. Between the base pairs of B-DNA there is an axial
rise of 3.4 A (0.34 nm) and a 34.5° twist angle associated with every residue rotation while the
width of the helix diameter is 20 A (Figure 1.1A). A-DNA is the dehydrated form of B-DNA and
is a more rigid and compacted structure consisting of 11 base pairs per helical turn with a distance
of 2.25 A between the bases.'' Z-DNA is formed during the transcription process in-vivo due to the
torsional strains generated as negative supercoils are created by RNA polymerase moving along the
sequence of the DNA double helix. A radical difference exists between Z- and classical B-DNA as
the helical sense flips from right- to left-handed DNA and this conformational change is due to
bases alternating between the syn- and anti-conformation. Z-DNA is elongated and narrow, with a

diameter of 18 A and is composed of only one single narrow groove analogous to that of the minor



groove of B-DNA; resulting in a zigzag arrangement of the backbone (hence Z-DNA) (Figure
1.1C)."

A. .

Parameter A-DNA B-DNA ZDNA "§ |
Helical sense Right Right Left ' — l
Residues per helical turn 11 10 12 S o,

Helix Pitch (A) 28 34 45 ’ \ Creno
Helix Diameter (A) 23 20 18 ¥

Axial Rise (A) 2.55 34 3.7 TS i
Rotation per residue (A) 33 36 -30 ¢ 7! e
C.

A-DNA B-DNA 7Z-DNA

Figure 1. 1A. Summary of structural differences between A-, B- and Z-DNA;"” B. conformational
preferences of the 2'-deoxyribose rings of DNA and C. X-ray structures of A-, B- and Z-DNA from PDB
files 1VJ4, 1BNA and 2DCQG, respectively.

Since great effort has been expended in recent years to determine how novel metallodrug
molecules interact with nucleic acids, a number of complementary molecular methods have been
developed to probe these reversible and non-reversible interactions. Additionally, in the absence of
high resolution structural data including X-ray diffraction and NMR studies, the mode of binding
can be inferred indirectly from molecular biological and biophysical solution studies. A wealth of
information regarding the binding mode and sequence specificity of these interactions can therefore
be determined and in this review we provide an overview of selected molecular methods to identify
metallodrug-DNA interactions with particular emphasis on copper’” and platinum®" complexes
developed within our laboratories within the past 25 years. A review of polynuclear Pt™" (Triplatin)
binding by X-ray diffraction was recently reported by Komeda ef al. and, as such, is not discussed
here.'* Furthermore, while much elegant work has been conducted on Z-DNA, G-quadruplex and
15-19

other non-canonical structures (including their targeting by selected metal complexes), it is

beyond the scope of this work.



1.2.2 Nucleic acids as metallodrug targets

1.2.2.1 Covalent interactions by platinum(II) chemotherapeutics

Platinum-based drugs are currently used alone or in combination with other therapies for over half
of cancer treatments® and over 23 platinum complexes have entered into clinical trials since
1970.*' The era of platinum-based anticancer agents began with the serendipitous discovery of the
antitumoral effects of cisplatin (Figure 1.2A) by Rosenberg® and was the first transition metal-
based agent approved by the FDA for chemotherapeutic treatment in 1978.** Subsequent
generations of platinum research led to the development of carboplatin and oxaliplatin, both of
which are globally used in clinical treatment,”® whilst other complexes—nedaplatin, lobaplatin and
heptaplatin—have gained approval for use within individual markets (Figure 1.2B).*' The
restricted use of cisplatin stems from dose-limiting effects due to metabolic degradation and
accelerated uptake in rapidly dividing cells; associated side-effects include nephrotoxicity,
ototoxicity, myelosuppression (due to rapid rejuvenation of bone marrow), gastrointestinal tract

.. 21
toxicity and nausea.
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Figure 1. 2 Molecular structures of, A. globally approved Pt(II) complexes cisplatin, carboplatin and
oxaliplatin and B. those approved in single markets lobaplatn, nedaplatin and heptaplatin, C. polynuclear
platinum complexes (PPCs) [{transPtCI(NHz),},-u-{trans-Pt(NHz),(NH,(CH,)¢NH,),} 1*"  (Triplatin,
BBR3464), [ {Pt(NH3)3}2—lu— {trans-Pt(NH3)2(NH2(CH2)6NH2)2}]6+ (AH44), and
[ {transPt(NH3)2(NH2(CH2)6NH3)}2-,u—(trans-Pt(NHg)z(NHz(CHz)éNHz)z} ]8+ (TrlplatmNC)

Cisplatin exists in the blood stream in its neutral form due to the innately high concentration of
chloride ions (~100 mM) found therein.”® The drug enters the cell via active or passive diffusion
and is subsequently activated by aquation in a stepwise exchange of the labile chloride ligands to
water or hydroxyl ions. This conversion is largely due to the compartmentalised nature of the cell

where a decreased concentration range of chloride ions exists (2-30 mM).****** Accordingly, Pt(II)

drugs containing chloride ions require hydrolysis prior to DNA platination,” a reaction that



involves direct coordination of the platinum metal centre with electron rich sites on the nucleobase
(Figure 1.3C). The rate of hydrolysis of the chloride ligands can depend on surrounding
environment concentration,”** pH and electronic and steric effects of the non-leaving groups (i.e.
am(m)ine ligands).”* The subsequent formation of mono-functional or bi-functional adducts with
DNA via platination is often considered akin to DNA alkylation. Mono-functional adducts arise
from single coordination to either negatively charged oxygen atoms on the sugar phosphate
backbone?’ or suitable donor atoms in the heterocyclic base.”” Bi-functional adducts, however, are
formed when platinum chelates DNA via two coordination sites on the pyridine and imidazole-like
nitrogen atoms in the heterocyclic bases thus forming a crosslink between two bases of DNA
yielding intrastrand (most common) or interstrand adducts (Figure 1.3ii).*® Cisplatin preferentially
binds to N7 of guanine and adenine and typically results in 1,2-GG/AG intrastrand crosslinks with
structural distortion through helical unwinding by 13°, and helical bending of 30 - 40° towards the
major groove.””’ The structurally modified DNA strand is then recognised by repair enzymes”'
with excess excision of Pt-DNA adducts linked to the induction of apoptotic cell death (Figure
3D).** Alternatively, bi-functional cross linking can occur to a lesser extent between DNA-Pt-

protein through donor atoms on the axillary chains of protein termini.”

Ineligible or discontinued treatment of platinum-based therapies can occur from intrinsic or
acquired resistance proceeding sub-lethal continuous exposure to the drug.”’ Furthermore, as
carboplatin shares cross-resistance with cisplatin (both drugs are effective against the same
population of solid epithelial tumours) limiting the efficacy of platinum drugs currently available in
clinical treatment.® A culmination of various parameters is responsible for platinum resistance: i.)
decreased cellular accumulation due to differential rates of cellular influx and efflux (Figure 1.3A
and H); ii.) detoxification by elevated levels of intra- and extraceullar reductants such as thiol-rich
reductants glutathione (GSH) (Figure 1.3F and G), L-cysteine,” ascorbic acid” and
metallothionein (MET);*® iii.) enhanced repair mechanisms and/or tolerance to platinated DNA
adducts;*™** and iv.) full or partial bypass of 1,2-GG/AG or 1,3-GTG intrastrand crosslinks

achieved by specialized polymerases in the replication process.”’

BBR3464 (Figure 1.2C) was the first multi-nuclear platinum complex to enter clinical trials
capable of bi-functional DNA binding interactions in comparison to that of ‘classical’ mono-
nuclear Pt(Il) drugs. This compound produces long-range covalent inter- and intra-strand DNA
platination and is entirely distinct from cisplatin’s short range platination.”® BBR3464-induced
DNA distortions significantly differ from cisplatin-DNA adducts, the latter of which leads to
recruitment of recognition repair enzymes and adduct excision. Pre-association of BBR3464 to
DNA is mediated by electrostatic interactions transiently engaging with phosphate groups in the

minor groove, and is an important mechanistic feature determining the specificity and formation of



covalent long-range crosslinks.”®” The complex has demonstrated excellent toxicity within in-vitro
and in-vivo models with a broad spectrum of activity in cancers both sensitive and resistant to
cisplatin and those with p53 mutants.*” This novel activity ensured progression to phase II clinical
trials, however, intracellular instability and metabolic byproducts structurally similar to cisplatin

halted further advancement.”’
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Figure 1. 3 Pathways of cisplatin cytotoxicity (blue arrows) and resistance (orange arrows). i) membrane-
bound afflux proteins (copper transport influx pump CTRI1, efflux pump ATP7A/B and glutathione adducts
afflux pump GS-X) and high mobility group proteins (HMG). ii) Pt-adducts in order of occurance: 1,2-
intrastrand G-G (60-65%) and A-G (20%) and 1,3 interstrand G-G (2%). Cisplatin is incorporated into the
cell through CTR1 (A). Under-expression of CTR1 results in decreased cellular accumulation of cisplatin
(B). Activation through hydrolysis (C), facilitating DNA platination and distortion (D) with no, or little,
inhibition of enzymatic repair activity through HMG (D) resulting induced apoptotic cell death. Acquired
resistance can occur from enhanced DNA repair mechanisms and Pt adduct excision (E). Other resistance
factors such as inactivation through thiol-rich reductants (F), GSH as example) and GS-Pt (and GS-Pt-SG)
adduction elimination through GS-X pump (G). Accelerated efflux of cisplatin through overexpression of
copper transporters, ATP7A/B (H). Membrane recognition and intracellular accumulation of polynuclear Pt
complexes through heparan sulphate proteoglycans (HSPG) (I).



1.2.2.2 Non-covalent interactions

1.2.2.2.1 Metallointercalation and metalloinsertion
Intercalation involves insertion of a planar, usually aromatic ligand (or part thereof) between the
stacked base pairs of DNA. This interaction was identified and characterised by Lerman in 1961*

.. . . 43,44
and many organic intercalators have been recognized since.”

Intercalation of metal complexes
also has a long history, the first structurally characterized (by X-ray diffraction by fibres) example
being the 2-hydroxyethanethiolato(2,2',2"terpyridine)-platinum(II) monocation***® and a number of
recent reviews have appeared describing intercalation by complexes of platinum, copper,

47 L 3,.44,47-50 - . -
and osmium.”™" The essential structural requirement is that the

ruthenium, rhodium
intercalating group must engage in the base stacking interactions, the major factor stabilising the
DNA structure. The nature of “m-stacking” is complex and influenced by, for example, electrostatic
substituent effects and solvent’' ™ but generally requires both that the ligand is planar and (usually)
that it contains a significant delocalized region. It is also necessary that the additional stabilisation
on stacking the intercalating ligand outweighs the reorganization energy necessary to permit it. The
intercalated groups orient approximately parallel to the plane of the base pairs, and the base pairing
is not significantly disturbed. The principal effect on the DNA structure is to extend it by ca. 3.6 A
for each intercalated group (3.6 A being the normal interplanar distance for m-stacking). To permit
this, the DNA helix unwinds, reducing the helical twist across the intercalation site. There are also

. 56,57
a number of smaller geometric changes’

that together may reduce conformational flexibility in
the adjacent portions of the helix, since it is observed that further intercalation does not occur at the
neighbouring sites (the “nearest neighbour exclusion principle”).***® Structurally characterized
metallointercalators are all bound from the major groove, though there is some NMR evidence for

minor groove binding in solution.™
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Figure 1. 4 Molecular structures of platinum(II), Rh(III) and Ru(II) intercalating and insertion complexes.



Since only the planar section of the ligand can intercalate, it needs to be large enough to
achieve significant m-overlap, without bringing the remainder of the complex into unfavourable
steric or electronic interaction. Ligands such as 1,10-phenanthroline (phen) and terpyridine (terpy)
in square planar Pt complexes’ are able to intercalate effectively but large ligands such as 9,10-
phenanthrenequione diime (phi) or dipyridophenazine (dppz) are more effective for 6-coordinate
complexes.”” The orientation of the intercalator in the “slot” between two base pairs may be

60,61

symmetrical, or laterally offset relative to the principal axis of the DNA helix, presumably

reflecting the best accessible set of stacking and other interactions, hence dependent on the detailed

electronic structures of the intercalating ligand and the base pairs lining the intercalation site.”>%*%

There are ten possible intercalation sites,*® differing in existing m-interactions between base

. 51,63
pairs

showed that [Pt(phen)(en)]*" and [Pt(terpy)(HET)]" (where HET = 2-hydroxyethanethiolate)

and their affinity for a specific intercalator. For example, in 1979 Lippard and co-workers

exhibit GC selectivity,”* while [Ru(phen)»(dppz)]*” (Figure 1.4) displays preferential intercalation
for poly-d(AT) over poly-d(GC).* The same complex intercalates symmetrically at the TA/TA
step in d(CCGGTACCGG), but not the AT/AT site in d(CCGGATCCGG),.*' In fact, many
metallointercalators bind preferentially to DNA at specific sites, and this function can be amplified
by interaction of the ancillary ligands with the DNA duplex. In an early example, the photoactive
complex A-o-[Rh{(R,R)-Mestrien}phi]’" (where Mestrien = 2,9-diamino-4,7-diazadecane, Figure
1.4) was found to specifically cleave the sequence 5'-TGCA-3'.% The structural basis for this
specificity was demonstrated in the X-ray structure of the complex bound to 5'-G(5|U)TGCAAC-3'
(Figure 1.5A) in the major groove specifically at the 5'-TG|CA-3' site (where | indicates phi
insertion).”” The intercalation m-stacking is supported by H-bonds from the amines of the Mestrien

ancillary ligands to the guanine-O6 acceptors as well as to some ordered water molecules.

Figure 1. 5 Intercalation and insertion. A. A-a-[Rh{(R,R)-Mestrien}phi]** intercalated into 5'-
G(5|U)TGCAAC-3' with additional stabilisation by H-bonds from the ancillary ligand (PDB 454d), black
lines indicate hydrogen bonds® and B. A-[Rh(bpy),(chrysi)]*" inserted into (5’-CGGAAATTCCCG-3°), displacing a
mismatched AC pair (PDB 2011).%7



Metalloinsertion is closely related to intercalation, also involving incorporation of a ligand into
the base pair stack. The main difference is that in metalloinsertion one base pair is ejected and
replaced by the incoming ligand. This interaction was also predicted by Lerman' and first
structurally characterised in a metal complex only in 2007 for A-[Rh(bpy)a(chrysi)]’” (where chrysi
= 5,6-chrysenequinone diimine, Figure 1.4 and Figure 1.5B)," extended to a family of chrysi
detivatives® and more recently for both A-[Ru(bipy).(dppz)]*"® and A-[Ru(phen),(dppz)]** (where

bipy = 2,2'-bipyridine, Figure 1.4),"'

in all three cases the insertion is at a mis-matched base pair
and from the minor groove (in contrast to intercalation). The dppz complexes are capable of both
intercalation and insertion and it may be that other known intercalators are also capable of insertion
in the presence of base-pair mismatches. Insertion involves less modification to the helical
structure of DNA than intercalation. There is no significant extension or change in helicity
although the “flipped out” bases are free to interact in other ways with the DNA helix or the
inserting complex. The stabilisations due to hydrogen bonding of the displaced base pair and its
stacking interactions are both lost and need to be replaced primarily by the new m-stacking
interactions (plus any new interactions involving the flipped out base pair). Since base-stacking

52,63
7 the

dominates DNA duplex stability and base pairing contributes relatively little stabilization,
loss of the H-bonding component might not be expected to have a high cost. Nonetheless,
metalloinsertion is observed to be specific for mismatched base pairs, especially those where
resulting base-pairing is poor (CC and CA). For example, A-[Rh(bipy),(chrysi)]*"(Figure 1.4) can
promote specific cleavage at a single mismatch site in a 2725 base pair linearized plasmid
heteroduplex.” This specificity is useful in detection of mismatches and potentially diagnostic for

cells with impaired mismatch repair (MMR) mechanisms; notably, the series of Rh-chrysi

complexes shows selective cytotoxicity for MMR-deficient cancer cells.®®

As for intercalation, interaction of the ancillary ligands with the DNA can be used to tune
the binding properties of the inserting complex. For example, [Ru(bipy).dppz]** binds to DNA via
both intercalation and insertion at mismatch sites but [Ru(Mesphen),(dppz)]** (where Mesphen =
3,4,7,8-tetramethyl-1,10-phenanthtroline, Figure 1.4) is a mismatch-specific metalloinsertor
where the methyl groups disfavour intercalation, due to steric interaction with the backbone, and
also control the depth of dppz insertion.”' As might be expected, the metalloinsertion correlates
with the stability of the mismatch site, strongest for CC and CA (less stable), less striking for GG
AA (more stable).”! Metallointercalators and metalloinsertors can be combined with groove-
binding, sequence-specific components in multifunctional assemblies to extend their recognition
and properties. The first structurally characterised example was reported by Nordén in 2001."”
Much elegant work has been done in this area in recent years but is beyond the scope of the current

. 44,4748
review. =



1.2.2.2.2 Non-covalent binding by polynuclear platinum complexes (PCCs)

Enhanced DNA binding properties of the polynuclear platinum(II) chemotype led to the subsequent
development of analogues with varying linker lengths and replacement of liable chloride groups
with ammonia or dangling terminal amines. TriplatinNC, was therefore designed with ‘dangling’
terminal hexanediamine functionality and contains Pt(II) centres linked via bridging diam(m)ine
groups (Figure 1.2C). TriplatinNC forms non-covalent bonds with DNA, without any direct Pt-
DNA coordination epitomised in cisplatin-type structures.”” The architecture of the complex gave
rise to a previously undiscovered mode of DNA binding called the ‘phosphate clamp’ that results
from the selected affinity of symmetric am(m)ine-to-phosphate (N-H O=P) hydrogen bonding
through cis-oriented NH; (ammine) and -RNH, (amine) ligands.” The discrete mechanism of
phosphate clamping gives rise to two binding motifs: phosphate tracking and groove spanning
(Figure 1.6A and B). Triplatin-DNA coordination leads to a collapse in regular helical structure”
with subsequent enzymatic inhibition of topoisomerase I and type II restriction endonucleases.”
Groove spanning is dependent on the local helical topology (localised to the minor groove) and
base composition (specifically towards A-T content) and is discrete from that of classical
intercalation and minor-groove binding.” Despite the highly positive charge of the molecule,
cellular uptake is significantly enhanced in comparison to BBR3464.”° Substitution of chloride
ligands in BBR3464 with ammine groups lead to the derivative AH88—otherwise known as
TriplatinNC-A—which similarly exhibits this non-covalent phosphate clamping association
mode,”” consequently inducing DNA condensation in the same manner as terminal Pt-dangling
amine analogue TriplatinNC.” Note that the phosphate clamp formed by the spermine-bridged
dinuclear [{Pt(NH;)3},-u-spermine]®” is effected through a cis- {Pt(NH3),} group, suggesting also a

model for initial interaction of cisplatin itself with DNA."

Figure 1. 6 TriplatinNC bound to Dickerson-Drew dodecamer (B-DNA) through backbone tracking A. and
groove spanning and, B. interactions.” N-H"O=P hydrogen bonds shown as dashed blue lines.



Extensive studies of the PPCs class have revealed a novel mechanism of incorporation and
accumulation within cancer cells.” The polycationic properties of the complexes mimic
polyarginine peptide sequences and glycosaminoglycans (GAG) important for protein transduction
domains so they can be exploited for tumour selectivity and accumulation. A novel target of PPC is
the heparan sulphate proteoglycan, HSPG, (Figure 1.3I) verified through cellular uptake of
classical platinum complex and polynuclear cationic species in differentially expressed Chinese
hamster ovarian (CHO) cells with and without heparan sulphate and chondroitin sulphate
deficiencies.” PPCs are competitive inhibitors of the polysaccharide degradation enzyme,
heparinase, as co-incubation of the complexes with pentasaccharide GAG mimic fondaparinux
significantly reduced production of the cleavage products/pattern.*’ Indeed, the metalloshielding
effect of PPCs has unveiled a novel area of platinum chemotherapeutic targets and interactions,

coined ‘metalloglycomics’.
1.3 Electrophoretic-based techniques

1.3.1 DNA damage detection

DNA damage is known to play a major role in biological processes including ageing, mutagenesis
and carcinogenesis as cellular DNA is susceptible to many forms of damage resulting from
exposure to endogenous (spontaneous) and exogenous (environmental) sources. Examples of
endogenous factors include enzymatic or spontaneous metabolic conversions, while exogenous
sources include genotoxic agents such as ionizing radiation, redox metal ion overload, and
therapeutic drug exposure. Such mutagens are capable of causing direct or indirect damage to
nucleotides resulting in profound biological consequences including replication errors in genetic
code and the production of free radical species.”’ Two major types of DNA damage mechanisms
exist, hydrolytic and oxidative. Hydrolytic agents result in the cleavage of the phosphate backbone
which can be enzymatically repaired by DNA ligases,*” while oxidative mechanisms involve the
production of diffusible free radicals—produced by mitochondria and also through exposure to
physical agents such as oxidative nucleases—resulting in DNA cleavage by oxidative attack at a

variety of C-H positions of the sugar moiety.*

Electrophoretic gel mobility shift assays are a well-established analytical technique used in
molecular biology laboratories to analyze, separate and purify DNA samples. It is also a useful
technique to probe DNA damage mechanisms. Gel electrophoresis facilitates the movement of
DNA molecules based on both their size and conformation, through a solid-phase medium such as
agarose or polyacrylamide, under the influence of an electric potential difference. Due to its
inherent negative charge, DNA moves in the electric field as an anion, from the cathode to the

anode. The rate of DNA migration through the gel is dependent on a number of factors including
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the length of the DNA sequence, the conformation of the DNA, whether the DNA is single
stranded (ssDNA) or double stranded (dsDNA) and the presence of supercoiling. A number of
external parameters can be controlled in order to maximize the resolution of a gel including the

voltage applied, the physical length of the gel, running time and nature of stationary phase selected.

Plasmid DNA (FI, SC) is a supercoiled substrate widely used to probe drug-DNA interactions
through the medium of agarose gel electrophoresis. sSDNA cleavage induced by a small drug
molecules—such as [Cuy(p-terephthalate)(phen)s]*" (Cu-Terph-Phen) (Figure 1.7)—results in the
formation of nicked open circular DNA (FII, OC),* while double stranded cleavage results in the
formation of linear (FIII, L). Complete degradation of plasmid DNA, like that induced by copper
phenanthrene complexes in the presence of added reductant, can be determined by fragmentation of

DNA.®

1.3.2 Antioxidant traps for oxidative cleavage detection

The cleavage efficiency of Cu®* phenanthroline complexes are dependent on the presence of both a
reductant (L-ascorbic acid) and an oxidant (O, or H,O,) resulting in a cascade of redox reactions
initiated by the reduction of Cu®" to Cu” species.*® The ROS species involved in chemical nuclease
activity of [Cu(o-phthalate)(1,10-phenanthroline)], Cu-Ph-Phen (Figure 1.7) was investigated on
superhelical pUC19 DNA in the presence of ROS-specific quenchers and stabilisers; tiron for
superoxide (0,7);*” DMSO for the hydroxyl radical (OH);* NaNj for singlet oxygen ('0,);* and
KI for hydrogen peroxide (H,0,)” (Figure 1.8A). The cleavage efficacy of Cu-Ph-Phen in the
presence of scavengers identified the most prelevant species involved in strand scission as O, .
Co-incubation with 4,5-dihydroxy-1,3-benzenedisulfonic acid (tiron) significantly impeded the
cleavage activity of the compound preventing double strand damage. The presence of DMSO
diminished activity to a lesser extent while DNA damage was marginally altered by KI and NaNs.
Significantly, ovarian adenocarcinoma cancer cells (SKOV3) pretreated with tiron, then
subsequently exposed to an LDs, concentration of Cu-Ph-Phen displayed enhanced survival by
~26%.”" This method was also employed to probe the redox mechanism of the developmental
copper phenazine series, [Cu(DPQ)(phen)]*" (Cu-DPQ-Phen), [Cu(DPPZ)(phen)]*" (Cu-DPPZ-
Phen), and [{Cu(phen),}.(u-terph)](terph) (Cu-Terph-Phen) (where DPQ = dipyridoquinoxaline
and terph = terephthalate, Figure 1.7) demonstrating the hydroxyl (or metal-hydroxyl) radical as

the primary species involved in oxidative DNA degradation.”
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Figure 1. 7 Molecular structures of selected metal complexes discussed in this review.

1.3.3 Intercalation: Topoisomerase I and II inhibition

Topoisomerases (Topo) are a specialised class of nuclear enzymes that catalyse the transient
cleavage, passage and resealing of either a single strand (Topo I) or double strand (Topo II) of
DNA in order to relax chain intertwinement, release superhelical tension and permit change in
topology during replication, transcription, and DNA repair.”” Topo I mediated relaxation is a robust
assay to identify intercalative properties of DNA binding complexes.”* Metal complexes with
intercalating moieties, typically constructed from planar aromatic ligands, unwind and elongate the
helical structure inhibiting topoisomerase enzymes from binding to DNA, or alternatively
stabilising the enzyme-DNA complex. Topo I isolated from E. coli specifically relaxes negatively
coiled superhelical plasmid DNA giving a distinct topological pattern of negative, or right handed,
topoisomers. In the presence of intercalating agents, plasmid DNA reveals a migratory profile
transitioning from this typical topology pattern to fully relaxed DNA or to positively (left-handed)
SC plasmid. This is evident for intercalating molecule EtBr (Figure 1.10A), which induces helical
unwinding by 26°,” with positively wound topology of intact scDNA being observed after 0.5 uM
(Figure 1.8B). The treatment of established Topo II poison, doxorubicin (Figure 1.10A) renders
complete DNA degradation and shearing at higher concentrations (Figure 1.8C) likely through

ROS generation consequent to redox cycling of quinone moiety.”®"’
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Figure 1. 8 A. Cleavage profile of Cu-Ph in the presence of radical-specific antioxidants and trapping agents.
Table insert with scavengers® utilised in nuclease studies and intracellular antioxidants®. Electrophoretic gels
of topoisomerase relaxation assay for intercalating agents, B. EtBr and C. known topoisomerase poison
doxorubicin, Doxo (unpublished results).

1.3.4 DNA unwinding and bending

Distortion in helical structures and periodicity induced by metal-complexes leads to inhibition of
protein-DNA recognition involved in transcriptional and replication processes. With this in mind,
conformational modifications such as unwinding and bending can be identified through native gel
electrophoresis.” Nucleotide monomers, typically 20-24 bp in length, are specifically designed to
contain optimal platinum binding sites and a single nucleotide overhang that facilitates
polymerization through T4 mediated ligation. The polymerized constructs (100-200 bp in length)
result in an overlapping laddering pattern when subjected to gel electrophoresis.*® Upon platination
of oligonucleotides, interplatinum distances are constant in the ligation product due to single
orientation with constructive addition of bends facilitated by the non-complementary one
nucleotide overhangs. Pt-distances in the plane of helical repeats assemble in the most
constructively phased bend yielding the highest degree of anomalous migration.’” Differential gel
migration between unmodified and alkylated sequences can therefore be attributed to DNA
unwinding where the natural repeat of B-DNA is 10.5 bp. Planar curvature is assessed from relative

mobility (K) values, based on the apparent length after electrophoretic migration relative to known
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sequence length, with higher values indicating a greater degree of bending. The curvature or
retardation maxima gives the precise helical repeat and are obtained through plotting K values
versus length of oligonucleotides. The unwinding angle can therefore be calculated on the basis
that a helical repeat of 10.5 bp has a periodicity of 360° in B-DNA. The bend angle per helical turn
or absolute curvature can be calculated from empirical equations based on sequence length, relative
mobility and curvature relative to DNA bending induced by the tracts of A residues.’®”®'® This
procedure has been widely used to determine helical bending and local unwinding angles of site-

specific platinated interstrand crosslinks (Table 1.1).

Table 1. 1 Helical unwinding and bending angles for established platinum complexes.

Interstrand Unwinding Bending
crosslink
Cisplatin'® 1,2-GG 79° 45°
Oxaliplatin'®"+'%? 1,2-GG 96° 55°
Trans-bisPt(4)" 1,4-GG 5—5  9° 10°
BBR3464!% 1,4-GG 5'—>5  10° 21°
1,4-GG 3'—3'  9° 15°

T Trans-bisPt(4) = [trans-{PtCI(NH3), },-u-NH,(CH,),NH,]*"

1.3.5 Alkylation assays with melphalan

Melphalan is an aromatic nitrogen mustard with high affinity for alkylating the minor groove—
inducing A*T—TeA transversions—and when heat-treated with piperidine DNA cleavage at
guanine N-7 adducts result (Figure 1.9A).'°*'" Since thermolabile sites can be readily visualized
by gel electrophoresis, the presence of high affinity minor groove binding agents—such as
netropsin and distamycin—can be seen to afford protection to DNA from alkylation.'®
Interestingly, the same protective effect can be seen in the case of PPCs, where melphalan is

prevented from accessing A-rich regions, and this protective effect is illustrated in figure 1.9B.'"

A. Step 1 Step 2 Step 3 B. Step 1 Step 2 Step 3

Melphalan Piperidine PPC Piperidine

o ./ FATA e X

Introduction of Adenine N3 alkylati Thermolabile DNA PPC minor groove Alkylation prevented by Protected DNA
alkylating agent fragmentation protection PPC protection

Figure 1. 9 Minor groove binding competition assay using polynuclear platinum complexes.

1.3.6 On-chip microfluidic analysis

Lab on chip technology—such as that commercially available through the Agilent Bioanalyser
2100—has provided a platform to conduct high-throughput gel electrophoretic experiments on a
microfluidic chip with up to 12 DNA, RNA or protein samples being analysed and processed

sequentially.'” Data can be processed and generated with output including electrograms, peak
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height, peak area and digital electropherograms. Many applications for nucleic acids have been

found for this technique including determination of sample size, quality and concentration.'®™""!

Recently, we employed this technique to determine drug-DNA damage and selective
binding interactions with double stranded DNA sequences. In the first case, an assay was devised
to compare the oxidative degradation profiles of a family of structurally related bis-chelate Cu(Il)
phenanthroline-phenazine cationic complexes of Cu-DPQ-Phen, Cu-DPPZ-Phen, and Cu-DPPN-
Phen (where DPPN = benzo[i]dipyridophenazine) on a linearized pUC19 sequence (2686 bp). We
employed both peak height and peak area intensity in order to rank the activity of the complex
series, revealing Cu-DPQ-Phen (Figure 1.7) as the most active complex within the series.*” In the
second case, we employed the Agilent Bioanalyser 2100 to investigate whether cationic Triplatin
complexes of varying linker length ([{Pt(NH;)s},-p-{trans-Pt(NH;),(NH2(CH,)¢NH,),} 1" (AH44,
TriplatinNC-A) and [{trans-Pt(NH;),(NH,(CH,)nNH3)}5-p-(trans-Pt(NH;),(NH,(CH,)nNH,), } ¥
cations where n =5 (AH78P), 6 (AH78, TriplatinNC) and 7 (AH78H) (Figure 1.2C)) were capable
of inhibiting site-selective excision by type II restriction endonucleases. Experiments were setup
with pre-incubation of DNA using a variety of PPCs concentrations followed thereafter by
exposure to a selection of endonucleases (BamHI, EcoRI, Sall). Concentration dependent
endonuclease inhibition was identified in each case, with high intensities of the native pUC19 band
visible (in linear form) indicative of protection.” Furthermore, a distinct dependency on linker
chain length with the pentanediamine complex protecting or inhibiting linearized pUC19 DNA
from digestion in the nanomolar range, while a 10-fold concentration increase was required to

block restriction activity in the hexane- and heptane- bridged Triplatin cations.

1.3.7 Non-covalent recognition elements

Oxidative DNA damage is known to be dependent on a number of factors including and not limited
to: DNA plasmid type and conformation, presence/absence of exogenous oxidant and reductant,
presence chelating agents and dependence on hydrogen peroxide.*''*'"® Therefore, it was of
interest to further probe the oxidation profiles of the copper(Il) phenazine series and determine
whether DNA cleavage site specificity could be enhanced or inhibited in the presence of non-
covalent recognition elements such as minor groove (netropsin), major groove (methyl green) and
electrostatic agents ([Co(NH;)s]Cl;) (Figure 1.10B). Pre-incubation of DNA with major groove
binding agent methyl green resulted in enhanced chemical nuclease activity—most likely by
directing drug-DNA interactions towards the minor groove—while the presence of the minor
groove binding agent netropsin was found to significantly reduce the oxidative DNA damage

profile of the complex series.”



1.4 Fluorescence and absorbance based techniques

1.4.1 Indirect fluorometric assays

Small organic molecules with high specificity and affinity for nucleic acids, becoming optically
fluorescent upon binding, are invaluable tools in the molecular biology lab. In particular, when
probing DNA binding affinity of metal complexes with low molar extinction coefficients (e.g.
Cu(Il) and Mn(II) metallodrugs), these techniques are valuable given the absence of direct
electronic spectroscopic measurements. Examples of such dyes routinely used in fluorescence
microscopy and flow cytometry include the blue fluorescent AT specific dye, DAPI (4’ ,6-
diamidino-2-phenylindole), commonly used as a nuclear counterstain; intercalating Sybr Green I,
used for the detection of double stranded DNA and also as a chromosomal stain, and red
fluorescent nuclear and chromosome counterstain, propidium iodide (3,8-diamino-5-[3-
(diethylmethylammonio)propyl]-6-phenylphenanthridinium ~ diiodide) ~(Figure 1.10A).°"'*
Fluorescent dyes, however, are not just limited to microscope imaging as they have also found use
in high-throughput assays designed to indirectly assess the affinity at which a small drug molecule
can bind to DNA (including fluorescence resonance energy transfer (FRET) assays extensively
reviewed for metallodrug-stabilization and melting curves in G-quadruplex systems'’). Two such
examples are the planar heterocyclic intercalator, ethidium bromide (3,8-diamino-5-ethyl-6-
phenylphenanthridinium bromide; EtBr), and the crescent shaped minor groove binding agent,
Hoechst 33258. Since these molecules have low fluorescence when free in solution and become
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highly fluorescent when bound to DNA, their photophysical properties can be used to

inversely determine the ability of a small molecules to bind DNA through fluorescence depletion.
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Figure 1. 10 A. Molecules with fluorescent DNA binding properties; DAPI, Doxo (doxorubicin), PI
(propidium iodide), EtBr (ethidium bromide) and Hoechst 33258 and B. non-covalent DNA recognition
elements; MG (methyl green, major groove binder), Net (netropsin, minor groove binder) and cobalt(III)
hexammine ([Co(NH;)s]*" electrostatic agent).



1.4.2 Competitive fluorescent displacement

The competitive EtBr displacement assay is an indirect titration technique used to determine the
apparent binding constants (Kjy,) of non-fluorescent DNA-binding ligands and complexes. This use
of EtBr to probe drug-DNA binding constants was originally proposed in 1979 by Morgan et al.'"”
and conducted in rectangular quartz cuvettes, however in recent years Kellett ef al. have modified
this assay to take advantage of a 96-well fluorescence plate reader to allow for high throughput
analysis.'*'*” This procedure involves treating DNA (10 uM) with an excess of the intercalating
ethidium bromide molecule (12.6 uM)-saturating all available binding sites between the DNA base
pairs—resulting in strong fluorescence. This quantitative titration method is used to determine the
amount of test sample required to induce a 50% decrease in the fluorescence of the EtBr reporter
molecule, referred to as the Csy value. Using this high-throughput approach, drug concentrations
are measured in triplicate and the apparent binding constants are calculated using Ky, = K. %
12.6/Cso where K, = 8.8 x 10° M(bp)™".” This reproducible displacement assay can be applied to
rank the binding affinity of both individual and families of compounds over a defined

: 75,85
concentration range. ™

1.4.3 Competitive fluorescence quenching

Fluorescence quenching assays under conditions of excess DNA (eg. 25 uM
M(Bp)") treated with limited bound fluorescent EtBr (5 pM) allow for complexes to be
characterised based on their ability to distinguish between modes of DNA interaction. Not only can
fluorescent probe molecules be varied based on mode of interaction (e.g. EtBr — intercalator;
Hoechst 33258 — minor groove binder) but so too can the %GC content of DNA.*'"* Quenching
(Q) values can be determined by the concentration of test sample required to induce 50%
quenching of the drug-free control fluorescence giving rise to the identification of potentially new

intercalators or groove binders and their sequence dependence.
1.5 Absorbance based techniques

1.5.1 Overview

UV-visible spectroscopy of nucleic acids is dominated by base absorption since each nucleobase
has low symmetry and several heteroatom lone pairs. Transitions for individual bases tend to
overlap and produce a single broad strong absorption band for the whole nucleic acid polymer,
with an absorbance maximum (A4,,) between 250-280 nm. The maximal absorbance of a nucleic
acid (Amay) 1s dependent on its composition, AT content vs. GC content (Figure 1.11A). Likewise,
the molar extinction coefficient (g,,x) of the nucleic acid is dependent on composition and whether

111

it is single stranded or double stranded (Figure 1.11B). "~ A useful resource can be freely accessed



on http://www.atdbio.com/tools/oligo-calculator, where the UV and thermodynamic properties of

DNA sequences can be calculated.
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Figure 1. 11 A. Determination of molar extinction coefficients for double stranded DNA and extinction
coefficients and B. A« values for synthetic polymers of varying GC content.

1.5.2 Thermal melting

Thermal melting (Ty) marks the midpoint in the melting process of DNA, when a 50:50
equilibrium exists between helical and single stranded states. Since AT regions contain fewer -7
stacking interactions, these hydrogen bonds melt first, promoting the initial unwinding of the DNA
helix, followed by the melting of remaining GC rich regions. The thermal melting process is based
on the loss of both hydrophobic interactions and m-m stacking interactions from nearest neighbor
interactions due to the denaturation of the double helix and ultimate loss of secondary structure
when bases become unstacked.'”' This process is reversible and full renaturation of duplex DNA
can occur approximately 25°C below the denaturation temperature.'>* This is a powerful technique,
that relies on the intrinsic extinction coefficients of nucleic acids, to probe the thermodynamic

parameters involved in metallodrug-DNA binding interactions.

The differential stability of AT and GC rich regions and splitting of the duplex into single
strands, is of paramount importance to many cellular processes such as transcription and
recombination and is also critical in the molecular biology lab for techniques such as polymerase
chain reaction (PCR). The thermal denaturation of DNA is also strongly influenced by duplex
environment including salt and buffered solvent conditions. For example, the higher the salt
concentration (<1M), the higher the Ty, as increasing the concentration helps to diffuse the
negative charge on the phosphate backbone (electrostatic stabilisation).'* The relationship between
Ty and ionic strength can be exploited in order to change a Ty to a more convenient experimental

temperature.

The physical property of denaturation can be monitored easily using a UV-vis
spectrophotometer by observing the change in absorbance as a function of temperature. The

method offers a useful insight into the strength of drug-DNA interactions as the more energy
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required to denature the stabilized secondary structure relative to the untreated polynucleotide, the
stronger the drug interaction (ATy) and vice versa.* Structural features of DNA dramatically
impact the affinity of a drug molecule toward it. This influence can be clearly seen in Table 1.2, as
actinomycin D substantially stabilized the thermal denaturation of poly[d(G-C),], while minor
groove binding agent netropsin, was seen to have an equal magnitude of stabilisation on the
thermal melting profile of poly[d(A-T),]. We have also used this method effectively in order to
rank the activity of a triplatin complex series on both calf thymus DNA and alternating

75,85
copolymers.™

Table 1. 2 Influence of standard agents and selected copper phenazine complexes on the thermal
melting of synthetic alternating copolymers.*

ATy (°C)
Agent Poly[d(A-T),] Poly[d(G-C),]
Netropsin 12.32 £0.79 02.83 +0.38
Actinomycin D -0.32+£0.29 12.10£0.95
Cu-DPQ-Phen 0.60£0.18 11.39+1.10
Cu-DPPZ-Phen 0.50+0.10 10.44 +1.10

1.5.3 Circular dichroism spectroscopy

Circular dichroism spectroscopy probes the absolute configuration and conformation of a system
and is dependent on chirality. This UV based method is used extensively for the study of the
secondary structure of chiral biomolecules and is particularly useful to determine conformational
properties such as the o and B helix of proteins and the A, B and Z-forms of DNA. In the case of
DNA, heterocyclic nitrogenous DNA bases are achiral themselves but when linked to a 5’ carbon
sugar by a B-glycosidic linkage and placed within the phosphate framework in a stacked helical
formation, the molecule as a whole becomes chiral, therefore the electronic transitions of bases are
monitored in the UV range of 180-300 nm. DNA structures can be affected by environmental
factors in solution—temperature, pH and ionic strength (Figure 1.12C)—and also by drug-DNA

. . . . . . .. . . 124
interactions; inducing significant variations in the resulting spectra.

Many DNA binding agents are achiral and optically inactive, however by observing
changes at specific wavelengths in the UV spectrum where DNA typically absorbs (Figure 1.12B),
it is possible to determine the induced circular dichroism (ICD) of the drug-DNA interaction,
through the coupling of electric transition moments of the ligand and the DNA bases.'” Using this
spectroscopic method it is possible to determine a molecules preferred binding mode (minor
groove, major groove, intercalation) within the asymmetric DNA environment by observing the

induced CD signal relative to untreated DNA at wavelengths of 210, 220, 246 and 268 nm.'*
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Figure 1. 12 A. B — Z NaCl titration of alternating co-polymer poly[d(G-C),] with increasing amounts of
salt (unpublished results) and, B. and wavelengths of interest for CD DNA studies.

Intercalation typically leads to an increase in the ellipticial signal of helicity and base pair
stacking interactions of B-DNA, while groove binding agents typically cause an increase in the
elliptical signal associated with hydrogen bonding interactions. CD has effectively been used to
show a B—>Z'*" and B>A'** conformational changes when poly(dG-dC)epoly(dG-dC) was treated

with both monofunctional and bifunctional platinum complexes.

CD offers many advantages over NMR and X-ray crystallography in the analysis of
structural interactions in biological systems as it is an inexpensive technique requiring small
amounts of sample, allowing for rapid and highly sensitive analysis of oligonucleotides of both
short and long base pair composition offering an alternative absorbance based technique to
determine binding mode and affinity of drug-DNA interactions.'” Linear dichroism—another
powerful form of polarized-light spectroscopy complementing CD—has been successfully
employed to deduce drug-DNA binding geometries and has been extensively reviewed

130,131
elsewhere. ™

1.5.4 ELISA detection of 8-0x0-dG lesion formation

8-0x0-2'-deoxyguanosine (8-0x0-dG) is one of the most popular and well-studied biomarkers of
oxidative stress since it can be readily detected indirectly in bodily fluids including urine, serum
and plasma through the measurement of repaired adducts as the daily flux of repaired adducts

132 Several chromatography based

should reflect the intracellular rate of oxidative DNA damage.
methods can be employed to assess 8-0xo-dG as a biomarker of oxidative stress including high
pressure liquid chromatography with electrochemical detection (HPLC-EC), gas chromatography

coupled to mass spectroscopy (GC-MS), and the standard stable isotope dilution liquid
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chromatography-MS/MS. 133,134

However, many debates still exist regarding the most suitable
method to determine 8-0xo-dG, as nucleotides are prone to oxidation during both sample
preparation and analysis. It has been reported in literature that GC-MS estimates of DNA oxidation

have been shown to be higher than HPLC-EC estimates by a factor of ~10.'*

We recently employed a Trevigen high throughput ELISA kit in order to quantify the extent of
oxidative lesions induced by the copper phenazine complex series. Detection of oxidative lesions is
conducted using a HRP conjugate and TACS Sapphire colorimetric substrate with lesions
quantified using a fluorescence plate reader. It was determined that 8-ox0-dG liberation followed
the overall trend Cu-DPQ-Phen > Cu-Phen > Cu-DPPZ-Phen (Figure 1.7) with higher lesion
numbers detected under heavily sheared plasmid conditions where DNA was treated with higher

. 92
drug concentrations.

1.6  Viscosity

Unlike fluorescence and absorbance-based techniques, viscosity does not involve the study of new
optical properties arising through metallodrug-nucleic acid binding. Rather, this is a method in
which drug-DNA interactions can be studied as a function of the physical hydrodynamic changes
induced by the addition of a drug molecule. Experiments are conducted by introducing increasing
ratios of drug into a solution containing a fixed concentration of DNA and observing how the
velocity of DNA sedimentation influences a change in centipoise (cP). Relative viscosity data can
be represented as (#/7,) versus the [compound] / [DNA] ratio r, where 7 is the viscosity of complex
treated DNA and 7, is the viscosity of untreated DNA.*® This technique is sensitive to changes in
the length of DNA chain and individual modes of binding can be distinguished effectively since

covalent and non-covalent binding modes display different hydrodynamic characteristics.

Intercalating molecules induce extension and unwinding of the deoxyribose phosphate
backbone due to separation of base pairs in order to accommodate the bound ligand ultimately
resulting in the lengthening of the DNA molecule-these hydrodynamic changes can be monitored
by viscometry as the length of the molecule is increased in proportion to the amount of drug bound
(Figure 1.13).** Indeed the opposite effect can be noted for non-covalent major and minor groove
binding agents since they cause little or no distortion to the phosphate backbone of DNA. In
contrast, condensing agents—such as the triplatin series of complexes—are capable of compacting

and precipitating sheared DNA, and ultimately decreasing the overall trend of viscosity.”
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Figure 1. 13 Relative viscosity values of organic and inorganic compounds bound to duplex stDNA.

1.7 Mass Spectrometry

Advances in technologies and ionization techniques now make Electrospray Inoization-Mass
Spectrometry (ESI-MS) an indispensable tool for probing drug-nucleic acid interactions with
several advantages including the need for only a small sample, speed of use, and ease of
analysis."”>"*® Covalent binding with biomolecules in general is easily observed and with
appropriate digestion can pinpoint stoichiometry and binding sites of metallodrugs. It is in the
study of non-covalent interactions where most interest resides because, if strong enough, the
canonical non-covalent binding modes of hydrogen-bonding, electrostatic interactions, and
intercalation can be transferred to the gas phase without disruption. Single-stranded, double-
stranded and G-quadruplex DNA have all been studied and primary spectra combined with MS-MS

techniques can give information on strength and sites of binding.

DNA as a template affects kinetics of substitution reactions occurring within its domain.
Mass spectrometric studies using 18-mers showed a kinetic preference for binding of BBR3464 to
ssDNA over dsDNA."’ In this case, electrospray ionization coupled with Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FTICR-MS) is sufficiently sensitive to observe the
‘pre-association” of the covalently binding molecule prior to Pt-DNA bond formation. For single-
stranded DNA, the site of binding of the substitution-inert TriplatinNC and AH44 on a 18-mer
ssDNA (5'-TCTCCCAGCGTGCGCCAT-3") was ascertained using Tandem MS-MS of the 1:1
adducts (Figure 1.14).*" The binding is sufficiently strong that the fragment ion pattern is distinctly
different and upon MS-MS there is no drug-DNA dissociation, only cleavage of the

oligonucleotide backbone.
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Figure 1. 14 ESI-MS/MS of free (top) and PPC (either TriplatinNC or AH44) adducted (bottom) 5'-
d(TCTCCCAGCGTGCGCCAT) at 100 and 120V of collisional energy, respectively.*” Fragmentation of the
glycosidic bonds is prevalent throughout the free, with the region of enhanced stability in red. The associated

fragment ions (WgZ’,w92', and ag-a;; using standard McLuckey nomenclature”g"”) are absent in the adduct

indicating the area of PPC binding.

Full scan ESI-MS spectra of dsSDNA AT duplex {5-TAGCGCTTTTTCCGTA-3'} — {5'-
TACGCGAAAAAGCGCTA-3'} complexed with substitution-inert PPCs also confirmed that the
non-bonding interaction is strong enough to be transferred from solution to the gas phase.'* The
CID spectra showed duplex unzipping into single strands with again no loss of PPC-DNA binding
and duplex stabilization correlates with increasing charge and hydrogen bonding character of the
complex. The energy required to separate the PPC-DNA adducts is significantly more than needed
for the minor groove binding Hoechst dye. Upon increasing the collisional energy the single-

stranded DNA formed dissociates as above.

ESI-MS has also proven useful in probing relative binding affinities of metal complexes to

duplex and quadruplex DNA.'*!"!

Differences in binding within a series of octahedral
metallointercalators based on [Ru(phen)s;]*" and [Ru(phen),(dppz)]*" and square-planar analogs
such as [Pt(en)(phen)]*" demonstrated that the binding affinity in general towards quadruplex DNA

is significantly less than that towards dsDNA.'*

1.8 NMR Spectroscopy

NMR spectroscopy, like mass spectrometry, has benefitted significantly from advances in field
strength, magnetic shielding and cryogenic probes.'**'* Spectral analysis of HPLC-purified site-
specific oligonucleotide adducts with cisplatin have characterized the major conformational
changes upon platination using essentially standard 2D-NMR techniques.'**'* In the case of
BBR3464 and congeners ([{trans-PtCI(NH;),},u-HoN(CH,)¢NH,]*" adducted to the self-
complementary DNA octamer 5'-d(ATG*TACAT),-3', the formation of the novel 1,4-interstrand
crosslinks was confirmed.'**'* Strong H8/H1" intraresidue crosspeaks observed for the A1 and A7

resonances are consistent with a syn-conformation for these bases as well as the platinated
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guanines. The structure suggests unusual cooperative effects unique to this class of anticancer
drugs and the lack of severe DNA distortion such as a kink or directed bend may explain the
inability of HMG-domain proteins to recognize these lesions, a biological consequence
significantly different from that of mononuclear complexes such as cisplatin.'” A unique feature of
long-range {Pt,Pt} interstrand crosslinks is the occurrence of directional isomers—the existence of
the unusual 3’ - 3’ linkage isomer in the sequence was also confirmed by 2D NMR specroscopy.'*°

The most useful isotopes for NMR studies are 'H, "N and '"’Pt. The latter is extremely
sensitive to the nature of the ligands attached and can be used for speciation and kinetic studies.
The use of {'H, "N} HMQC/HSQC NMR spectroscopy greatly enhances sensitivity and is
especially useful in kinetic studies with biological molecules. The chemical shift and coupling
constants (e.g. 'J{"’N-'"*Pt}) are sensitive to the nature of the trans ligands, and coupled to the fact
that the only protons observed are those bound to the '°N nucleus makes the technique of great

practical use. Pre-association and strong non-covalent binding can be observed as well as kinetics

of DNA binding.

Using fully °N-labelled TriplatinNC, the presence of the phosphate clamp in solution with the
Dickerson-Drew Duplex (DDD) was confirmed by observation of large chemical shift differences
of the 8(NH3) and 3(-NH,R) in both the 'H and "N dimensions."*” The 2D {'H,"”’N} HSQC NMR
spectrum of '°N-labeled TriplatinNC shows only two cross-peaks and a weak peak due to dangling
amine (Figure 15). In the presence of DDD at pH 6, dramatic downfield "N shifts of
approximately 20 ppm are observed. The coupling constant changes are also consistent with

formation of the phosphate clamp.'*’
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Figure 1. 15 {'H,"”’N} HSQC NMR of TriplatinNC (left) and Dickerson-Drew Duplex (DDD, right).
Satellites from 'J("*N-'"Pt) are clearly visible. Adapted with permission from Qu et al."’
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Pre-association may affect the final conformation of covalently-bound interstrand crosslinks
and even the isomer directionality. These features have been studied by 2D {'H,"”N} HSQC
NMR.'"* A unique feature of DNA binding modes for PPCs is the kinetic preference for single-
strand over dsDNA- as noted by ESI-MS studies. Mass spectrometric studies using 18-mers
showed a kinetic preference for binding to ssDNA over dsDNA."” For BBR3464 the aquation rate
constant is of the same order of magnitude to that of cisplatin, but the chloride anion rate constant
is much higher so that the equilibrium favours the dichloro form."**'** A 3-fold slowing of the
aquation of BBR3464 occurs in the presence of dsDNA but not ssDNA."' This feature may
account for the kinetic binding preference and may also be relevant in stabilization of G-quartet

"2 The results emphasize how the alteration of chemical

quadruplex structures using BBR3464.
properties of small molecules in the presence of large host interactions is dependent on the
conformation and nature of that host and these examples show the utility of NMR techniques in

probing these subtle interactions.

1.9  In cellulo genotoxicity

1.9.1 Intracellular ROS damage

The intracellular generation of endogeneous ROS can be monitored via the oxidation of the
diacetate precursor to the highly fluorgenic 2',7'-dichlorodihydroflorescin (DCFH).'” Sequential
time-course quantification can reveal time or concentration-dependent liberation of ROS from
metal complexes. We have recently reported the Mn®* bis-1,10-phenanthroline (phen) di-salt
complex, bridged with octanedioate (oda) ([Mny(u-oda)(phen)s(H,O), [[Mny(u-
oda)(phen)s(oda),]-4H,0 (Mn-Oda-Phen) in conjunction with cationic Cu*" analogue, [Cu,(u-
oda)(phen)s]*” (Cu-Oda-Phen) (Figure 1.7) as potent in vitro anticancer agents and ROS
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induction.

Mn-Oda-Phen elicited exceptional levels of endogenous ROS within cancer cells
when examined with the intracellular ROS indicator at 15, 30, 60, 120 and 180 min intervals within
a concentration range of 250 — 1000 nM with comparable activity at 12.5 uM equivalent to the
positive control H,O, (500 nM). Substitution of the metal centre notably altered redox properties as
the copper analogue did not liberate significant levels when examined at higher concentrations (up

to 100 uM).

1.9.2 Intracellular ROS scavengers

Generation of intracellular ROS targets multiple biomolecules such as lipids, proteins and nucleic
acids. Sequestering the species through the use of ROS specific antioxidants (similar to those
described in section 1.3.2) can elucidate the redox chemistry and generation properties of metal-
based anticancer drugs. Radical-selective antioxidants are treated within the cell at concentrations

that do not alter cellular viability but are in excessive equivalent to the test complex and as such
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those previously mentioned in nuclease gel electrophoresis experiments are not suitable due to
innate toxicity of DMSO and KI. The impact of ROS-specific scavengers (D-mannitol for ‘OH,'”
pyruvate for H,0,"° and tiron for O,",") was examined for Cu-Ph-Phen treated SKOV3 cell
survival where co-incubation of antioxidants were found to enhance viability by 12, 16, and 23%,
respectively.”’ Results are in excellent agreement with the observed effects on plasmid DNA
damage and it is particularly significant that the largest enhancement to viability occurred in the

presence of the O,” scavenger, tiron. Thus we resolved Cu-Ph-Phen exerts cytotoxicity through

Haber-Weiss catalytic generation of the superoxide radical accelerating Fenton-like chemistry.

1.9.3 Confocal microscopy: detection of DNA fragmentation and condensation

The use of confocal microscopy allows the evaluation of macromolecular structures in fine detail
while revealing the intracellular molecular interactions and identification of morphorological
changes associated with apoptotic dell death. Incorporating DNA specific fluorogenic dyes, such as
propidium iodide, Hoechst, acridine orange and DAPI (Figure 1.10A), can reveal alterations and
distortions in genomic DNA and chromatin structure such as shrinking, condensations,
fragmentation and disassembly of the nuclear envelope. This method was used to examine the
pharmacological effects of TriplatinNC treated with 20 uM for 24h, stained with DAPI (4',6-
diamidino-2-phenylindole), exhibited DNA condensation and compaction in colorectal cancer cell

line, HCT116 (Figure 1.16A)."’

1.9.4 Immunodetection of double strand breaks (DSBs) with yYH2AX

A primary response to dsDNA damage is the site-selective phosphorylation of H2AX, a histone
variant that is indiscriminately incorporated into the chromatin structure."”®"”® H2AX differs from
other H2A histones through a carboxyl tail containing 139 serine residue that becomes
phosphorylated in the presence of dsDNA damage and is denoted yYH2AX."® The accumulation of
phosphorylated H2AX creates a signaling beacon and focus for subsequent recruitment of DNA
repair mechanisms. A proportional correlation is observed between the extent of DNA damage and
formation of YH2AX foci thus rendering it as a pertinent method for dsSDNA damage detection.
Following the advent of phosphorylation, a recognition antibody for YH2AX can be utilised to
visualise and quantify this process through either fluorogen conjugation to the primary or
secondary antibodies. Using YH2AX, we have recently reported DNA damage induction by Cu-Ph-
Phen and Cu-Ph-Bipy (Figure 1.7).*° In particular, the 1,10-phenanthroline analogue induced a
large number of double strand breaks (DSBs) in comparison to the bipyridyl derivative and
cisplatin, where DSBs observed in the latter is most likely due to DNA repair mechanisms and
excision of platinated adducts (Figure 1.16B). Quantification of H2AX was conducted through
flow cytometry; by quantifying mean intensity fluorescence (MIF) the trend Cu-Ph-Phen >
cisplatin >> Cu-Ph-Bipy was identified and was in agreement with microscopic observations.
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1.9.5 COMET assay: neutral and alkaline

Single cell gel electrophoresis, otherwise known as the comet assay, is a useful method to evaluate
the extent of DNA damage induced by genotoxic chemicals.'®’ Various modifications to the
COMET assay explores types of stand breaks and alkaline labile sites within the cell.'® The
severity of DNA degradation can be segregated based on the pH of electrophoretic buffer with the
use of neutral buffers for DSBs while a more sensitive alkaline method can visualise both ds and ss
breaks. Cells embedded onto agarose-coated slides are lysed of membrane and histone structure
under high salt and detergent conditions leaving nucleoids of negatively supercoiled DNA. When
subjected to electrophoresis, the migration of the DNA is dependent on the integrity and extent of
damage. High levels of degradation result in patterns that are comet in shape, where intact DNA is
localized to the head, and increasingly damaged DNA results in retarded migration forming the tail
shape. Based on the proportion of DNA in the head and tail, scoring a population of COMETs
allows statistical comparison between treated and non-treated populations. This method can also be
employed to measure the extent of interstrand cross-linking. Irradiation by y-radiation induced
double strand breaks, however in the presence of DNA platinating agents, the reduction in comet
tail length are indicative of the extent of interstrand crosslinking.'®® This is observed for the
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mononuclear trans-platinum carboxylate complex with substituted pyridine (TPA V)™ and

polynuclear complexes BBR3610 and DACH analogue, (Figure 1.7), capable of forming long-

range inter and intrastrands (Figure 1.16C).'"

-

cisplatin

HCT116 BBR3610 BBR3610-DACH

Figure 1. 16 A. Nuclear condensation observed in colorectal cancer cells, HTC116 when treated with
TriplatinNC. B. Induction of double strand break detected via YH2AX foci (green) and nuclear counterstain
(red) in ovarian cancer cells SKOV3. C. COMET assay evaluation of BBR3610 and DACH analogue
interstrand crosslinks in irradiated HCT116 cells. Images reproduced with permission from original

c 157,1
publications.®®!37:160
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1.10 Conclusion

DNA is a well-established pharmacological target for metallodrugs and, as such, developmental
anticancer complexes continue to be rationally designed for potential clinical use. The elucidation
of covalent or non-covalent binding modes, along with helical and groove residency is therefore a
crucial area of study in this field. As such, this review has focused on selected molecular and
biophysical methods for determining metallodrug-DNA interactions using gel electrophoretic,
electronic and fluorescent spectroscopic, immunohistochemical, NMR spectroscopic, and mass
spectrometric techniques. Significantly, when combinations of complementary molecular methods
are employed, full elucidation of solution binding properties can be defined, which ultimately
broaden our understanding of complex-DNA binding. The techniques for covalent binding as
demonstrated for the platinum case can, and have been, easily applied to other classes of transition-
metal cytotoxics such as those containing Ru(I) or Au(I/IIT).'*'® Our recent work on probing the
nucleic acid binding mode by ‘phosphate clamping’ Triplatin complexes elegantly reveals how
these molecular techniques can function synergistically;’* using a family of cationic tri-platinum(II)
complexes of varying aliphatic linker length [{trans-Pt(NH;),(NH,(CH,),NH3)},-u-(trans-
Pt(NH;)>,(NH,(CH,),NH,),} [(NO;)s, where n = 5 (AH78P), 6 (AH78; TriplatinNC) and 7
(AH78H), high-affinity PPC-DNA interactions were uncovered using ethidium bromide
fluorescence quenching, while cooperative fluorescence binding of Hoechst 33258 was observed at
the minor groove. Conformational changes on long DNA were then identified using viscosity,
electrophoretic, and CD spectroscopic methods where aggregation/condensation of nucleic acids
was evidenced in tandem with conversion from B - Z-DNA. 2D-'H NMR experiments, in
conjunction with several other molecular methods, then indicated two limiting modes of phosphate
clamping—backbone tracking (GC dependent) and groove spanning (AT dependent)—could be
distinguished and implied DNA condensation was driven, primarily, by minor-groove spanning.
Further application of electrophoresis (including ‘on-chip’ microfluidics) showed Triplatin-DNA
binding prevented endonuclease activity by type II restriction enzymes. Subsequent work by Farrell
and co-workers identified nucleolar condensation in colorectal cancer cells using confocal
microscopy'”’ with atomic force microscopy (AFM) studies showing this class to condense both
tRNA and dsDNA structures.” Other examples on the augmentation of molecular methods have
been described in this review and, with this in mind, both the overlap and versatility of

complementary techniques are further delineated.
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Chapter 2
DNA Ocxidation Profiles of Copper Phenanthrene Chemical

Nucleases

This work was published in Frontiers in Chemistry, 2015, 3, 28.
Zara Molphy, Creina Slator, Chryssostomos Chatgilialoglu and Andrew Kellett .

Within this work, my colleague, Z. Molphy, and I contributed towards experimental execution and
manuscript preparation. I specifically contributed towards the following sections: experimental
design and execution of antioxidant experiments and 8-oxodG quantifications. Supporting
information associated with this chapter can be found in Appendix A.

41



2.1 Abstract

The deleterious effects of metal-catalyzed reactive oxygen species (ROS) in biological systems can
be seen in a wide variety of pathological conditions including cancer, cardiovascular disease,
ageing, and neurodegenerative disorder. On the other hand however, targeted ROS production in
the vicinity of nucleic acids — as demonstrated by metal-activated bleomycin — has paved the way
for ROS-active chemotherapeutic drug development. Herein we report mechanistic investigations
into the oxidative nuclease activity and redox properties of copper(Il) developmental therapeutics
[Cu(DPQ)(phen)]*" (Cu-DPQ-Phen), [Cu(DPPZ)(phen)]*" (Cu-DPPZ-Phen), and [{Cu(phen),}»(u-
terph)](terph) (Cu-Terph), with results being compared directly to Sigman’s reagent [Cu(phen),]*"
throughout (phen = 1,10-phenanthroline; DPQ = dipyridoquinoxaline; DPPZ = dipyridophenazine).
Oxidative DNA damage was identified at the minor groove through use of surface bound
recognition elements of methyl green, netropsin, and [Co(NH;)s]Cl; that functioned to control
complex accessibility at selected regions. ROS-specific scavengers and stabilisers were employed
to identify the cleavage process, the results of which infer hydrogen peroxide produced metal-
hydroxo or free hydroxyl radicals (OH) as the predominant species. The extent of DNA damage
owing to these radicals was then quantified through 8-oxo-2'-deoxyguanosine (8-0xo-dG) lesion
detection under ELISA protocol with the overall trend following Cu-DPQ-Phen > Cu-Terph > Cu-
Phen > Cu-DPPZ. Finally, the effects of oxidative damage on DNA replication processes were
investigated using the polymerase chain reaction (PCR) where amplification of 120 base pair DNA
sequences of varying base content were inhibited — particularly along A-T rich chains — through

oxidative damage of the template strands.
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2.2 Introduction

Oxygen radical generation is an inevitable consequence of aerobic existence and has been
implicated in a wide variety of pathological conditions including cancer, cardiovascular disease,
ageing, and neurodegenerative disease (Cooke & Evans, 2007). Reactive oxygen species (ROS) are
created in a variety of endogenous chemical and biological processes in the human body —
predominantly through oxygen metabolism. The sequential reduction of molecular oxygen can
generate reactive intermediates such as superoxide (O,") and hydrogen peroxide (H,O,) that
initiate a cascade of redox reactions toward the production of hydroxyl radicals (‘OH) and related
metal-oxo species (Kellett et al., 2012). Molecular targets of ROS include proteins, lipids, and
nucleic acids — the deleterious effects of which include base and deoxyribose modifications that
ultimately precipitate single or double strand breaks. To counteract this, the majority of cells
possess defence mechanisms such as base excision repair (BER) — e.g. 8-oxoguanine glycosylase
(OGG1) (Xu et al., 2014) — and nucleotide excision repair (NER) pathways that prevents genome
instability to ultimately limit cytotoxicity, the accumulation of deleterious mutations, and maintain
genome integrity. Two major ‘OH induced DNA lesions are 8-oxoguanine (8-0x0-dG), a mutagenic
lesion which induces G — T transversions widely seen in mutated oncogenes and tumour
suppressor genes, and the poorly mutagenic thymine glycol (Basu, Loechler, Leadon, &
Essigmann, 1989; Chatgilialoglu & O’Neill, 2001). Recent evidence suggests ‘OH attacks occur
primarily at base moieties and account for the majority of total hydrogen atom abstraction on DNA
alone (Chatgilialoglu, Ferreri, & Terzidis, 2011). Thus, 8-o0xo-dG has been subjected to intensive
investigation due to its prominence as a biomarker within ROS-mediated disease pathology, and its
ease of detection in bodily fluids and tissue samples has allowed a variety of detection methods to
accurately assess 8-0x0-dG lesions including high-pressure liquid chromatography (HPLC), gas
chromatography (GC), mass spectrometry (MS), and the enzyme linked immunosorbent assay

(ELISA).

In addition to the induction of endogenous DNA damage, exogenous sources including UV
light, ionizing radiation, environmental agents, pharmaceuticals, and industrial chemicals can also
initiate  ROS production (Klaunig, Kamendulis, & Hocevar, 2010). Indeed the clinical
antineoplastic agent bleomycin (BLM) is a redox active agent capable of DNA oxidative cleavage
in the presence of Fe(Il) (and Cu(I)), molecular oxygen, and endogenous one electron reductants
(Burger, 1998; Stubbe and Kozarich, 1987; Chen et al., 2008). Bleomycin can abstract hydrogen
atoms from deoxyribose in the DNA backbone, specifically from C4'position (Breen and Murphy,
1995). The active form of Fe(I[)-BLM is a ternary, high-valence Fe(IIT)-O species (Rodriguez and
Hecht, 1982; Gajewski et al., 1991; Pratviel and Bernadou, 1989) that undergoes an electron
reduction by endogenous reductants (e.g. L-ascorbate) or by another molecule of Fe(Il)-BLM

(Burger et al., 1981; Natrajan et al., 1990). Fe(II)-BLM can form 8-oxo-dG and other base
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propenals, however these are known to occur in small amounts; the formation of such DNA
degradation products results from ‘OH oxidative damage — a side product only of the ferryl-oxo
species — that does not functionally contribute to biological systems or participate in the nuclease

activity of activated Fe(II)-BLM (Rodriguez and Hecht, 1982).

Our group have recently investigated a range of [Cu(phen),]*" (Cu-Phen) (Phen = 1,10-
phenanthroline) type systems as potential lead compounds for therapeutic and biochemical
application (Kellett et al., 2011; Prisecaru et al., 2012; 2013; Molphy et al., 2014). [Cu(phen),]*",
originally reported by Sigman et al. (Sigman, Graham, Aurora, & Stern, 1979), is believed to
cleave DNA through a variety of copper bound oxidants including Cu’*-OH and Cu*-OOH with the
possibility of free ‘OH playing a role in the overall process (Johnson & Nazhat, 1987; Marshall,
Graham, Reich, & Sigman, 1981). Recent work on the development of bis-chelate Cu**
phenanthroline-phenazine cationic complexes of [Cu(DPQ)(phen)]*” (Cu-DPQ-Phen) and
[Cu(DPPZ)(phen)]*" (Cu-DPPZ-Phen) (DPQ = dipyridoquinoxaline; DPPZ = dipyridophenazine)
have demonstrated how extension of the ligated phenazine ligand influences DNA recognition and
oxidative degradation (Molphy et al., 2014). Indeed, when designer phenazine ligands (DPQ and
DPPZ) are incorporated into the ‘copper bis-phen’ chemical nuclease model, these agents display
enhanced DNA recognition and intercalation among the highest reported on ctDNA (Table 1, Ky,
~ 3 x 10’ M(bp)"). Since nuclearity is also established as an important factor in oxidative DNA
cleavage (van der Steen et al., 2010; Li et al., 2005), we also reported the dinuclear complex,
[{Cu(phen),},(u-terph)](terph) (Cu-Terph) (terph = terephtalate), which is capable of inducing
oxidative DNA strand breaks in the absence of exogenous reductant (Kellett et al., 2011). Cu-Terph
has promising in vitro cytoxicity toward human derived breast, prostate, colon, ovarian, and lung
human cance cell lines, with comparable activity to mitoxantrone — a clinincal anthracene

topoisomerase Il inhibitor (Kellett et al., 2011; Prisecaru et al., 2012).
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Scheme 2. 1 Molecule structures of the copper(IT) complex cations examined in this study.
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Table 2. 1 Summary of DNA binding properties of tested complexes toward calf thymus DNA (ctDNA)
along with synthetic nucleic acid polymers poly[d(A-T),] and poly[d(G-C);].

Compound Cso” K., M(bp)'” | Q (uM) 0 (uM) ATy (°C) ATy * (°C)

poly[d(A-T),|°  poly[d(G-C),]° | poly[d(A-T);|’  poly[d(G-C),]*
Cu-Phen 17921 0.67 x 10° 13.34 7.96 -0.02£0.29 06.64 + 1.58
Cu-DPQ-Phen 3.93 30.45 x 10° 8.34 3.97 0.60+0.18 11.39+1.10
Cu-DPPZ-Phen 4.63 25.85 x 10° 11.60 10.12 0.50+0.10 10.44 +1.10
Cu-Terph 39.36 0.30 x 10° 8.6 10.3 NT NT

“Cso = concentration required to reduce 50% fluorescence of saturated bound ethidium bromide (12.6 pM) on ctDNA (10 uM).

”Kapp =K, x 12.6/Csy where K. =9.5 x 10° M(bp)'1 (apparent binding constant on ctDNA).

¢ Fluorescence Quenching (Q) of limited bound Ethidium Bromide (5 pM) bound poly[d(A-T),] and poly[d(G-C),] by Cu** complexes.
¢ ATy = difference in thermal melting (Ty) of drug-treated nucleotide at = 0.1 compared with drug-untreated nucleotide.

NT = not tested.

In this contribution we identify, using head-to-head analysis, the comparative oxidative DNA
cleavage properties of DNA binding Cu®" complexes Cu-Phen, Cu-DPQ-Phen, Cu-DPPZ-Phen,
and Cu-Terph (Scheme 2.1) through a variety of biophysical and molecular biological methods.
Additionally, we report these agents inhibit DNA polymerase activity—particularly at A-T rich
sites—through oxidative degradation of template strands. To that end, we report i.) oxidative DNA
profiles in the presence of DNA recognition agents of netropsin, methyl green, and [Co(NH3)6]Cls,
ii.) DNA cleavage profiles in the presence of radical trapping and stabilising co-factors, iii.)
quantitation of 8-0x0-dG lesions arising from complex treated superhelical plasmid DNA, and iv.)
DNA polymerase inhibition on DNA templates of differential A-T content. The DNA binding
profiles for this series have previous been reported and are summarised in Table 1 (McCann et al.,
2013; Molphy et al., 2014; Kellett et al., 2011; Prisecaru et al., 2013); simple phenanthroline
containing complexes (Cu-Phen and Cu-Terph) have moderate binding constants toward ctDNA
while phenazine compounds (Cu-DPQ-Phen and Cu-DPPZ-Phen) can be considered as high-
affinity dsDNA intercalators. Further, ethidium bromide fluorescence quenching on alternating
duplex polymers—poly[d(A-T),] and poly[d(G-C),]—has shown complexes bind at both minor
and major grooves. It has not been established, as yet, if chemical nuclease activity occurs

preferentially at either or both recognition sites.

2.3 Materials and Methods

2.3.1 Preparation of the complexes

Chemicals were purchased from Sigma-Aldrich Ireland and used without further purification. DPQ
and DPPZ ligands were initially generated through the Schiff base condensation reactions of 1,10-
phenanthroline-5,6-dione with ethylenediamine and o-phenylenediamine respectively. The bis-
phenanthroline complex [Cu(phen);](NO;3), (Cu-Phen) was prepared by refluxing 1,10-
phenanthroline with copper(Il) nitrate in a 2:1 molar ratio in aqueous-ethanol (Prisecaru et al.,
2013). The  phenazine complexes [Cu(DPQ)(Phen)](NO;);  (Cu-DPQ-Phen) and
[Cu(DPPZ)(Phen)](NOs), (Cu-DPPZ-Phen) were prepared by treating the mono-phenanthroline
complex [Cu(Phen)](NOs), with 1 molar equivalent of the corresponding phenazine ligand in
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ethanol (Molphy et al., 2014). The [Cu(p-terephthalate)(1,10-phen)s]** was prepared by ethanolic
reflux of copper(Il) terephthalate hydrate and 1,10-phenanthroline in a 1:2 ratio according to the
reported method (Kellett et al., 2011).

2.3.2 DNA cleavage studies

2.3.2.1 DNA cleavage in the presence of added reductant

The ability of the complexes to oxidatively damage DNA in the presence of added reductant was
determined using a method previously published by this laboratory with minor changes (Molphy et
al., 2014). Reactions were carried out according to the following general procedure: in a total
volume of 20 pL using 80 mM HEPES buffer (pH 7.2) with 25 mM NaCl, 1 mM Na-L-ascorbate,
400 ng superhelical pUC19 (NEB, N3041) and varying concentrations of test complex (250 nM,
500 nM, 1 uM and 2.5 uM). Complexes were initially prepared in DMF and further diluted in
HEPES buffer (Fisher). Samples were incubated at 37 °C for 30 minutes. Reactions were quenched
by adding 6% loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03 % bromophenol blue,
0.03 % xylene cyanole FF, 60 % glycerol, 60 mM EDTA and samples were loaded onto an agarose
gel (1.2 %) containing 8 uL. EtBr. Electrophoresis was completed at 70 V for 2 hours in 1x TAE
buffer.

2.3.2.2 DNA cleavage in the presence of non-covalently bound recognition elements

This protocol was adapted from a previously reported procedure (Tabassum et al., 2012). Briefly,
400 ng pUC19 was incubated with 25 mM NaCl, 1 mM Na-L-ascorbate, and 8, or 16 uM of either
methyl green, netropsin or hexamine cobalt(IIl) chloride in 80 mM HEPES buffer (pH 7.2) for 45
minutes at 37 °C. Sample tubes were then vortexed and varying concentrations of test complex
were added (250 nM, 500 nM, 1 pM and 2.5 pM). The reaction mixture was further incubated at 37
°C for 30 minutes. The reaction was then quenched with 6x loading buffer and subjected to gel

electrophoresis (prepared and stained as previously described).

2.3.2.3 DNA oxidation with ROS scavengers and stabilisers

The presence of ROS specific scavengers was used to determine the effect on the DNA cleavage
abilities of each copper complex. The procedure was adapted to the previously reported method
(Zhou et al., 2014). Briefly, to a final volume of 20 uL, 80 mM HEPES (pH = 7.2), 25 mM NaCl, 1
mM Na-L-ascorbate, and 400 ng of pUC19 DNA were treated with drug concentrations of 250 nM,
500 nM, 1 uM and 2.5 uM in the presence ROS scavengers / stablilisers; KI (10 mM), NaN; (10
mM), DMSO (10 %), and D,0 (77 %). Reactions were incubated for 30 min at 37 °C, quenched
with DNA loading dye and loaded onto 1.2 % agarose gel and run under conditions previously

described.
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2.3.3 HT quantitation of 8-o0xo-dG

Quantitation of 8-0x0-dG lesions present in 3000 ng pUC19 plasmid DNA pre-incubated with test
complexes (10 and 20 uM) at 37 °C for 30 minutes was achieved utilising a high throughput 8-oxo-
dG ELISA kit (Trevigen) and performed as per manufacturers guidelines. Samples of damaged
DNA were examined in triplicate using a 96 well plate, pre-coated with 8-oxo-dG along with
varying concentrations of a standard 8-oxo-dG (200, 100, 50, 25, 12.5, 6.25 and 3.13 nM). An 8-
0x0-dG monoclonal antibody, which competitively binds to 8-o0xo-dG immobilized to each well,
was added to the plate with excess antibody being washed with PBST (1x PBS, 0.1% Tween 20).
The concentration of 8-o0xo-dG was determined based on antibody retention in each well using
goat anti-mouse IgG-HRP conjugated antibody and colorimetric detection substrate TACS-
Sapphire. Product formation was inversely proportional to 8-0xo-dG present in the DNA sample.
Samples were determined using a Bio-Tek synergy HT multimode microplate reader at 450 nm and

quantitation of 8-0x0-dG was extrapolated from the standard curve.

2.3.4 PCR inhibition studies

This protocol was adapted from a previously reported procedure (Sanchez-Cano et al., 2010). 400
ng pUC19 DNA was initially exposed to each test complex in the presence and absence of 1 mM
added reductant at 37 °C for 30 minutes (Figure S-2 and S-3). 20 ng of damaged DNA template
was removed and PCR reactions (35 cycles) were carried out with each varying G-C content primer
set (Figure S-4) at optimum annealing temperatures and analysed using gel electrophoresis. This
investigation was replicated in the absence of added reductant (Figure S-5) and also at lower drug

loading (250 nM, 500 nM, 1 uM and 2.5 uM) with 1 mM reductant (Figure S-6).

2.4 Results and Discussion

2.4.1 DNA cleavage in the presence of non-covalently bound recognition elements

We have previously shown that DNA oxidative cleavage by copper complexes is dependent on a
range of factors including (but not limited to): plasmid DNA conformation and type, presence of
competing metal chelating agents (e.g. EDTA), reaction / exposure time, and presence /
concentration of exogenous reductant or oxidant. In the current work we examine chemical
nuclease activity of supercoiled pUC19 plasmid DNA in the presence of 1 mM reductant (Na-L-
ascorbate) using agarose gel electrophoresis. In order to ensure the copper(l) active species (i.e. the
nuclease) was fully generated, each complex was initially reduced with 1 mM of added reductant
prior to pUC19 titration. Relaxation of supercoiled (SC, FI) pUC19 DNA into open circular (OC,
FII) and linear (LC, FIII) conformations was employed to qualitatively measure the cleavage
efficiency of complexes over a concentration range of 250 nM, 500 nM, 1.0 uM and 2.5 uM for 30

minutes at 37 °C (Figure 2.1 A-D, lanes 1-4). Complexes show concentration-dependent relaxation
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of FI (superhelical) to FII (open circular / nicked), while FIII (linear conformation) is evident at 2.5
uM Cu-DPQ-Phen exposure and with 500 nM of the dinuclear agent Cu-Terph. Complete digestion
of SC DNA occurs only with the maximum tested concentration (2.5 uM) of Cu-Terph. The overall
trend in chemical nuclease activity is Cu-Terph > Cu-DPQ-Phen > Cu-Phen > Cu-DPPZ-Phen. The
activity profiles observed here are in good agreement with those previously reported by this group;
Cu-Terph has previously displayed nicking at 1.0 uM on the plasmid pBR322 with complete
digestion occurring thereafter (Prisecaru et al., 2012). We also established that both 2.5 and 5.0 uM
of Cu-Phen induced nicking (OC) on both pBR322 (McCann et al., 2013; Prisecaru et al., 2012)
with activity being impeded in the presence of EDTA (Prisecaru et al., 2013). The nuclease activity
of both Cu-DPQ-Phen and Cu-DPPZ-Phen has been identified previously (Molphy et al., 2014),

however, direct analysis with the current conditions cannot be made.

In an attempt to determine DNA cleavage site specificity, minor groove (netropsin, Net) and
major groove (methyl green, MG) binders, along a surface electrostatic binding and condensing
agent ([Co(NHj;)6]Cl;, Co(Ill)) were pre-incubated with pUC19 DNA prior to the addition of test
complex (Figure 2.1 A-D, lanes 5-16). In all cases, presence of the major groove binder MG
enhanced chemical nuclease activity with greater nicking (OC) and linearisation (LC) frequency
compared with control experiments. Conversely, the minor groove binder Net impedes chemical
nuclease activity as pUC19 is clearly protected from both OC and LC damage across all
experiments. The cationic surface binding agent [Co(NH;)s]>" had no major impact on the chemical
nuclease activity of Cu-Phen and Cu-DPPZ-Phen but did reduce nicking by Cu-DPQ-Phen at 1 uM
and was also effective in protecting pUC19 damage by Cu-Terph. Taken together, evidence here
points toward the minor groove as the major site of DNA oxidation by this complex series; MG
bound pUC19 primes the minor groove for chemical nuclease activity while titrated Net clearly
diminishes this damage. Indeed this observation of minor groove targeting is consistent with
previous analysis on the rapid cleavage of poly(dA-dT) by 2:1 phenanthroline-Cu’ mixtures
(Sigman et al., 1979).
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Cu-Phen Cu-Phen + MG Cu-Phen + Net Cu-Phen + Co(lll)
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Cu-DPQ-Phen Cu-DPQ-Phen + MG Cu-DPQ-Phen + Net Cu-DPQ-Phen + Co(lll)
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Cu-DPPZ-Phen Cu-DPPZ-Phen + MG Cu-DPPZ-Phen + Net Cu-DPPZ-Phen + Co(lll)

Cu-Terph Cu-Terph + MG Cu-Terph + Net Cu-Terph + Co(lll)

Figure 2. 1 Lane 1-4 (A-D) DNA cleavage reactions with 250 nM, 500 nM, 1.0 pM and 2.5 uM test complex
(A: Cu-Phen, B: Cu-DPQ-Phen, C: Cu-DPPZ-Phen and D: Cu-Terph), 400 ng superhelical pUC19 and 1
mM added Na-L-ascorbate incubated at 37 °C for 30 minutes. Lanes 5-16 (A-D) DNA cleavage reactions in
the presence of recognition elements, methyl green (MG), netropsin (Net) and [Co(NHj3)s]Cl; (Co(IID)),
where 400 ng pUC19 was initially pre-treated with 8 pM of respective non-covalent binding control at 37 ° C
for 45 minutes and then with 250 nM, 500 nM, 1 pM and 2.5 pM test complex in the presence of 1 mM
added Na-L-ascorbate at 37 °C for 30 minutes.

2.4.2 DNA oxidation with ROS scavengers and stabilisers.

In order to examine ROS species involved in DNA oxidation, activity was investigated in the
presence of radical-specific scavengers and stabilisers (Table 2) with results shown in Figure 2.2.
Before complex analysis, scavengers were confirmed to have no impact on pUC19 conformation
(data not shown). Control experiments are in excellent agreement with those observed in Figure
2.1 (lanes 1-4), however, a fraction of superhelical (FI) pUC19 was found to remain upon 2.5 uM
exposure of Cu-Phen. Results here suggest that ‘'OH is the most prevalent radical species involved
in strand scission as the presence of DMSO considerably impedes cleavage activity of all
complexes. It is noteworthy DMSO had a major impact on cleavage activity of Cu-Terph as only
the maximum tested concentrations (1.0 and 2.5 uM) contained nicked cleavage products. The
presence of the H,O, scavenger, KI, was also found to inhibit chemical nuclease activity of tested
complexes—again most notably within Cu-Terph reactions—and this observation is consistent
with previous trapping studies conducted on these model systems (Johnson & Nazhat, 1987;
Prisecaru et al., 2013). It is interesting to note the catalase enzyme is a more effective scavenger of
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H,0, compared with KI as previous work revealed complete inhibition of DNA oxidation by Cu-

Phen, Cu-DPQ-Phen, and Cu-DPPZ-Phen complexes (Molphy et al., 2014).

The role of 'O, was next examined utilising the NaN; scavenger (Franco et al., 2007) and D,0O
as a 'O, stabiliser (Merkel et al., 1972; Xia et al., 2006). Nuclease activity by Cu-Phen, Cu-DPQ-
Phen, and Cu-DPPZ-Phen complexes was only marginally inhibited by NaN; while no change in
activity (relative to control) was observed in D,0 thus suggesting a limited role in DNA oxidation
by '0,. NaN; did, however, impede activity by Cu-Terph but the role of 'O, in the scission process

could not be verified as D,O was also found to remove activity.

Table 2. 2 Scavengers and stabilisers utilised within this study.

Scavenger */ Stabiliser " ROS References
NaN;* '0, (Franco et al., 2007)
KI?® H,0, (Dunand et al., 2007; Steffens et al., 2012)
DMSO * ‘OH (Franco et al., 2007; Mazzer et al., 2007)
D,0 b 102 (Merkel et al., 1972; Xia et al., 2006)
Cu-Phen Cu-Phen + NaN, Cu-Phen +KI Cu-Phen + DMSO Cu-Phen +D,0
A ) OO ezl e

Cu-DPQ-Phen Cu-DPQ-Phen + NaN, Cu-DPQ-Phen +KI  Cu-DPQ-Phen +DMSO  Cu-DPQ-Phen + D,0
B ) OO ezttt

Cu-DPPZ-Phen Cu-DPPZ-Phen + NaN; Cu-DPPZ-Phen + Kl Cu-DPPZ-Phen + DMSO Cu-DPPZ-Phen + D,0
C I ] W) el el

Cu-Terph Cu-Terph + NaN; Cu-Terph + Kl Cu-Terph + DMSO Cu-Terph +D,0

Figure 2. 2 DNA cleavage reactions in the presence of ROS scavengers. 400 ng of SC pUC19 was incubated
for for 30 min at 37 °C with 250 nM, 500 nM, 1 uM and 2.5 uM of test complex (A: Cu-Phen, B: Cu-DPQ-
Phen, C: Cu-DPPZ-Phen and D: Cu-Terph) in the presence of | mM added Na-L-ascorbate for 30 minutes.
Lanes 1-4 metal complex only, lanes 5-8: complex + 10 mM NaNj, lanes 9-12: complex + 10 mM KI, lanes
13-16: complex + 10% DMSO, and lanes 17-20: complex + 77% D,O.
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2.4.3 Quantitation of 8-oxo-dG

To examine if the oxidative DNA lesion, 8-0x0-dG, is formed during complex reactions with DNA,
an HT 8-oxo-dG ELISA kit was employed for immunological detection and quantification. The
complex series was investigated at 10 and 20 uM with 3000 ng of SC pUC19, with 8-0x0-dG being
quantified in both nM and ng/mL (Figure 2.3). Nuclease activity was firstly confirmed at 10 uM
and 20 uM (Figure S-2.1). Low numbers of lesions were detected in the untreated control (3.92 +
0.79 nM) and the exposure of pUC19 to each of the complexes at 10 uM resulted in detectable
increases in 8-0xo0-dG (between 35.24 — 5.05 nM) with the trend following Cu-Terph > Cu-DPPZ-
Phen > Cu-DPQ-Phen > Cu-Phen. Upon 20 uM complex exposure significant levels of 8-oxo-dG
(between 129.22 — 17.77 nM) were produced with the trend changing toward Cu-DPQ-Phen > Cu-
Terph > Cu-Phen > Cu-DPPZ-Phen. Given the ‘OH radical is fundamental in the production of 8-
0x0-d@G, results here demonstrate DNA oxidation by copper phenanthrene complexes, particularly

under extensive shearing conditions (Figure S-2.1), drive formation of 8-0x0-dG lesions.
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Figure 2. 3 Structure and quantification of 8-oxo-dG. Graph represents level of generated 8-oxo-dG as nM
(left axis) and ng/mL (right axis). 3000 ng of SC pUC19 with 10 and 20 uM of test complexes Cu-Phen, Cu-
DPQ-Phen, Cu-DPPZ-Phen and Cu-Terph with 1 mM Na-L-ascorbate were incubated at 37 °C for 30
minutes and followed by ELISA protocol.

2.4.4 PCR inhibition studies

Our next aim was to investigate how oxidative lesions — induced through complex exposure — can
ultimately impact on in vitro DNA processing by the polymerase chain reaction (PCR) (Figure
2.4). During the normal PCR process, a DNA template is initially denatured through heating to
more than 90 °C to separate double stranded DNA into constituent single strands. The second step
involves lowering the temperature (40 — 60 °C) to allow specifically designed forward and reverse
primers to anneal at targeted regions (for selective amplification) through complementary base
pairing. At this point the temperature is increased again to allow Taq polymerase to attach at each

priming site and extend to synthesise a new DNA strand. This thermal cycling process allows for a
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chain reaction to occur in which the selected DNA template is exponentially amplified creating
millions of copies of the targeted sequence (Figure 2.4A). In our study 400 ng of pUC19 plasmid
DNA was initially exposed to increasing concentrations (2.5, 5, 10, 20, 30, 40 and 50 uM) of test
complexes in the absence and presence of exogenous reductant at 37 °C for 30 minutes and used as
a substrate for the PCR reaction along with specific primer sets to generate three 120 bp sequences
of varying G-C content (35%, 50% and 63%). PCR inhibition (up to 50 uM) was not achieved by
any tested agent (Figure S-2.2) in the absence of added reductant indicating physical blocking of
the PCR process (Figure 2.4B) does not occur. With added reductant, however, the pattern
emerges as described in Figure 4C. In the high A-T amplification set (35% G-C), PCR was
inhibited by 5.0 pM of the mono-nuclear complexes (Cu-Phen, Cu-DPQ-Phen and Cu-DPPZ-
Phen). In the case of the di-nuclear agent (Cu-Terph), complete inhibition of template amplification
was observed at all exposure levels (Figure 2.5A). Within the 50% and 63% G-C templates (Figure
2.5 B and C respectively), the PCR reaction was impeded at 5.0 uM for both Cu-DPQ-Phen and
Cu-Terph complexes whereas template DNA, oxidatively damaged by 5.0 uM of Cu-Phen and Cu-
DPPZ-Phen, was still suitable for amplifying 120 base pair DNA sequences.
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Figure 2. 4 TIllustration of steps involved in a successful PCR reaction (denaturation, primer annealing,
primer extension and template amplification), B. the impact of a bound metal complex as physical block of
the primer extension step, C. inhibition of DNA amplification in the PCR cycle through the oxidative damage
of template strand.
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Figure 2. 5 400 ng pUC19 DNA was initially exposed to 2.5, 5, 10, 20, 30, 40 and 50 uM of each test
complex in the presence of | mM added reductant at 37 °C for 30 minutes. 20 ng of damaged DNA template
was removed and PCR reaction was carried out with each varying GC content primer set at optimum
annealing temperatures and analysed using gel electrophoresis. Fig. A Lane 1: 35% GC control, lane 2-8 35%
GC + Cu-Phen, lane 9-15 35% GC + Cu-DPQ-Phen and lane 15-21: 35% GC + Cu-Terph. Fig. B 50% GC
and Fig. C 63% GC respectively. All sequences generated were 120 base pairs.

2.5 Conclusions

Mechanistic investigations into oxidative cleavage properties of the copper(Il) complex series
[Cu(phen),]*" (Cu-Phen) [Cu(DPQ)(phen)]*" (Cu-DPQ-Phen), [Cu(DPPZ)(phen)]*" (Cu-DPPZ-
Phen), and [{Cu(phen),},(u-terph)](terph) (Cu-Terph) reveal chemical nuclease activity occurs
primarily at the minor groove; titration of the major groove binder, methyl green, enhances DNA
degradation — most likely by directing (priming) complex-DNA interactions to the minor groove —
while the presence of the minor grove binder, netropsin, was found to significantly reduce
oxidative damage on pUCI19. It is also interesting to note that no correlation exists between
chemical nuclease activity (Figure 2.1) and apparent DNA binding constant (Table 2.1). Instead,
nuclearity has a more dramatic effect as evidenced by Cu-Terph mediated DNA damage. ROS-
specific scavengers employed to identify the cleavage mechanism revealed metal-hydroxo or free
hydroxyl radicals (‘OH), and not 'O,, as the predominant species generated; DMSO was found to
limit DNA oxidation — most likely through the trapping of hydroxyl radicals ((CH3),SO + ‘OH —
CH;SO,H + 'CH;) (Burkitt and Mason, 1991) — with sodium azide (NaN;) having neglibile
influence on all complexes except Cu-Terph. It is also likely that hydrogen peroxide (H,0,) is the
key intermediary in "OH production as the peroxide scavenger KI (Dunand et al., 2007; Steffens et
al., 2012) was refractory to oxidative damage by tested agents. The generation of hydroxyl-based
radicals was corroborated through identification of 8-oxo0-2'-deoxyguanosine (8-oxo-dG) DNA
lesions quantified under an ELISA protocol. 8-0xo-dG liberation followed the overall trend Cu-

DPQ-Phen > Cu-Terph > Cu-Phen > Cu-DPPZ with higher lesion numbers detected under heavily
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sheared (damaged) plasmid conditions. Finally, oxidative damage by the complex series was found
to inhibit the DNA replication process; polymerase chain reaction (PRC) reactions were impeded —
particularly along A-T rich chains — through oxidative damage of template strands with the di-
nuclear Cu-Terph, and mono-nuclear Cu-DPQ-Phen, being particularly potent oxidants to this

process.

2.6 Supporting Material
Supplementary data associated with this chapter can be found in Appendix A.
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Chapter 3
[Cu(o-phthalate)(phenanthroline)] Exhibits Unique Superoxide-
Mediated NCI-60 Chemotherapeutic Action through
Genomic DNA Damage and Mitochondrial Dysfunction
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Within this chapter, I was the primary contributor to all aspects of experiential design, execution,
analysis and manuscript preparation. A significant proportion of my PhD research was dedicated
towards this body of work. Supporting information associated with this chapter can be found in

Appendix B.
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3.1 Abstract
The in cellulo catalytic production of reactive oxygen species (ROS) by copper(Il) and iron(II)

complexes is now recognized as a major mechanistic model in the design of effective cytotoxins of
human cancer. The developmental complex, [Cu(o-phthalate)(1,10-phenanthroline)] (Cu-Ph), was
recently reported as an intracellular ROS-active cytotoxic agent that induces double strand breaks
(DSBs) in the genome of human cancer cells. In this work we report the broad-spectrum action of
Cu-Ph within the National Cancer Institute’s (NCI) Developmental Therapeutics Program (DTP),
60 human cancer cell line screen. The activity profile is compared to established clinical agents—
via the COMPARE algorithm—and reveals a novel mode of action to existing metal-based
therapeutics. In this study we identify the mechanistic activity of Cu-Ph through a series of
molecular biological studies that are compared directly to the clinical DNA intercalator and
topoisomerase Il poison, doxorubicin. The presence of ROS-specific scavengers were employed for
in vitro and intracellular evaluation of prevailing radical species responsible for DNA oxidation
with superoxide identified as playing a critical role in this mechanism. The ROS targeting
properties of Cu-Ph on mitochondrial membrane potential were investigated, which showed that it
had comparable activity to the uncoupling ionophore, carbonyl cyanide m-chlorophenyl hydrazine
(CCCP). The induction, and origins, of apoptotic activation are probed through detection of
Annexin V, activation of initiator (8,9) and executioner caspases (3/7), and are structurally
visualized using confocal microscopy. Results here confirm a unique radical-induced mechanistic

profile with intracellular hallmarks of both damage to genomic DNA and mitochondria.
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3.2 Introduction

The advancement of metal complex mediated chemotherapeutic design has been spurred largely
due to the success of the corner-stone anticancer agent, cisplatin.' Due to resistance and toxicity
issues, however, the discovery of alternative metallodrug therapies with differential mechanisms of
action are now required.” As such, copper complexes are now being considered due to attractive
features such as: coordination range, biologically accessible redox states, and inherent cationic
charged complex properties.” Copper is a fundamental component of many biologically important
metalloproteins, and while it also plays a crucial role in neoplastic diseases*—particularly for
invasion and angiogenesis® during development of tumor growth and metastasis—the
incorporation of copper ions into small molecules has demonstrated considerable therapeutic
potential.® More specifically, the utility of copper-based anticancer agents can be exploited as
potential tumour-specific targets; copper levels are intrinsically amplified in a range of cancers
such as breast, cervix, liver, lung, Hodgkin’s lymphoma, leukaemia, gastrointestinal tract cancer
and brain tumours,”® where ordinarily, levels are tightly regulated in cells and organs.*”'® The
innovation of copper complexes as anticancer agents has gained rapid growth over the last number
of years, the most notable advances of which have been extensively reviewed by Santini ez al."
Encouragingly, two copper(II) complexes of the Casiopeinas class that feature N'N', O'O’, or N'N',
N'0’, chelated symmetry (Scheme 1) have recently entered phase I clinical trials.'> This group has
previously reported on the cytotoxic properties of copper phenanthrene-based agents with oxidative
chemical nuclease activity. We have identified ROS formation, such as superoxide (O,"), hydrogen
peroxide (H,0,), hydroxyl radical (OH), and metal-oxo species as critical components to their
oxidative DNA damaging profile.””” The mononuclear copper(Il) complex [Cu(o-phthalate)(1,10-
phenanthroline)] (Cu-Ph, Scheme 1) is a candidate antitumoral agent that features bis-chelate—
dicarboxylate and N,N'-intercalative—square planar coordination scaffold.'” Encouraging in vitro
cytotoxicity against breast (MCF-7), colon (HT29), lung (A549), and ovarian (SKOV3) human
epithelial cancer cells have revealed both an alternative kinetic and mechanistic profile compared
with cisplatin. The agent bears greater potency than its attenuated 2,2'-dipyridyl analogue,
particularly within intrinsically cisplatin resistant ovarian (SKOV3) cells, where intracellular
reactive oxygen species (ROS) in conjunction with genomic double strand breaks (DSBs) have
previously been established using 2',7'-dichlorodihydrofluorescin, and immunodetection of yYH2AX

-1
foci."”

In this contribution we describe the cytotoxic activity profile of Cu-Ph within the National
Cancer Institute’s Developmental Therapeutics Program (DTP) 60 human cancer cell panel and
identify the mechanistic profile, via the COMPARE algorithm, in comparison to an established
base of clinical anticancer drugs.” We have selected ovarian cancer cell line, SKOV3, for further

in-depth mechanistic analyses owing to a typical observed LCs, response (5.2 pM) by Cu-Ph that
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was common among solid epithelial cancer cells examined, and also due to its innate resistance to
cisplatin. The cell line was originally derived from an adenocarcinoma tumor patient that
previously underwent non-platinum based therapies.>* The cell line is classified as serous subtype
of ovarian cancer, accounting for 90% of ovarian cancers.”>*® A partial role in intrinsic resistance
of cisplatin to SKOV3 is the cellular accumulation of the drug. A 4.3 fold increase is required in
order to inhibit cell growth compared with cisplatin-sensitive cells,”” where the cell line can also
develop acquired resistance to paclitaxel.”®*° This, along with associated cross-resistance of
platinum compounds, eliminates primary chemotherapeutics options, such as lone or combination
regimens of carboplatin and paclitaxel for the treatment of recurrent or metastatic ovarian cancers.
Furthermore, as SKOV3 is p53 null,*®?' the loss of p53 function is accountable for decreased
sensitivity to a number of DNA-alkylating therapeutics.”> SKOV3 is also shown to be estrogen
receptor (ER) positive,”> however they are nonresponsive to estradiol induced growth and

. o 3435
antiestrogens such as tamoxifen.”™

An extensive range of molecular methods—flow cytometry, confocal microscopy, and

fluorescence spectroscopy—have been applied to delineate in cellulo cytotoxic action of the

36,37

complex. In particular, the identification of apoptosis, and activation of intrinsic initiator and

executioner caspases (9 and 3/7) along with extrinsic caspase 8 activation and subsequent

38-40 41,42

activation of caspase 3/7, uncoupling of mitochondrial membrane potential (MMP), and
ROS-specific scavengers have all been studied in order to identify a broad spectrum molecular
targeting expected by the liberation of toxic ROS and/or the generation of reactive metal-oxo
species. In this work we have compared the cytotoxic action of Cu-Ph with those of the
mitochondrial transmembrane poison, carbonyl cyanide m-chlorophenyl hydrazone (CCCP),**
and the DNA intercalating topoisomerase (Ilct) poison, doxorubicin (Doxo, Scheme 3.1).* Indeed
Doxo was selected, not alone for its topoisomerase inhibition, but due to a myriad of additional
nucleic acid targeting and DNA damage effects including DNA alkylation,*® formation of cross-

430 as well as ROS formation,” ™ which all

links, strand separation,47 unwinding,48 intercalation,
precipitate the inhibition of DNA replication processes’’ and free radical induced lipid
peroxidation.® Doxorubicin and various analogues from the anthracylines are also used in
combination or lone chemotherapies for a range of cancers, including ovarian.”® Although this class
of compound is one of the most successful anticancer agents, associated toxicity to healthy cells

has been shown to limit its use as chemotherapeutic treatment.”>°
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Scheme 3. 2 Molecular structures of the Cu(IT) complex [Cu(ph)(phen)] (Cu-Ph) and clinical antitumor agent
doxorubicin (Doxo), carbonyl cyanide m-chlorophenyl hydrazine (CCCP), casiopeinas [Cu(4,4’-dimethyl-
2,2’-bipyridine)(acetylacetonate)(H,O)](NO3) (Cas III-ia) and [Cu(4,7-dimethyl-1,10-
phenanthroline)(glycine)(H,O)](NO;) (Cas II-gly).

3.3 Materials and Methods

3.3.1 Materials and reagents

The following assay were purchased from Merck Millipore and relevant protocols were followed as
per product reagent: Guava Nexin® Reagent (4500-0450), Guava EasyCyte™ MitoPotential Kit
(4500-0250), Guava Caspase 8 FAM and Caspase 9 SR (4500-0640) and Guava Caspase 3/7. All

other chemicals and reagents were purchased from Sigma Aldrich.

3.3.2 Preparation of Cu-Ph
[Cu(ph)(1,10-phen)]-2H,O (Cu-Ph) was prepared according to the method reported by Kellett et

al."’

3.3.3 NCI-60 analysis

The tested sample, Cu-Ph, was submitted to National Cancer Institute’s (NCI) Developmental
Therapeutics Program (DTP) where the cytotoxicity profile was investigated across their 60 human
cancer cell line panel according to protocol available on

http://dtp.nci.nth.gov/branches/btb/ivelsp.html. The COMPARE algorithm,

http://dtp.nci.nih.gov/compare/, was utilized to evaluate the activity profile of Cu-Ph in

comparison to those of known cytotoxins established in marketed drugs, mechanistic and standard

agent datasets in order to correlate plausible modes of action.

3.3.4 DNA interaction studies

3.3.4.1 DNA binding analysis

Binding affinity to Calf Thymus (Invitrogen 15633-019), Micrococcus Lysodeikicus (Sigma
Aldrich D8259) and artificial double stranded alternating copolymers; poly[d(G-C),] (Sigma
Aldrich P9389) and poly[d(A-T),] (Sigma Aldrich P0O883) were used to investigate DNA binding

properties of Cu-Ph on DNA sequences containing varying AT content. Experiments were
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conducted in an identical manner to those recently reported by Prisecaru et al.''’ Briefly, assay
conditions were prepared in 96 plates with complex concentrations between 1-150 uM, 12.6 uM
EtBr, 20 mM NaCl and 10 uM of dsDNA sequences in a final volume of 100 uL and analyzed with
Bio-Tek, Synergy HT fluorescent microplate reader with data collecting using Gen5 software. A
Cso value—the concentration required to reduce bound ethidium bromide fluorescence by 50%—
was used to calculated the apparent DNA binding constant (K,p,) of Cu-Ph to each sequence; Ky
=K. x 12.6/Cso where K. = 9.5 x 10° M (bp)™.

3.3.4.2 Nuclease activity in the presence of ROS scavengers

The presence of ROS specific scavengers was used to determine the effect on the DNA cleavage
abilities of each copper complex. The procedure was adapted to the previously reported method "°.
Briefly, to a final volume of 20 uL, 80 mM HEPES (pH = 7.2), 25 mM NaCl, 1 mM Na-L-
ascorbate, and 400 ng of pUC19 DNA were treated with drug concentrations of 500 nM, 1 uM and
2.5 and 5 pM in the presence ROS scavengers / stabilizers; KI (10 mM), NaN;3 (10 mM), DMSO
(10 %), and Tiron (10mM). Reactions were incubated for 1 h at 37 °C, and quenched with 6x
loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03 % bromophenol blue, 0.03 % xylene
cyanole FF, 60 % glycerol, 60 mM EDTA and loaded onto an agarose gel (1.2 %) containing 8 pL
EtBr. Electrophoresis was completed at 70 V for 2 hours in 1x TAE buffer.

3.3.5 Ex cellulo investigations

3.3.5.1 Cell culture

SKOV3 cells were cultured in RPMI 1640 media (Sigma) supplemented with 10% FCS (PAA
gold) and were incubated at 37°C in a humidified atmosphere with 5% CO,. Cells were passaged
twice a week with 1X PBS wash and detached with trypsin:EDTA (0.25%:0.02% in PBS). In all
cytometric experiments (Annexin V, caspases and mitochondrial depolarization), SKOV3 cells
were seeded at densities of 4 x 10* cells/mL in 24-well tissue culture plates 18-20 h before drug
incubation. Viability experiments were seeding in 96-well plates at 2.5 x 10 cell/mL and samples
for confocal imaging were seeded at 4 x 10* cell mL" in 35 mm glass bottom petri dishes.
Adherent cells were then incubated with drug-containing RPMI with 10% FCS at various
concentrations corresponding to approximate LC,s, LCsy and LC7s concentrations over 24 h (Cu-
Ph at 1, 3 and 5 uM—LCys5, LCsp, LCy5 respectively- Doxo at 1 uM -LCso- and CCCP at 75 uM-
LCsp). After treatment, spent media was removed and cells were washed with 1x Phosphate
Buffered Saline (PBS) prior to being detached with trypsin and re-suspended in equal volume of
fresh media. Detached cells and washings were pooled and centrifuged at 1300 rpm for 5 min
before aspirating supernatant and subsequently resuspended in an appropriate volume of fresh

RPMI, 10% FCS media to give sufficient cell densities per respective assay protocol. Cell densities
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were determined by staining with Guava Viacount reagent (Millipore) and counted on Guava

EasyCyte flow cytometer.

3.3.5.2 Viability profile in the presence of ROS Antioxidants

Initial stocks of D-mannitol (Sigma-M9546) and tiron (Sigma-89460) were dissolved in water and
subsequent dilutions in PBS and final working stocks in 10 % FBS supplemented RPMI 1640.
Sodium pyruvate (Sigma-S8636) was available as a 100 mM aqueous solution and working stock
dilutions were prepared in 10 % FBS supplemented RPMI 1640. Cell were incubated with 1 mM of
scavengers for 1 h prior to addition of Cu-Ph with final concentration of 3 uM. Cells were
incubated under normal culture conditions for 24 h. After drug treatment, spend media was
removed and cells were washed with PBS. The cells were then detached with 50 uL trypsin and
equal volume of complete media was added. Cells were resuspended and total sample (100 uL)
was added to 100 uL of Guava Viacount Reagent in 96-well round bottom plate and acquired on

Guava EasyCyte HT flow cytometer.

3.3.5.3 Nexin® assay

Cell densities were adjusted to range between 2 x 10° — 1 x 10°cell mL™. 100 uL of cultured cells
were then transferred to 96 well round bottom plates before adding 100 pL of Guava Nexin®
Reagent. This mixture was then incubated for 20 min, at room temperature in darkness. Prepared
samples were analyzed using the Guava EasyCyte HT flow cytometer with data being captured
using Nexin® software. Compensation to correct fluorescent overlap between filters was
conducted pre-acquisition and innate doxorubicin fluorescence in filter 583/26 nm was accounted

for and subtracted within the relevant quadrants.

Mitochondrial membrane potential

Cells were resuspended in 600 uL of fresh supplemented media to give a cell concentration density
between 2 x 10% to 5 x 10° cell mL™ from which 200 uL per sample was taken and transferred to
96-well round bottom plates. The required amount of 50x cell staining solution was prepared from
100x JC-1 and MitoPotential 7-AAD components in the kits provided. 4 pL of 50x staining
solution was added to each well and thoroughly mixed through gentle pipetting. Samples were
subsequently incubated at 37 °C in darkness for 30 min and analyzed using the Guava EasyCyte
HT flow cytometer using MitoPotential software. Compensation to correct fluorescent overlap

between filters was conducted pre-acquisition.

3.3.5.4 Caspase 8 FAM and 9 SR, Caspase 3/7 FAM
The following fluorescent labelled inhibitor of Caspase (FLICA) were used to ascertain the

activation of Caspase 3/7, 8 and 9 respectively; FAM-DEVD-FMK, FAM-LETD-FMK and SR-
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LEHD-FMK. After 24 h of incubation, cells were detached with trypsin and concentrated in 1.5ml
microtubes by centrifugation at 1300 rpm for 5 min. Cells were resuspended in 100 pL of media.
10 pL of a 10x Caspase 9 SR working solution and/or 10 puL of Caspase 8 FAM or Caspase 3/7
working solution was added to each tube before being thoroughly mixed and incubated for 1 h at
37 °C in darkness. The tubes were then centrifuged, as above, with the supernatant being removed
and cells resuspended in 1x Apoptosis Wash Buffer. Centrifugation and Apoptosis Buffer washes
were repeated twice. 200 puL of Caspase 7-AAD working solution was thoroughly mixed and
transferred to 96-well round bottom plates and incubated for 10 min at room temperature in
darkness. Samples were measured on Guava EasyCyte HT flow cytometer as previously indicated.
Compensation to correct fluorescent overlap between filters was conducted pre-acquisition and
innate doxorubicin fluorescence in filter 583/26 nm was accounted for and subtracted within the

relevant quadrants.

3.3.5.5 Confocal analysis

Cells were seeded at 4 x 10* cell mL™ in 35 mm glass bottom petri dishes and allowed to attach
overnight. Samples where incubated with complex containing media at their ICsy concentrations for
24 h (Cu-Ph 3 uM, Doxo 1 uM and CCCP 75 uM). The media was then removed and cells were
washed with 1x PBS. Cells where then incubated at 37°C for 30 min in darkness with media
containing MitoTracker Deep Red to give a final concentration of 150 nM in 400 uL supplemented
media. Samples were then washed 3 times with 1x PBS (3 min) and fixed with a 4 %
paraformaldehyde (PFA) solution for 30 min at room temperature. The PFA solution was removed
and cells washed repeatedly with PBS (3 x 3 min) and permeabilized with 0.2 % Triton X-100 for 5
min. Cells were subsequently stained at room temperature in darkness with PBS solutions of Alexa
Flour-488 phalloidin (10U/100 pL, 30 min) and followed by DAPI (1:10,000, 10 min). Images
were obtained using laser scanning Leica DMIRE2 confocal microscope with oil immersion x40
lens. DAPI was excited at 405 nm by diode laser and emission captured at 470 nm with +/- 30 nm
bandwidth. Alexa Fluor 488-phalloidin was excited at 488 nm by Ar laser and emission wavelength
was captured at 520 with a bandwidth +/- 25 nm. Mitotracker Deep Red was excited at 633 nm by
HeNe laser and emission was captured at 668 +/- 20 nm. Experiments were performed where by
combinations of excitation wavelengths and emission filters for specific dyes are applied

sequentially.

3.3.6 Statistical analysis

All ex vivo data is presented as mean + standard deviation and statistical analysis was performed in
GraphPad Prism version 6. Student’s t-test were applied to evaluate the significances of difference

between samples, and considered to be significant if p < 0.05.
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3.4 Results and Discussion

3.4.1 NCI-60 analysis

Cu-Ph was submitted to the National Cancer Institute’s (NCI) Developmental Therapeutics
Program (DTP), NCI-60 human cell line screen where both one (10 uM) and five dose (0.01 — 100
uM) cytotoxicity analysis were completed. The panel consists of 60 human cancer cell lines from a
variety of cancers including breast, colon, central nervous system, leukemia, non-small cell lung,
melanoma, ovarian, prostate, and renal cancers. Five-dose NCI 60 analysis was used to calculate
50% growth inhibition of tested cells (Glsp), total growth inhibition (TGI), and lethal dose
concentration inducing 50% cell death (LCso) (raw values are available in Table S-3.1).”” A heat
map was developed to visualize the Cu-Ph LCs, concentrations (Figure 3.1). While leukemic cell
lines proved to be least sensitive, the complex exhibited consistent low micromolar activity against
the majority of solid tumor cell lines within the panel. A variety of activity was observed within
non-small cell lung cancer (NSCLC), melanoma and renal cell lineages with LCs,concentrations
ranging between 1 to 100 uM. Overall, Cu-Ph exhibits highest potency within NCI-H522
(NSCLC), SK-MEL-2 (melanoma), UACC-257 (melanoma), and A489 (renal) cells.

Activity profiles from Glso and LCsy analysis for Cu-Ph (NSC 767443) were analyzed
within the COMPARE algorithm (http://dtp.nci.nih.gov/compare/). This algorithm provides an

automated and quantitative comparison of newly designed cytotoxins that associates the pattern of
NCI-60 activity to standard clinical agent in order to delineate mechanisms of action within the
NCI database. > The comparison results are represented as Pearson’s correlation coefficients (r)
ranging from -1 to +1. Values closer to +1 indicate a high degree of homology (in terms of
cytotoxic profile) with the known chemotherapeutic drug. In our COMPARE analysis we examined
both the mechanistic and market drugs data sets using both Glsy and LCsydata with the highest
ranked matches shown in Table 1. Mitotane (Lysodren) exhibited the topmost coefficient (0.895)
and is employed against adrenocortical carcinoma through the inhibition of hormone production
localized to adrenal cortex cells where induction of apoptosis has been identified.”® Although
there is little chemical or biological data available for the second leading drug generated from the
COMPARE algorithm, antineoplastic S353527, the tin(IV) complex possess a notable comparison
ranking of 0.875 with Cu-Ph. Another comparison noted is that of the prodrug Tamoxifen—which
hydrolyses to 4-hydroxy tamoxifen (Figure 3.2)—a competitive antagonist of the estrogen receptor
in hormone dependent breast cancer.”’ The final two compounds within the top five COMPARE
matches are the topoisomerase 1 inhibitor, 7-o-methyl nogalarol, and cantharidin, an inhibitor of
protein phosphatise 2A (PP2A),*" which is an important regulatory protease involved in cell cycle
and apoptosis. Indeed cantharidin has previously exhibited antitumor activity towards a variety of

cancers such as breast, colorectal, bladder, leukaemia and hepatomal.ﬁz'66 Although the Pearson’s
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coefficients of these cytotoxins positively correlate with Cu-Ph, it is worth mentioning the

complex does not show activity profiles similar to bleomycin, cisplatin (0.287) or any related

platinum therapeutics, indicating a potentially unique metallodrug activity profile and mechanism.
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Figure 3. 1 Heat map data representing LCs, concentrations of Cu-Ph across the NCI 60 human cancer cell
line panel. Concentration ranges from most cytotoxic (1 — 5 uM shown in black) to least cytotoxic (>100 uM

shown in light blue).

Table 3. 1 Pearson’s correlation coefficients () generated from the NCI DTP COMPARE algorithm.

Drug NSC No. Cu-Ph (r)
Mitotane S38721 0.895
Antineoplastic-353527 S353527 0.875
Tamoxifen S180973 0.774
7-O-methylnogalarol S102815 0.766
Cantharidin S61805 0.759
Doxorubicin S123127 0.418
Cisplatin S119875 0.287
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Mitotane 7-O-methylnogalarol

Figure 3. 2 Molecular structure of Cantharidin (NSC S61805), antineoplastic-353527 (NSC S353527), the
active form of prodrug tamoxifen, 4-hydroxy-tamoxifen (NSC S180973), Mitotane (NSC S38721), and 7-O-
methylnogalarol (NSC S102815).

3.3.2 Base specific DNA binding interactions

Previous DNA binding interactions by Cu-Ph on calf thymus fibers (ctDNA) reveal the complex
potentially intercalates from the minor groove with an apparent binding constant (K,p,) of ~10°
M(bp)"."” These studies, however, were conducted within an EDTA-buffered media thus creating
a metal chelating environment that could potentially obstruct Cu-Ph DNA binding affinity through
competitive sequestering of Cu*" ions. In order to re-evaluate Kqpp values under noncompeting
conditions, a selection of DNA sequences containing varying A-T content were investigated
(Figure 3.3 and Table 3.2). ML-DNA (Micrococcus luteus) and ctDNA (calf thymus) are
canonical DNA sequences, while poly[d(A-T),] and poly[d(G-C),] are synthetic double stranded
alternating co-polymers. Classical DNA binding drugs actinomycin D and netropsin are reported in
parallel. Actinomycin D is widely known as a classical intercalator that retains a preference for G-C
rich copolymers,”” which are known to form left-handed Z-DNA. As displayed in figure 3.3,
actinomycin D is a high affinity target for the G-C copolymer with the gradual decrease of G-C
content proportionally conveying disfavored conditions for classical intercalation. Netropsin, a
minor groove binder, forms preferable interactions with a compressed minor groove in T-tracts of
A-T rich DNA and this observation is evident from its binding constant to nucleic acid sequences
of increasing AT content.”® Cu-Ph displayed greater affinity toward G-C rich nucleotides of
poly[d(G-C),] and ML-DNA and evidence here confirms the intercalative nature of the complex as

- . 17
suggested in previous work.
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Figure 3. 3 Competitive fluorescence binding of netropsin, actinomycin D, and Cu-Ph to ethidium bromide
(12.6 uM) saturated solutions of calf thymus DNA, Micrococcus lysodeikticus DNA (ML-DNA), poly[d(A-
T),], and poly[d(G-C),] polynucleotides (10 uM).

Table 3. 2 Apparent binding constants (K,y,) of Cu-Ph, actinomycin D and netropsin. K, = K¢ x (12.6 / Cs)
where K, = 9.5 x 10° M/bp and Csy = concentration that causes 50% reduction in EtBr fluorescence, where

n=3.

Kanp M(bp)!
poly[d(A-T),] ctDNA ML-DNA poly[d(G-C)s]
(100% AT) (58% AT) (28% AT) (0% AT)
Actinomycin D N/A 2.92x 107 3.03x 107 5.25x 107
Netropsin 5.75x 10’ 2.50 x 10° N/A N/A

Cu-Ph 406x10° £6.05x 10* 7.17x10°+1.78x 10° 8.30x 10°+3.10x 10* 1.14x 10°+7.32 x 10*

3.4.3 In Vitro and Intracellular DNA Oxidation with ROS Scavengers

In order to identify the predominant ROS species involved in chemical nuclease activity, we
investigated the activity profile of Cu-Ph in the presence of ROS-specific scavengers (Figure
3.5B) with results shown in Figure 3.4. Treatment of superhelical (SC) pUC19 (FI) with Cu-Ph
only (lanes 2-5) results in single strand damage (relaxation) to open circular DNA (OC, FII) at 0.5
and 1 uM, double strand damage (linear) (LC, FIII) at 2.5 uM exposure, and complete DNA
degradation at 5 uM. Before complex analysis, scavengers were confirmed to have no impact on
pUC19 conformation (results not shown). The cleavage efficacy of Cu-Ph in the presence of ROS-
specific scavengers identified the most prevalent species involved in strand scission as superoxide
(0,7) as the presence tiron®"’ (4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt or TH,,
Figure 5C) (lanes 10-13) significantly impedes the cleavage activity of the compound and prevents
double strand damage. The presence of the hydroxyl radical ('OH) scavenger, DMSO,”"" also
inhibited cleavage activity (lane 6-9) however to a lesser extent than tiron as FIII was still present
upon 2.5 and 5 uM drug treatment. The chemical nuclease activity of the complex was only

73,74

marginally altered by KI, a H,O, scavenger, while NaN;—specific quencher of singlet

oxygen’"—had negligible effects also.
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Figure 3. 4 DNA cleavage reactions in the presences of ROS-specific scavengers. 400 ng of SC pUC19 was
incubated for 1 h at 37°C with complex concentrations of 0.5, 1, 2.5 and 5 uM in the presence of 25 mM
NacCl, 0.5 mM L-Asc in 80 mM HEPES. Lane 1: DNA only, Lanes 2-5: 0.5, 1, 2.5, 5 uM Cu-Ph, Lanes 6-9:
+ 10 % DMSO, Lanes 10-13: + 10 mM tiron, Lane 14-17: + 10 mM KI, Lanes 18-21: + 10mM NaNj.
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Next, we identified the impact of ROS-specific scavengers (D-mannitol,” tiron, and
pyruvate™) on SKOV3 cell survival post exposure to a toxic dose of Cu-Ph (Figure 3.5). In these
experiments cells were pre-treated for 1 h with 1 mM of each antioxidant scavenger prior to the
addition of 3 uM Cu-Ph with cells then being incubated for a further 24 h (Figure 3.5A). The pre-
treatment of mannitol, pyruvate, and tiron were found to enhance cell survival by 12, 16, and 23 %,
respectively. These results are in excellent agreement with the observed effects on plasmid DNA
damage and it is particularly significant that the largest enhancement to viability occurred in the
presence of the O,” scavenger, tiron. Results here support Fenton-mediated cytotoxicity with the
superoxide anion radical most likely accelerating this process catalytically through the Haber-

. . 16,79
Weiss reaction.
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Figure 3. 5 A. Viability profile of Cu-Ph in SKOV3 cells in the presence of intracellular scavengers. Cells
were treated with 1 mM of tiron (Tir), D-mannitol (Mann) and pyruvate (Pyr) for 1 h prior to Cu-Ph addition
(3 uM) and incubated for 24 h. B. Scavengers utilized within this study where * ROS scavengers present in in
vitro DNA oxidation experiment and " scavengers used in intracellular work. C. Molecular structure of tiron
(TH,) and D-mannitol. D. Reaction equations of radical species and their respective scavengers. Not
significant (ns) p > 0.05 , **P < 0.01, ***P < 0.0001.

3.4.4 Apoptotic detection through Annexin V and Caspases

Identification of endogenous activation triggers of apoptosis within SKOV3 cells were evaluated
by detection of Annexin V and activation of caspase 3, 7, 8, and 9. A common indicator of
apoptosis can be monitored through the lipid-membrane translocation of phosphatidyl serine (PS),
a component normally restricted to the inner surface of the membrane in non-apoptotic cells.’**'
The externalization of PS is one of the early events in apoptosis where it is accessible to the high

. . . . . 36,37,81-84
affinity membrane-impermeable recombinant protein, Annexin V. "

Here, Annexin V was
conjugated to a fluorophore moiety, phycoerythrin (PE), which fluoresces upon PS binding
(emission 578 nm). A second membrane impermeable stain, 7-amino-actinomycin D (7-AAD), was
used to determine late stage apoptosis; 7-AAD is a DNA intercalator gaining access to the nucleus
only upon decomposition of cell membrane integrity.” The scatter plots shown in Figure 3.6
present a population migration from viable quadrants (lower left) to early and late apoptosis (lower
and upper right) in complex treated cells across the cytotoxic concentration gradient (1.0 — 5.0
uM). Samples treated with increasing concentrations of Cu-Ph clearly demonstrate an exodus from
a viable population to early (16 %), and then late apoptotic stages (22 %). These results contrast
markedly with Doxo, which showed the highest population of induced of cell death with 46 % of

cells undergoing late-stage apoptosis.
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Next, we probed the origins of apoptotic initiation more extensively through the activation of
initiator and executioner caspases. Apoptosis can be induced through triggering stimuli in two
principal routes; an intrinsic pathway which is stimulated by most cytotoxic agents including
radiation and toxins which then activate the mitochondria within the cell through pro-apoptotic
Bcl-2 proteins such as Bax and Bid.**** Apoptosis can also be triggered by specific transmembrane
death receptors, which bind to specific ligands and signal the extrinsic pathway. Both pathways
activate cysteine-aspartic proteases, called caspases, from their monomeric pro-caspase
counterparts and thus activate molecular machinery to execute the process of apoptosis.”™* The
intrinsic pathway develops from mitochondrial stress, and compromises mitochondrial outer
transmembrane potential, resulting in cytochrome ¢ release that aids in the activation of initiator
caspase 9 for the formation of the apoptosome. The apoptosome lead to the activation of
executioner caspases 3 and 7, which marks the beginning of the executioner pathway, resulting in
degradation of the nucleus and cytoskeletal framework due to the prior release of endonucleases
and proteases.”’ The extrinsic pathway—also known as the death receptor pathway—is initiated
through Fas/Apop-1 or tumor necrosis factor (TNF) binding to form membrane bound signaling

40,91-93

complexes, or death inducing signaling complexes (DISCs), resulting in the activation of

caspase 8 that in turn cleaves and activates executioner caspases 3, 7 and 4.
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Figure 3. 6 Nexin Assay scatter plots; population represented in quadrants for viable cells (lower left), mid
(lower right) and late stages of apoptosis (upper right). Graph depicting mid-apoptosis show positive for
annexin V only, population for late apoptosis are positive for annexin V and 7-AAD. Not significant (ns) p >
0.05, *p <0.05,**P <0.01, ***P <0.001.

The quantitative detection of caspase 3/7, 8, and 9 were analyzed through sulforhodamine (SR)

or carboxyfluorescein (FAM) conjugates of amino acid functionalized caspase-specific inhibitors

DEVD, LETD, and LEHD sequences. SKOV3 cells were treated with Cu-Ph and Doxo as
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previously described and results are represented in Figure 3.7. Doxo was found to primarily trigger
the intrinsic pathway with 29 % of the cellular population being caspase 9 positive. In comparison,
27 % of cells were caspase 9 positive at the highest tested concentration (5 pM) of Cu-Ph.
Elevated levels of executioner caspases 3 and 7 were also detected upon treatment of Cu-Ph. In
mid-apoptotic stages, the fluorogen inhibitor of 3/7 is detectable, whereas in late stage apoptosis,
the membrane impermeable DNA intercalator (7-AAD) is also discernible as a result of cellular
membrane degradation. The detection of caspase 3/7, alone, was evident in just 10 % of the
population treated with Cu-Ph (5 uM) while Doxo (1 uM) induced ~ 80 %. The presence of both
caspase inhibitor and DNA fluorescent biomarkers, indicative of late stage apoptosis, were

observed in 30 % of SKOV3 cells treated with Cu-Ph (5 uM) while the DNA intercalator Doxo
induced <10 %.

Although caspase 8 is activated by Cu-Ph cytotoxicity, it is possible for this process to occur
independently of the death receptor / extrinsic pathway. Firstly, since Cu-Ph enhances ROS
production within SKOV3 a multitude of biomolecules including phospholipids of membranes may
be affected. For example, superoxide-mediated damage to the carbonyl function groups at the ester
bond in lipid membranes have been well characterized and are implicated in lipid peroxidation.”
Thus, ROS generation could lead to oxidative cell membrane damage that, in turn, activates
caspase 8 in an analogous way to ROS mediated cell death.” Significantly, bleomycin is known to

induce apoptosis through the activation of caspase 8 from oxidative damage.”
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Figure 3. 7 Caspase 3/7, 8 and 9 activation after 24 h incubation with drug. Not significant (ns) p > 0.05, *p
<0.05,**P<0.01, ***P <0.001.
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3.4.5 Mitochondrial depolarization

The evidence of Cu-Ph-mediated superoxide cytotoxicity and DNA degradation prompted us to
widen our analysis to include mitochondrial damage.'” Mitochondrial depolarization correlates to
transmembrane permeability, which when compromised releases pro-apoptotic factors into the
cytosol.*'** In order to identify dose-dependent damage response of SKOV3 mitochondria, cells
were incubated with Cu-Ph across their approximate LC,s, LCsy, and LC;s doses. Carbonyl
cyanide m-chlorophenyl hydrazone (CCCP, Scheme 3.1) served as a positive control for
mitochondrial depolarization as it known to reduce mitochondrial transmembrane potential (AW,,),
due to its spectral proton ionophore properties,”’ and thus rendering the membrane permeable.
CCCEP is a lipid-soluble, amphipathic molecule where the anionic form combines with an aqueous
proton and then utilizes pH diffusion to translocate across the lipid membrane where the proton
readily dissociates.****” Electrostatic interactions promptly efflux the anionic CCCP to the
opposing side of the lipid-bilayer. Continuous, and rapid repetition of this process swiftly destroys
the proton gradient and AW,,. Both positive controls CCCP and Doxo where incubated above their
LCsy doses under identical conditions. An indicative dye JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-
tetracthylbenzimidazolocarbo-cyanine iodide) (Figure 3.8) was used to determine AW, for all
tested compounds. In viable cells, cationic JC-1 localizes within the mitochondrial forming j-
aggregates due to the net negative charge over 140 mV,'” resulting in orange emitting

101,102
aggregates.

As mitochondria function is disrupted, JC-1 localization and aggregation is
prevented through the dissipation of membrane potential, and thus resides in a monomeric state in
the cytosol. JC-1 monomers emit green fluorescence at 530 nm that undergo a bathochromic shift

to 595 nm through the formation of orange emissive j-aggregates.

Scatter plots are shown in Figure 3.8 representing samples treated with Cu-Ph, Doxo and
CCCP. Cells incubated with CCCP show over 40 % reduction in AW,, whereas doxorubicin
exhibits minimal disruption in comparison to drug free cells. The presence of Cu-Ph induces
mitochondrial potential collapse in a concentration-dependent manner and is particularly evident
through excessive monomer detection at 5.0 uM. At this highest exposed complex concentration,
83 % of mitochondrial population is depolarized as opposed to 54 % upon CCCP treatment (75
uM). The degradation of the mitochondrial proton gradients and dissipation of transmembrane
potential is known to have a direct influence in cellular toxicity; increasing mitochondrial porosity
permits translocation of cytochrome c into the cytosol, and in turn initiates the intrinsic apoptotic
pathway.'” Since we have previously identified Cu-Ph generates O, -, ‘OH and H,O, as potent
mediators of cytotoxicity, it is highly plausible that free radical damage to the mitochondria is
responsible for depolarization of the membrane potential. Indeed, the mitochondrial is particularly
susceptible to oxidative damage due to radical generation, in particular via O, ~, during metabolic
processes such as oxidative phosphorylation during ATP generation in the electron transport

73



94,104

chain. Roughly 1-3% of molecular oxygen consumed during ATP synthesis results in the

194 The formation of this

formation of O, ~from escaping electrons reacting with molecular oxygen.
radical is the preeminent precursor in the production of alternative, destructive ROS through a

series of free radical cascade reactions that are likely catalyzed by Cu-Ph.**'**

Induced depolarization, to this extent, has clearly identified the mitochondria as a potential
target for this class of compound. Site-selective targeting of the mitochondria has recently been
identified in the treatment of the aggressive cancers resistant to previously administered
chemotherapeutic treatment, in particular platinum-based therapies and multidrug resistance.
Marrache et al. have synthesized a platinum prodrug-nano particle delivery system where the
Platin-M, a Pt(IV) analogue of cisplatin with mitochondrial targeting triphenylphosphonium (TPP)
administered in formulation with poly(lactic-co—glycolic acid) (PLGA), polyethyleneglycol (PEG)
tethered to a terminal TPP, strategically designed to overcome nuclear excision repair (NER)
mechanism associated with cisplatin resistant cancers.'” The biodistribution of this dual-targeting
formulation, improved drug circulation and delivery across the blood brain barrier have highlighted
the novel prodrug-delivery combination as a therapeutic strategy for the treatment of platinum
drug-resistant cancers and those of the central nervous system. Another approach to overcome the
susceptibility to multi-drug resistance has been assessed with doxorubicin linked to mitochondrial
penetrating peptide. Engineering the clinical standard with a mitochondrial targeting moiety
induced selective damage of mtDNA over genomic DNA, while still retaining topoisomerase 11
stabilization properties, while overcoming multi-drug resistance mediated by the over-expression
of the antiapoptotic factor, P-glycol-protein (Pgp) efflux pumps in doxorubicin sensitive and

. . . . 1
resistant strains for ovarian cancer cell line, A2780.'%
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Figure 3. 8 Mitochondrial depolarization scatter plots for Doxo, CCCP and Cu-Ph where polarized
mitochondria are shown in purple, to depolarized mitochondria in pink and blue (Y axis = JC-1 orange, X
axis = JC-1 green) The molecular structure of indicative mitochondrial dye JC-1 (5,5',6,6'-tetrachloro-
1,1',3,3'-tetracthylbenzimidazolocarbo-cyanine iodide) also shown. Graph represents population percentages
of depolarized mitochondria for Doxo, CCCP and Cu-Ph. Not significant (ns) p > 0.05, *p < 0.05, **P <
0.01, ***P <0.001.

3.4.6 Confocal microscopy

In order to investigate morphological modification within drug treated SKOV3 cellular structure,
confocal microscopy experiments where specifically designed with an extensive range of selective
cellular dyes (Figure 3.9). Cancer cells were stained with DAPI (4',6-diamidino-2-phenylindole), a
nuclear stain which fluoresces strongly upon binding to A-T rich DNA tracts along the minor
groove, "’ while F-actin in the cytoskeleton was selectively labeled with an Alexa Fluor conjugate
of phalloidin.'”'” MitoTracker Deep Red, a cationic carbocyanine,'’ was also utilized as it
resides within the mitochondria prior to cell fixation due to the highly efficient cationic
accumulation across the negative potential of the hydrophobic, inner mitochondrial

100,111

membrane, and is sensitive to MMP."">'" The induction of apoptosis can be elucidated

through microscopic detection of apoptotic morphological changes in the cell.”” During execution
of late stage apoptosis the formation of granular mass appear within the nucleus, with the

"415 and DNA fragmentation.''>''® The cytoplasmic

subsequent condensation of chromatin,
structure is also condensed with compaction of organelles.”” In the later stages of apoptosis
membrane blebbing occurs where the cell segregates into fragments with intact cellular membranes

and cytoplasm ultimately forming apoptotic bodies,”*''*!"
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Figure 3. 9 40X confocal images of SKOV3 cells treated with Cu-Ph (3 uM), CCCP (75 uM) and Doxo (1
uM). The nucleus is stained with DAPI (blue), cytoskeleton with Alexa Flour 488-Phalloidin and
mitochondria with MitoTracker Deep Red.
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2.5 Conclusion
Cu-Ph was originally reported along with a bipyridyl analogue by Kellett et al.,'” where the

complex exhibited a broad spectrum of activity against breast (MCF-7), colon (HT29), prostate
(DU145), and ovarian (SKOV3) cancer cell lines. DNA binding studies revealed intercalation,
while intracellular ROS generation properties were in line with control H,O, exposure and
demonstrated the induction of genomic double strand breaks (DSBs) by Cu-Ph through detection
of YH2AX foci within the previous body of work.'” In the present study an array of mechanistic
toxicity experiments where designed in order to investigate the mode of action induced by Cu-Ph
within SKOV3 human cancer cells. NCI60 results demonstrate Cu-Ph is a low micromolar
cytotoxin of solid epithelial cells, particularly within melanoma and renal sensitive cell lines. Cu-
Ph exhibits broad-spectrum activity across numerous cancer types with the exception of leukemic
cancers (LCsp > 100 uM). The COMPARE activity patterns for Cu-Ph revealed no overlap was
observed with existing metallodrugs (» values < 0.5). The spectrum of results did, however, match
effective organic chemotherapeutic agents such as tamoxifen and mitotane. Following these
promising results, drug tolerance and toxicity will need to be assessed within in vivo models and
primary non-cancerous human cells in order to examine preferential activity towards rapidly
proliferating tumor cells. In this study fluorescent DNA binding studies were evaluated using DNA
sequences of differential A-T content and K, values demonstrate Cu-Ph preferentially binding
toward G-C rich nucleotides. Together with previous analysis, evidence here supports intercalation

at the minor groove as the principal DNA binding motif."’

0,” +Cu* > Cu" +0, Eqn. 5
H,0,+ Cu” - Cu* + OH+ OH Eqn. 6
Oz'_ + H202 4 02 + 'OH +OH Eqn 7

The use of ROS-specific scavengers enhanced cell survival and, in particular, identified the
generation of superoxide as the predominant species that mediates the copper-catalyzed Haber
Weiss reaction (eqn. 5-7) via Fenton-type chemistry (eqn. 6) in the generation of the overtly toxic
"OH in the net reaction (eqn. 7).” Apoptotic induction was assessed, and confirmed, by Annexin V
and cleaved caspases 3 and 7. The origins of apoptotic initiation were also examined through
detection of caspase 9 (intrinsic pathway) and caspase 8 (extrinsic) where levels of induction were
lower that that of Doxo; Cu-Ph predominately activated caspase 9, however, noteworthy levels of
caspase 8 were also detected. Confocal microscopy analysis supports multimodal targeting
properties by Cu-Ph within SKOV3 as reduced mitochondrial fluorescence due to loss of
membrane potential and evidence of morphological changes characteristic of apoptosis and the

remnants of apoptotic bodies are evident.
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3.6 Supporting Material
Supplementary data associated with this chapter can be found in Appendix B.
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Chapter 4

Dual Targeting Di-Copper Complexes Promote NCI-60
Chemotherapy by Intracellular Superoxide and Singlet Oxygen
Production

Manuscript in preparation
Creina Slator, Zara Molphy, Andrew Kellett"

Within this chapter, I was the primary contributor to all aspects of experiential design, execution,

analysis and manuscript preparation. A significant proportion of my PhD research was dedicated
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towards this body of work. Z. Molphy conducted circular dichrosim studies. Supporting

information associated with this chapter can be found in Appendix C.

4.1 Abstract

The therapeutic application of established cytostatic anticancer metallodrugs is limited by drug
resistance issues and auxiliary undesired toxic effects. Therefore, the development of pre-clinical
agents with new mechanisms of action is fundamental to meet the global demand for more
advanced and sophisticated chemotherapeutics. Herein, we present a cationic di-copper’ complex
class incorporating intercalating 1,10-phenanthroline (phen) ligands as high potency
chemotherapeutic leads capable of disrupting mitochondrial function and genomic DNA integrity.
The activity profile of two agents of this series, [{Cu(phen),}»(u-oda)]*" (Cu-Oda, where oda =
octanedioate) and [{Cu(phen),},(u-terph)]*" (Cu-Terph, where terph = terephthalate), was
assessed within the National Cancer Institute’s 60 human cancer cell line screen (NCI-60) where,
in addition to selective toxicity toward solid epithelial cancers, a unique pattern of activity—
fundamentally different from established clinical metallodrugs—was identified by the COMPARE
algorithm. Both di-Cu®" complexes intercalate duplex DNA from the minor groove along AT rich
tracts and oxidatively mediate both single and double strand breaks that were identified by
immunohistochemical detection of yYH2AX and the alkaline comet assay. Mitochondrion function
is also severely impeded resulting from free radical production of superoxide within this organelle
with consequential loss of mitochondrial membrane potential (AY,,) that precipitates caspase
release and the formation of apoptotic bodies. The role of superoxide in the cytotoxic mechanism
is strongly supported by cell survival analysis using the antioxidant trapping agent tiron, and in this
study a second free radical species—singlet oxygen—was also implicated in the mechanism of
toxic action. This dual pro-oxidant activity manifests radical uncoupling of mitochondrion
function and genomic DNA sequence integrity and may now expedite the clinical development of a

new class of antineoplastic metallodrug.
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4.2 Introduction

Homeostasis of reactive oxygen species (ROS) produced from metabolic processes is essential for
cell survival due to its integral role in signaling pathways.! However, elevated ROS levels have
destructive effects consequent of environmental or exogenous toxic stimuli and so a critical
equilibrium is maintained in biological systems through endogenous antioxidants. While the most
stable form of oxygen is the inert ground-state di-radical (*0, or more commonly denoted O,),
energy input can promote excitation to singlet oxygen ('O,) that readily oxidises C-C bonds and
specifically reacts at cysteine, histidine, methionine and tryptophan residues.” Intracellular
production of single oxygen can occur from lipid peroxidation, oxidation of phenolic groups,
alkoxyl radical dismutation® and cysteine oxidation via Russell-type mechanism.® Furthermore,
one-electron reduction of oxygen within the electron transport chain yields superoxide (O, )—a
gateway radical that is detoxified by the superoxide dismutase (SOD)’ enzyme class to hydrogen
peroxide (H,0,) that is, in-turn, acted upon by the enzyme catalase (CAT).> First row transition
elements including copper and iron are known to decouple ROS homeostasis by redox chemistry to
invoke alternative free radical reactions such as the production of the hydroxyl radical (OH) by
Fenton chemistry or via superoxide-promoted hydroxyl formation by the Haber-Weiss process
(Figure 1).° Given their neutrality and small molecular footprint, “OH radicals can freely diffuse
biological membranes and non-discriminately oxidise lipids, proteins and nucleic acids at near
diffusion-limited rates.” Accordingly, the incorporation of catalytic first-row transition metals into
small molecules is now an important avenue for ROS-active drug discovery® alongside the

development of more established organic free radical pro-oxidants.’

Since ROS generation occurs from a variety of pro-oxidant exogenous stimuli including
chemotherapeutic drug treatment, researchers have studied the underlying mechanistic aspects of
free radical production in biological environments, especially within human cancers. As such,
therapeutic anthracyclines such as doxorubicin (Figure 1) and daunorubicin that, along with
intercalating DNA from the major groove and poisoning topoisomerase (II), undergo redox-cycling
of the quinone moiety with O, resulting in O, production.'” Another family of antitumuoral
antibiotics are the enediyenes that possess an unusual bicyclic structure; these agents, in the
presence of a thiol group, are converted into di-radical species that attack deoxyribose units of
DNA and mediate strand scission.'’ Indeed, one of the best studied chemotherapeutics of this class
is neocarzinostatin, which forms oxidative DNA lesions through hydrogen atom (H)-abstraction at
accessible C5' sites by di-radical species orientated within the minor groove, leading directly to
single strand breaks (SSBs) at thymine (T) residues.'”> To a lesser extent, neocarzinostatin can
promote the more difficult to repair double strand breaks (DSBs) by damaging C4' thymine
residues at GT and AGT steps, and also at C1' cytosine bases in AGC sequences.'> Another

established clinical agent to intercalate DNA through the minor groove is the naturally occurring
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glycopeptide bleomycin. It is widely regarded that bleomycin exerts biologically activity upon
chelation of first row transition elements (including copper and iron)" and subsequently oxidises
DNA through metallo-hydroperoxo (e.g. bleomycin-Fe’"-OOH) causing C4' H-abstraction that
precipitate SSB and DSBs.'*

Given the established base of minor groove intercalating drugs to mediate DNA damage
via redox chemistry, the current study seeks to identify the broad therapeutic potential of a di-
copper’” complex class incorporating intercalating 1,10-phenanthroline (phen) ligands. In the 30
years since the discovery of this first chemical nuclease,” [Cu(phen),]” has endured as an
important template for the construction of small-molecule DNA damaging reagents that are widely
applied as high-fidelity DNA footprinting agents and,'®'” more recently, as tools in protein
engineering for the generation of recombinant mutagenesis libraries.'"® The predominant feature of
[Cu(phen),]" and numerous analogues is their ability to mediate SSBs along AT tracts in the minor
groove through oxidative C-H bond activation at accessible C1’ deoxyribose positions (Figure 1).’
Furthermore, previous work by our group has shown while the [Cu(phen),] chemotype is a
promising template for the construction of small molecule cytotoxins,'”* it is in itself a
promiscuous agent with low therapeutic index.”> Thus, while mononuclear copper phenanthroline
complexes may have promising clinical properties in their own right,” polynuclear copper”"
oxidative nucleases have shown an alternative profile with potent in vitro ‘self-activated’ oxidative
DNA damage and nano-molar anticancer properties against selected solid epithelial human cancer

202423 1n this work, we have identified two di-Cu®® complexes from this class,

cells.
[{Cu(phen),},(u-0oda)]*" (Cu-Oda) and [{Cu(phen),},(u-terph)]*" (Cu-Terph) (Figure 2A and B),
as high potential therapeutic leads for the treatment of solid human cancers and uncovered their
capacity to invoke a unique—and therapeutically distinct—pro-oxidant profile that uncouples
mitochondrial function and mediates double strand breaks (DSBs) within genomic DNA. While
both Cu-Oda and Cu-Terph complexes have shown potent in vitro DNA damaging profiles
compared with mono-Cu" analogues, a large question remains unanswered regarding their clinical
potential and cellular mode of action in the context of redox chemical biology. On this basis, we
have collaborated with the National Cancer Institute through their 60 human cancer cell line screen
(NCI-60) and accessed the COMPARE algorithm in the Developmental Therapeutic Program
(DTP) to identify the utility of these complexes in comparison to clinically applied agents.
Additionally, this contribution further explores the cytotoxic mechanism underpinning the di-Cu*"
agents by examining their nucleic acid targeting properties, modulation of intracellular free radical
content, probing mitochondrial function along with nuclear DNA integrity, and classifying cellular

death mechanisms in comparison to established DNA damaging drug controls.
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Doxorubicin

Figure 4. 1 A. Structure of the B-DNA Dickerson-Drew dodecamer (DDD) d[CGCGAATTCGCG],
positioned from the minor groove (PDB entry 1BNA). DNA backbone (connecting P positions), gray60;
colour code for DNA bases: guanine, orange; cytosine, light orange; adenine, slate; thymine, density (cartoon
mode, bases shown as spheres). B. Inset structure of the AATT minor groove tract with accessible C1’
deoxyribose hydrogens shown (H, white) along with Watson-Crick H-bonding pairs (yellow dashes). Colour
code for DNA bases: adenine, slate; thymine, density (shown as sticks). Figure A and B generated by
PyMOL Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC. C. Cu" mediated electron transfer
reactions: a cascade of reactive oxygen species (ROS) proceeds from molecular oxygen undergoing 1-
electron reduction to superoxide, followed then by dismutation to hydrogen peroxide (and oxygen - not
shown), and finally Fenton-like reduction to the hydroxyl radical. D. Structures of the major groove binder
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4.3 Methods

4.3.1 Materials and Reagents

All chemicals used for complex synthesis were purchased from Sigma Aldrich without further
purification. The following assays were purchased from Merck Millipore and procedures were
followed as per manufacturer protocol: Guava Nexin® Reagent (4500-0450), Guava EasyCyte™
MitoPotential Kit (4500-0250), Guava Caspase 8 FAM and Caspase 9 SR (4500-0640) and Guava
Caspase 3/7 (4500-0540). Propidium iodide (BTIU40017) was purchased from VWR. Carbonyl
cyanide m-chlorophenylhydrazone (10175140), calf thymus DNA (15633-019), RNase A (12091-
021), Alexa Flour 488 goat anti-mouse IgG F(ab), fragment (A11020), Alexa flour 488-phalloidin
(A12379), DAPI (D1306) and Mitotracker Deep Red (M22426) were purchased from
ThermoFisher Scientific. Anti-phospho-histone H2AX (05-636) was purchased from Merck
Millipore. Doxorubicin hydrochloride (D2975000), salmon testes DNA (D1626), synthetic double
stranded alternating co-polymers, poly[d(G < C),] (P9389) and poly[d(A * T),] (P0883) and
Micrococcus Lysodeikticus (D8259) were purchased from Sigma Aldrich. pUC19 plasmid DNA
(N3041), CutSmart® buffer (B7204), 100X BSA (B9000) and topoisomerase I (E. coli) (M0301)

were all purchased from New England Biolabs.

4.3.2 Preparation of complexes

[{Cu(phen),},(u-octanedioate)](ClO4), was prepared according to procedures reported by
Devereux et al.”® Mononuclear [Cu(u-octanedioate)(phen),]”’ was dissolved in an ethanolic
solution of sodium perchlorate and refluxed under very mild conditions to form a light blue
precipitate that was recrystallised in ethanol:water (1:1) to yield dark blue crystals.*
[{Cu(phen),},(u-terephthalate)](terephthalate) was prepared by ethanolic reflux of copper(Il)
terephthalate hydrate and phen in a 1:2 ratio according to reported methods by Kellett et al.*

4.3.3 NCI-60 analysis

The di-copper agents, Cu-Oda and Cu-Terph were submitted to the National Cancer Institute
(NCI) Developmental Therapeutics Program (DTP) where their cytotoxicity profile was
investigated across the 60 human cancer cell line panel according to Sulforhodamine B protocol

(also available at https://dtp.cancer.gov/discovery development/nci-60/default.htm).”®* The

COMPARE algorithm (https://dtp.cancer.gov/databases tools/compare.htm) was utilised to

evaluate the activity profile of Cu-Oda and Cu-Terph in comparison to known cytotoxins
established in marketed drugs, mechanistic and standard agent datasets in order to correlate
plausible modes of action. Criteria were set so that Pearson correlation coefficients (#) were >0.2 in

a minimum of 40 common cell lines with standard deviation of 0.05.
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4.3.4 Topoisomerase Inhibition

The topoisomerase I relaxation assay was carried out using a modified method to previously
reported protocols.”® 400 ng of pUCI9 plasmid DNA was exposed to varying concentrations of
drug (0.1 - 400 pM) for 30 min at room temperature in a final volume of 20 pl containing 80 mM
HEPES buffer (pH 7.2), CutSmart® buffer and 100X BSA. Topoisomerase I (1 unit) was added to
the mixture and incubated for 15 min at 37 °C to ensure relaxation of plasmid DNA. The enzymatic
reaction was quenched with SDS (0.25%), protein kinase (250 ug/ml) and 30 min incubation at 50
°C. Samples were loaded onto 1.2% agarose gel with 6X loading buffer. Topoisomers of DNA
were separated by electrophoresis in 1X TBE buffer at room temperature 40 V (3 h) followed by
50 V (2.5 h). The agarose gel was post-stained using an ethidium bromide bath (25 pM) for 20 min
at room temperature. Finally, the gel was soaked in deionised water for 24 h and imaged using a

UV transilluminator.

4.3.5 DNA binding

Calf thymus DNA, artificial double stranded (ds) alternating copolymers poly[d(G-C),] and
poly[d(A-T),] and DNA extracted from Micrococcus Lysodeikticus were used to investigate DNA
binding properties of Cu-Oda and Cu-Terph on sequences containing varying AT content.
Experiments were conducted in an identical manner to those recently reported by Kellett ez al.”’
Briefly, samples were prepared in 96 plates format with complex concentrations between 1.0 - 150
uM, 12.6 uM EtBr, 20 mM NaCl and 10 uM of dsDNA sequences to a final volume of 100 ul and
analysed using a Bio-Tek, Synergy HT fluorescent microplate reader with data collection using
Gen5 software. A Cso value—the concentration required to reduce ethidium bromide fluorescence
by 50%—was used to calculated apparent DNA binding constants (Kqpp); Kapp = Ke X 12.6/Cs
where K. = 9.5 x 10° M (bp) ™.

4.3.6 Circular dichroism spectrometry

Complex-DNA interactions were analysed within Starna quartz cuvettes in 10 mM PBS solution
(pH 7.0) in the presence of 25 mM NaCl. Solutions of salmon testes DNA (stDNA, g5 = 12824
M(bp) " em™), poly[(d(A-T):] (260 = 13100 M(bp)"' ecm™") and poly[(d(G-C),] (g260 = 16800
M(bp) ™' cm™") were initially denatured by heat treatment and then allowed to slowly renature prior
to quantification using an Agilent Cary 100 dual beam spectrophotometer equipped with a 6 x 6
Peltier multicell system with temperature controller, to give working solutions with a final DNA

concentration of ~100 uM. Spectra were captured in the range of 200-400 nm and measurements

were recorded at a rate of 1 nm per second. DNA solutions were incubated for 30 min periods at 37

°C with Cu-Oda at varying r loading values (» = [drug]/[DNA] uM) of 0.010, 0.025, 0.050 and
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0.075. Cu-Terph DNA interactions were not investigated within this study due to solubility issues

in CD assessable solvents.

4.3.7 Cell Culture

SKOV3 cells were cultured in RPMI-1640 media, supplemented with 10% FBS and incubated at
37 °C in 5% CO;and routinely tested for mycoplasma. Cells were seeded and left to adhere and
enter cell cycle (> 12 h) prior to complex exposure. Cu-Oda, Cu-Terph and carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) stock solutions were prepared in DMSO with Doxorubicin (Dox)
in 50:50 DMSO:H,0 and further dilutions prepared in culture media daily. Stocks containing
DMSO were prepared in the mM range to ensure final incubation concentrations did no exceed

0.1% v/v.

4.3.8 Cellular Viability

SKOV3 cells were seeded at 5 x 10° cells in a 96-well plate and exposed to drug treatment for 24 h
with dinuclear complexes (0.5, 1.0, and 2.0 uM), Dox (1.0 uM) or CCCP (75 uM). For co-
treatment experiments, antioxidants Tiron (4,5-Dihydroxy-1,3-benzenedisulfonic acid disodium
salt), D-mannitol (Man), L-histidine (His), (£)-a-lipoic acid (Lip), taurine (2-aminoethanesulfonic
acid, Taur), L-methionine (Met) and sodium pyruvate (Py) were treated at 1 mM for 2 h prior to
drug exposure to facilitate intracellular accumulation. Spent media was removed, cells were
detached with trypsin:EDTA (0.25%:0.02% in PBS) and whole samples (100 ul) were added to
100 wl Guava Viacount reagent and incubated for 10 min at room temperature. Viability samples

were acquired on Guava EasyCyte HT with Viacount software.

4.3.9 Cell Cycle analysis

Cellular DNA content was examined in a similar manner to previously reported methods.’> SKOV3
cells (3 x 10* cell/well) were seeded in 24-well culture plates, drug treated and collected in 1.5 ml
microtubes. Cells were fixed in 70% ice-cold EtOH and stored at -20°C (>12 h). Samples were
then stained with 200 ul of a propidium iodide (PI) staining solution (50 wg/ml PI, 100 pwg/ml
DNAse-free RNAse A, 0.1% triton X-100 in 1X PBS) for 30 min at room temperature. Samples
were acquired on Guava EasyCyte HT flow cytometer and normalised to the sum events in Go/Gy,

S and G,/M phases.

4.3.10 Immunodection of DSBs

Samples were prepared similarly to previously reported methods.” 6 x 10" cells were seeded in 12-
well plates and treated with complexes and Dox for 24 h. Transferred samples in 1.5 ml microtubes
were fixed with 1.5% formaldehyde (15 min, room temperature) followed by ice-cold 70% ethanol

and stored at -20 °C. Samples were resuspended in permeabilisation buffer (0.25% Triton X-100 in
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PBS) for 30 min on ice and blocked with 2% BSA (30 min, room temperature). The primary
antibody (1:500) was incubated for 2 h at room temperature followed by secondary antibody
(1:1000) for 1 h at room temperature and co-stained for 10 min with 5 pg/ml of propidium iodide.

Samples were acquired using ExpressPro software on the Guava EasyCyte instrument.

4.3.11 DNA degradation with comet assay

Cells were seeded overnight at 1.5 x 10° cells/well in 6-well plates prior to drug addition. After 24
h of drug incubation, cells were harvested and 50 pl was resuspended in 500 pl low melting point
agarose to give a final density of 1.5 x 10° cell/ml. 50 ul of this was spread onto Trevigen Comet
slides and allowed to solidify for 1 h at 4 °C. Samples were lysed in a coplin jar (2.5 M NacCl, 100
mM EDTA, 10 mM TrisHCI, pH 10) overnight at 4 °C.** Slides were allowed to equilibrate in

cold electrophoresis buffer (300 mM NaOH, 1.0 mM EDTA, pH 13) for 30 mins at 4°C prior to
electrophoresis run at 300 mA for 30 min with buffer levels adjusted to give a consistent voltage of
25 V. Slides were then washed with water, neutralised in buffer (400 mM Tris.HCI, pH 7.5), fixed
with 70% ethanol (30 min) and dried for desiccated storage. Prior to scoring, slides where
rehydrated for 15 min before staining with a PI solution (10 ug/ml, 10 min) and imaged through a
10x lens and Leica DFC 500 epi-fluorescent microscope. Images where then analysed with Open

Comet plugin on Image J.

4.3.12 Nexin® Assay

SKOV3 cells were seeded at 3 x 10 cells in 24-well plates and incubated with drug containing
media. After the exposure period, spent media was removed, cells were washed with PBS and
washings were kept in 1.5 ml microtubes. Cells were detached with trypsin, neutralised with fresh
media, transferred to microtubes with PBS and centrifuged at 1300 rpm for 5 min. A sufficient
volume of media was added to cell pellet for densities ranging from 2 x 10° to 1 x 10°cell/ml. 100
ul of sample was transferred to 96-well round bottom plate, containing 100 pl of Guava Nexin®
Reagent and incubated for 20 min at room temperature. Samples were acquired on the Guava
EasyCyte HT flow cytometer using Nexin software. Inherent doxorubicin fluorescence in filter

583/26 nm was accounted for and subtracted within the relevant quadrants.

4.3.13 Caspase 8 FAM and 9 SR, Caspase 3/7 FAM

The following fluorescent labelled inhibitors of caspase (FLICA) were used to ascertain the
activation of caspase 3/7, 8 and 9 respectively; FAM-DEVD-FMK, FAM-LETD-FMK and SR-
LEHD-FMK. Samples were prepared prior to staining in a similar manner as that described in the
Nexin Assay. Cells were transferred to 1.5 ml microtubes and resuspended in 100 pl media. 10 pl
of 10X caspase 9 SR working solution and 10 pl of caspase 8 FAM were added and incubated for 1

h at 37 °C. Cells were resuspended in 200 pl of caspase 7-aminoactinomycin D (7-AAD) working
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solution and transferred to 96-well round bottom plate, which was left to incubate for 10 min at
room temperature. Samples were acquired on the Guava EasyCyte HT flow cytometer using Guava
Caspase software. Compensation to correct fluorescent overlap between filters was conducted pre-
acquisition and innate doxorubicin fluorescence in filter 583/26 nm was accounted for within the

relevant quadrants.

4.3.14 Confocal Microscopy

Cells (1.4 x 10°) were seeded in 35 mm glass bottom petri dishes and exposed to drug for 24 h.
Cells were incubated with media containing MitoTracker Deep Red (150 mM, 30 min, 37°C) and
fixed with 4% paraformaldehyde (30 min, room temperature). Samples were permeabilised with
0.25% Triton X-100 (15 min). To avoid non-specific staining, cells were blocked with 1% BSA in
PBS (30 min, 37 °C) and subsequently stained with Alexa Flour 488-phalloidin (10U/100ul, 30
min), followed by DAPI (4:10,000, 10 min) and mounted in ProLong Gold. Images were acquired
on a STED-Leica DMi8 super resolution confocal microscope equipped with CCD camera and
100x oil-immersion objective. DAPI was excited with a 405 nm picoquant laser unit and emission
captured between 387 - 474 nm. Alexa Fluor 488 was excited at 499 nm with emission captured
between 490 - 566 nm, and MitoTracker Deep Red was excited at 653 nm where emission was
captured at 658 - 779 nm. Images were acquired whereby combinations of excitation wavelengths

and emission filters for specific dyes are applied sequentially.

4.3.15 Mitochondrial Membrane Potential

Cells were treated as previously described in the Nexin V assay. Samples were resuspended in 600
ul of fresh media to give cell concentration 2 x 10* to 5 x 10° cells/ml from which 200 pl was
transferred to a 96-well round bottom plate. 50X staining solution (4 pul) containing JC-1 and 7-
AAD was added to each sample, subsequently incubated at 37 °C in darkness (30 min) and
acquired on Guava EasyCyte HT using MitoPotential software. Compensation to correct

fluorescent overlap between filters was conducted pre-acquisition.

4.3.16 Mitochondrial Superoxide (MitoSOX) Detection

SKOV3 cells (6 x 10*) were seeded in 12-well plates. After drug treatment, samples were
harvested, washed with PBS, resuspended in 200 ul of 5.0 uM MitoSOX Red in PBS and left to
incubate for 15 min at 37 °C. Samples where then resuspended in PBS and transferred to 96-well

round bottom plates, and acquired on Guava EasyCyte flow cytometer using ExpressPro software.

4.3.17 Statistical Analysis

Data collected from intracellular and DNA binding experiments are presented as mean + S.D. (n =

3) and plotted in GraphPad Prism V6.0. Comparisons between the data were analysed with two-
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way ANOVAs in GraphPad Prism V6.0. Differences between means were analysed post-hoc with
Dunnett’s test at 95% confidence level. Differences between the groups were considered to be

statistically significant if p < 0.05.
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4.4 Results and Discussion

4.4.1 NCI-60 analysis

The di-copper complexes investigated within this study were submitted to the National Cancer
Institute (NCI) Developmental Therapeutics Program (DTP) for cell line screening based upon
previously identified anticancer potential within a small cancer panel.*>** The NCI screen consists
of 60 human cancer cell lines from a variety of cancer origins including breast, colon, central
nervous system (CNS), leukaemia, non-small cell lung (NSCL), melanoma, ovarian, prostate and
renal.”™®** Following one-dose cytotoxicity analysis, both complexes were eligible to proceed to
five-dose analysis assessing 50% growth inhibition (Glsp), cytotoxic or lethal effect (50% lethal
dose, LCs) and cytostatic effect (total growth inhibition, TGI)*® (Table S1). Visual representations
of Glsy concentrations are displayed in the form of a heat map in Figure S2, with an extensive range
of growth inhibitory effects visible from 5 uM to less than 100 nM. Cancer lines from all lineages
displayed significant sensitivity to Cu-Terph, as the entire panel exhibited growth inhibitions less
than 500 nM. Exceptional activity was noted within the melanoma cell line, SK-MEL-5, with a
Gl;5o value of 49 nM. Cu-Oda, however, displayed higher Glso result of less than 5 uM with a 10-
fold universal decrease in activity compared to Cu-Terph, with particular sensitivity noted in
melanoma and renal cancers. LCsy concentrations, indicating the extent of complex lethality, were
also identified and are shown in heat map form in Figure 2C. In agreement with the growth
inhibition results, Cu-Terph displayed enhanced cytotoxic effects across the majority of cell lines
within the panel (< 1 uM) with increasing toxic towards CNS, colon and ovarian cancer types and
hypersensitivity in SK-MEL-5. Cu-Oda had varying activities in colon carcinoma and ovarian
adenocarinomas and was most effective in melanoma, renal and prostate cancers with all LCs,
concentrations being less than 10 uM. Interestingly, leukemic cell lines were particularly resistant
to both di-Cu®* complexes, where lethal concentrations are in excess of 100 uM, with the exception
of CCRF-CEM (50 uM) for Cu-Oda. Results here suggest both compounds have high potential
utility and selectivity for solid neoplasias but limited toxicity towards leukaemia, lymphoma,

myeloma or bone sarcomas.

Five-dose activity profiles for both compounds were entered into the COMPARE
algorithm supplied by the NCL** This algorithm is an automated comparison programme that
associates the pattern of activity of all or selected cancer cell lines within the panel to standards and
mechanistic agents, or marketed drugs, many of which have known mechanisms of cytoxicity. The
comparative results are represented as Pearson correlation coefficients (PPC), or  values, ranging
from -1 to +1, where a seed (Cu-Oda or Cu-Terph) threshold of >0.20 was considered for
comparative analysis to compounds of known activity (i.e. clinical standards) for potential
mechanism of action. Limited comparisons of growth inhibition profiles (Glsp) were observed in
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the COMPARE algorithm for both tested agents (Table S2). Studies utilising the this algorithm for
mode of action comparatives generally consider Glso r values of >0.50 as a significant

739 thus demonstrating a highly unique profile for both di-Cu>" complexes where r

correlation,
values were unanimously <0.5. As such, we used LCs, values for comparative analysis categorised
between signalling, antimetabolites, DNA damaging, hormonal and tubulin targeting agents, and
topoisomerase poisons, along with a selection of miscellaneous or undefined therapeutics. From a

total of ~175 standard agents analysed through COMPARE, the highest » values common for both

compounds ranged between 0.84 - 0.20 (Figure 2D). Uppermost values found were hormonal
agents, however, the greatest number of correlations appeared for DNA damaging agents.
Furthermore, both copper complexes had a very low activity profile in comparison with cisplatin,
where r values of 0.26 and 0.33 for Cu-Oda and Cu-Terph were respectively found. Finally,
metallodrugs such as bleomycin and alternative platinum agents (carboplatin, oxaliplatin) did not
show comparative analysis within the criterion threshold, demonstrating the novelty of this di-Cu*"

class.
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Figure 4. 2A. Molecular structure of di-nuclear copper complexes [{Cu(phen),}(u-oda)]** (Cu-Oda) and B.
[{Cu(phen),}»(u-terph)]*" (Cu-Terph). Molecular structures found in Figure S1. C. Heat map representation
of LCsy concentrations calculated from 5-dose cytotoxicity screen across the NCI-60 human cancer cell line
panel. Concentration ranges from most cytotoxic (0.1 — 0.5 uM shown in navy) through to least cytotoxic
(>100 uM shown in brown). D. Pearson correlation coefficients of LCs, profiles generated from the NCI
DTP COMPARE algorithm, where standard agents and market drugs are grouped according to their mode of
cytotoxic action.
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4.4.2 Mechanistic binding and DNA interactions

4.4.2.1 DNA binding affinities

A high-throughput ethidium bromide displacement assay was employed to probe the DNA binding
affinities and base specificity of both di-nuclear complexes on sequences of varying AT content in
comparison to the minor groove binder netropsin, and classical intercalator Actinomycin D (Table
S3 and Figure S3). This indirect method revealed similar binding affinities for Cu-Oda (3.79 —
5.77 x 10°) and Cu-Terph (1.84 — 3.65 x 10°) with a slight preference towards calf thymus DNA

for both species.

4.4.2.2 Topoisomerase I (Top I) mediated relaxation
Given the number of topoisomerase poisons and DNA damaging agents present in our COMPARE
analysis (albeit many with low PCCs), coupled with our previous DNA damaging experimental

20,24,40
results,” "

nucleic acid unwinding experiments with topoisomerase I and negatively supercoiled
pUC19 DNA were undertaken. Topoisomerases are a specialised class of nuclear enzymes that
regulate transient cleavage, passage and resealing of DNA through either single strand (Topo I), or
double strand (Topo II) scission in order to remodel DNA or release superhelical tension from
under (-) or over winding (+).* Cu-Oda and Cu-Terph were found to induce concentration-
dependent release of plasmid supercoils with complete relaxation at 10.0 uM (Figure 3A). Beyond
this exposure level, a fraction of positive supercoiled pUC19 becomes visible, indicating that an
intercalative saturation point was reached. A portion of plasmid DNA, however, remained in a
relaxed state (highlighted in Figure 3A), indicative of site-specific oxidative strand cutting of
pUC19 that transformed the plasmid to a permanent open circular conformation. Thus, the absence
of total conversion of pUC19 into a right-handed topoisomeric (+) form, commonly observed for
classical DNA intercalators such as ethidium bromide (Figure S4), implicates both intercalative
unwinding and complex-mediated oxidative degradation by the di-Cu”*" complexes. Under identical
conditions, the Topo II poison doxorubicin (Dox) was identified to stabilise DNA-Topo I enzyme

complex at 1.0 uM with no distinct topoisomers observed at concentrations exposed thereafter

(Figure S4).

4.4.2.3 Circular dichroism (CD) analysis

In order to validate the intercalative binding mode of di-Cu®" agents indicated by topoisomerase
relaxation, complex-DNA interactions were investigated through CD spectroscopy. While Cu-
Terph was precluded from this study (due to a lack of solubility in CD assessible solvents),* the
mode of Cu-Oda binding was examined using three B-form DNA sequences. B-form duplex DNA
exhibits negative elliptical signals at 210 and 246 nm arising from S-N-glycosidic linkages and
helicity respectively, and positive bands at 220 nm and 268 nm due to H-bonding and base-pair
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stacking interactions, though variation in these regions can arise from sequence diversity and AT
content.” Upon increasing Cu-Oda drug load, an intercalative profile was observed in salmon
testes DNA (stDNA) and alternating copolymer poly[d(G-C),] characterised by pronounced
elliptical shifts at 275 nm for nitrogenous-base stacking interactions (Figure 3B). The ellipticity of
this signal was dramatically pronounced in poly[d(A-T),], indicating preferential intercalation
along AT rich tracts that are found within the narrow minor groove of this duplex. Structural
distortions in the form of DNA unwinding are also identified from helicity and right-handedness
signals (246 nm) in poly[d(A-T),], most likely as a result of the complex being selectively
incorporated into the minor groove. Cu-Oda intercalation at AT rich tracts fall within the expected
behaviour of [Cu(phen),]",* where preferential DNA interactions are known to be sequence-

specific at the central A residue in TAT triplet steps.*
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Figure 4.3 A. Topoisomerase I unwinding across concentration range 0.10 - 400 uM for Cu-Oda and Cu-
Terph. B. CD spectra of Cu-Oda with stDNA and alternating co-polymers poly[d(A-T,)] and poly[d(G-C,)]
at 1 - 7.5% loading ratios. C. Cell cycle phase fractionations for Cu-Oda and Cu-Terph incubated for 24 h
at 0.5, 1.0 and 2.0 uM. D. Double strand breaks (DSBs) induced by Cu-Oda and Cu-Terph, detected by
immunostaining of YH2AX with median intensity fluorescence (MFI) presented for di-Cu®" complexes and
Dox. Nonsignificant (ns) p > 0.05; * p <0.05; ** p <0.01; *** p <0.001.

4.4.2.4 Cell cycle analysis
The ovarian adenocarcinoma cell line SKOV3 was selected to probe intracellular genotoxic

properties of Cu-Oda and Cu-Terph as this cancer form has the leading rate of gynaecological
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cancer mortality and poor prognosis, and is further characterised by chemoresistance and
recurrence.*® SKOV3 elicited sensitivity to both Cu-Terph and Cu-Oda treatment within the NCI-
60 panel, yet distinctive Glsgactivities (160 nM and 1 uM, respectively) were encountered making
this cell line an important choice to probe for differences between both agents. SKOV3 is also
innately resistant to cisplatin'’ with malfunctioning p53,* the occurrence of which is rampant
amongst many neoplasias.” Mutants of this tumour suppressive gene are known to significantly
reduce cancer vulnerability to chemotherapeutic and radiation treatment and wild-type primary
specimen transformation to mutant variants is commonly observed in cases of relapse.”” SKOV3
also lacks functional DNA mistmatch repair protein MLH1, where deficiencies in this pathway are
frequently resistant to alkylating therapeutic agents.”’ To probe the intracellular impact of Cu-Oda
and Cu-Terph on nuclear DNA and cell cycle progression, phase distributions were examined via
flow-cytometric quantification of DNA content. All cells have an innate cell cycle, revolution of
which consists of distinct phases culminating in the growth (G¢/G), duplication of chromosome (S)
and production of daughter cells (G,/M), with various checkpoints to monitor DNA damage or
incomplete replication.” Increased rates of cancer cell proliferation stems from aberrant regulation
of the cycle,” however, this can also be exploited as dysfunctional checkpoint controls render the
cell increasingly susceptible to genetic or microtubular toxicity.”* The effects of the di-nuclear
Cu** complexes on cell cycle-phase distributions in SKOV3 cells were examined with treatment of
Cu-Oda and Cu-Terph (0.5 — 2.0 uM) and Dox (1.0 uM). Both complexes show concentration-
dependent phase accumulation in S and progressive reduction in G,/M (Figure 3C). Dox was
selected for comparative mechanistic investigation due to its multimodal cytoxic properties—such
as ROS generation® and Topo II-DNA complex stabilisation through intercalative binding’’—

common features of di-Cu”" agents, where phase transverse from G,/M to S is also evident.

4.4.2.5 Immunodection of YH2AX

The formation of DSBs was next explored through immunodetection of YH2AX. Histones are
indiscriminately incorporated into the nucleosome for higher order chromatin formation. The
H2AX histone variant differs from others through a carboxyl tail containing a serine residue that
becomes phosphorylated (yH2AX) in response to localised DSBs,”” and thus act as signalling foci
for the recruitment of DNA repair factors.” In this study, DNA damage was recorded as the
median intensity fluorescence (MFI) of yH2AX in the cell population (Figure 3D). Both
complexes displayed concentration-dependent DSB formation, the highest order of formation
comparable to toxic dose of Dox (1.0 uM). Significantly, increased nuclearity within these
complexes considerably alters the capacity to form DSBs as mononuclear analogues developed

within the group exhibited one-order of magnitude lower MFL*'
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4.4.2.6 Comet Assay

Ensuing SSBs, DSBs and alkali liable sites arising from genomic DNA damage mediated by di-
Cu’" agents were explored via the electrophoretic alkaline comet assay.” The lysis of cell
membranes, nuclear bound proteins and histones allows DNA to migrate under electrophoresis,
based on nucleic acid integrity.”” Cu-Oda and Cu-Terph were found to fragment DNA with
corresponding tail moments of 69.6 and 52.8 a.u. (Figure 4) with Cu-Terph exhibiting a broader
distribution of residual DNA damage. This further corroborates the site-selective cleavage
observed in topoisomerase relaxation assays, particularly for Cu-Oda. Dox produced the highest
extent of DNA damage with mean tail moments of 76.3 a.u. with frequency distributions indicative
of non-discriminate oxidative cleavage. This is in agreement with studies conducted by
Manjanatha et al., whose work further probed direct and in-direct ROS induced DNA damage by
employing DNA repair endonucleases Fpg (oxidised pyrimidines), hOOG1 (oxidised purines) and
Endo III (oxidised pyrimidines).”'
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Figure 4.4. DNA damage detected through the alkaline comet assay, A. Tail moments and DNA content of
control and 1.0 uM Cu-Oda, Cu-Terph and Dox, B. Mean tail moment of >80 comets analysed, C. Typical
comet images acquired for SKOV3 non-treated cells, and those treated with Cu-Oda, Cu-Terph and Dox.

4.4.3 Detection of Apoptosis

4.4.3.1 Apoptotic induction

Given the severe genotoxic influence witnessed by both dinuclear complexes, apoptotic induction
was investigated through the detection of Annexin V. Membrane-impermeable and fluorogen-
tagged, Annexin V selectively binds to substrate phosphatidylserine upon translocation from the
inner to outer surface of the cellular membrane during apoptosis.”>* Samples were incubated with
various concentrations of complex and controls, and counterstained with the DNA intercalator, 7-
aminoactinomycin D (7-AAD), which only gains access to the nucleus when the cellular membrane
integrity is compromised during the latter stages of apoptosis. The activation of early-stage
apoptosis was apparent at a maximal exposed concentration of 2.0 uM (Figure 5A) for both
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complexes, whereas late stage apoptosis (defined by the positive staining of both dyes) was
particularly evident for Cu-Terph where 34.2% of the population is represented in this period
(Figure 5B). The same concentration of Cu-Oda, however, was found to induce 10.8%, is

significantly different when compared to the clinical agent Dox (45.9%).

4.4.3.2 Caspase 3/7, 8 and 9 activation

In order to identify the underpinning mechanism of apoptotic activation, exclusive endoproteases
associated with this pathway in the form of caspases were examined. As key regulators of
apoptosis, caspases are present in their cellular pro-enzymatic form, where they become activated
through dimerization or proteolytic cleavage based on their sequential role in the apoptotic

pathway.**%°

Initiator caspases identify the origin of apoptotic induction as intrinsic (BH-3 only
proteins translocation to the mitochondria, and release apoptogenic factors, thus activating of
caspase 9)% or extrinsic (extracellular stress signals ligate to membrane-bound TNFa or death
receptors and activate caspase 8).” The predominant mode of di-Cu*" apoptotic induction is via
the intrinsic pathway, depicted through detection of caspase 9 in 22.2 and 30.7% of cellular
populations when exposed to 2.0 uM of Cu-Oda and Cu-Terph (Figure 5F). Caspase 8 was also
detected in lower ratios (Figure 5E) and can be attributed to intercellular dialogue from preceding
apoptotic cells or potentially consequent of intracellular ROS generation,”** known to transmit
caspase 8.°%% The positive control Dox indicates clear activation through the intrinsic pathway
with 29.6% in the caspase 9 in comparison to 6.6% for caspase 8. Executioner caspases 3/7
initiate an irreversible cascade of global proteolytic and endonucleic degradation,” the detection of
which was segregated into the early and later stages of apoptosis upon cellular co-staining with 7-
ADD (Figure 5C and 5D accordingly). In the early stages of apoptosis the activation of caspase 3
and 7 is significantly greater for Dox (82.1%) in comparison to the attenuated 10.0 - 11.8% found
by Cu-Oda and Cu-Terph exposure. In the latter stages, however, the complexes surpass Dox

activation (8.2%) of with executioner caspase, with 39.7 and 36.1% detection at 2.0 uM of

metallodrug exposure, indicating a kinetically higher rate toxic action.

4.4.3.3 Confocal Imaging

Mammalian cellular structures can undergo morphologic changes characteristic of the apoptotic
cell death mechanism. By employing organelle specific dyes—to monitor the structure and
integrity of mitochondria, cytoskeleton and nucleus—visualised through confocal microscopy, can
identify distinctive hallmarks such as cytosolic and organelle contractions, condensation and
increased chromatin granularity, membrane blebbing and the formation of apoptotic bodies
(apobodies).”’ These characteristics are particularly evident upon CCCP and Dox exposure, where
nuclear fragmentation is clearly visible, in comparison to non-treated SKOV3 cells that are

typically elongated, polygonal and dome-like in morphology (Figure 5G). Cells treated with Cu-
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Oda and Cu-Terph showed organelle condensation, fragmentation of nuclear content, remnants of
apobodies, and reduction in Mitotracker Deep Red fluorescence. Given that this dye is sensitive to
mitochondrial membrane potential,”””> Cu-Oda and Cu-Terph may induce mitochondrial

dysfunction, independent of apoptosis.
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Figure 4.5 A. SKOV3 cells are treated over 24 h with varying concentration of Cu-Oda and Cu-Terph (0.5
- 2.0 uM) and control agent Dox (1.0 uM). A. Populations of early apoptotic cells exhibiting positive staining
for Annexin V only. B. Late apoptotic population detected through positive staining for Annexin V and 7-
AAD. C. Detection of caspase 3/7 in the absences of 7-AAD positive staining indicative of mid-apoptotic
activation. D. Detection of late apoptotic release of caspase 3/7 through the detection of 7-AAD positive
cells. E. Population of caspase 8 (extrinsic pathway) F. Activation of caspase 9 (intrinsic pathway). G. 100x
magnification of SKOV3 cells treated with Dox (1.0 uM), CCCP (75 uM) and dinuclear copper complexes,
Cu-Oda and Cu-Terph (1.0 uM). The nucleus is stained with DAPI, F-actin with Alexa Flour 488-
Phalloidin and mitochondria with MitoTracker Deep Red. Scale bar indicates 10 wm. Individual channels are
shown in Figure S5. Nonsignificant (ns) p > 0.05; * p < 0.05; ** p <0.01; *** p <0.001.

4.4.4 Investigations of mitochondrial dysfunction

4.4.4.1 Mitochondrial Membrane Potential (AW ;)
Further experiments into mitochondrial dysfunction were conducted by examining the
hypsochromic shift in fluorescent emission of potential-sensitive JC-1 (5,5',6,6'-tetrachloro-

1,1',3,3'-tetracthylbenzimidazolocarbo-cyanine iodide). The cationic JC-1 dye accumulates within
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polarised mitochondria (high AW,,), forming orange fluorescent j-aggregates, while green emitting

. - . . 73.74
monomers reside within the cytosol upon depolarisation.”™

Mitochondrial depolarisation
correlates to transmembrane permeability, and when compromised releases pro-apoptotic factors,
such as cytochrome ¢, into the cytosol.”’® Cu-Oda and Cu-Terph stimulated depolarised
mitochondria in a concentration-dependent manner where >84.8% of cellular populations displayed
a loss in membrane potential at 2.0 uM (Figure 6A). The positive control CCCP (carbonyl cyanide
m-chlorophenyl hydrazone) was selected due to its proton ionophore properties, transporting
protons across the mitochondrial transmembrane and thus readily dissipating mitochondrial
transmembrane potential.”” Higher concentrations of CCCP (75 uM) are required to induce a
decreased proportion of membrane depolarization. The transient mitochondrial permeability of this
magnitude does not directly correlate to the modest detection of intrinsic apoptotic biomarkers
(annexin V and caspases). In this case, the extent of depolarization results from selective
localisation and ROS generation of the copper complexes, thus instigating the apoptotic process.
Mitochondrial accumulation is most likely due to the delocalised cationic charge and lipophillicity
of 1,10-phenanthroline ligands, common features of dyes and targeting vehicles that selectively

assemble within this organelle.”

4.4.4.2 Mitochondrial superoxide production

The predominant source of intracellular O,  generation is the mitochondrial power house,
primarily from site-specific electron release within the respiratory chain such as complex I and
I11,” quinone electron shutter CoezymesQ10 and enzymatic processes such as NAPDH oxidases.”
In order investigate the source of transmembrane potential degeneracy and ROS production
properties of Cu-Oda and Cu-Terph, we selectively probed the liberation of superoxide within the
mitochondrial matrix through the use of MitoSOX Red. With its fluorogenic dihydroethidium (HE)
core, this dye is readily internalised within the cell,”® and further mitochondrial-specific localisation
is refined by a triphenylphosphine conjugate.” HE undergoes discreet two-electron oxidation by
O,", and the reduced cationic derivative ethidium intercalates mitochondrial DNA through the
minor groove.” Results shown in Figure 6B, revealed extensive and selective O, generation by
Cu-Oda and Cu-Terph, with 52.6% and 76.1% of the cellular populations showing positive
MitoSOX Red fluorescence at the highest drug exposure (2.0 uM).
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Figure 4.6 SKOV3 cells were treated with Cu-Oda, Cu-Terph and positive controls Dox and CCCP at
indicated concentrations for 24 h. A. Population of depolarised mitochondria through the detection of
potential-sensitive shift in JC-1 emission. Hypsochromic shifts, evident in scatter plot, demonstrates drug-
induced depolarisation (Figure S6). B. Detection of MitoSOX red population indicative of superoxide-
selective fluorescence activation. The molecular structures of dyes employed are given (top right). C.
Viability results of Cu-Oda, Cu-Terph and Dox at 1.0 uM in the absence and presence of 1 mM ROS
specific scavengers (Table 4.1 insert). Nonsignificant (ns) p > 0.05; * p < 0.05; ** p <0.01; *** p <0.001.

4.4.4.3 Intracellular radical production

Since increased levels of MitoSOX red fluorescence demonstrated the intense O,  generation, we
were prompted to conduct a detailed examination of intracellular ROS species promoted by toxic
insults of both di-Cu*" agents. This was achieved through monitoring cell viability upon co-
treatment of radical specific scavengers and trapping agents tiron, mannitol, histidine, lipoic acid,
taurine, methionine and sodium pyruvate (Figure 6C and Table 1). It is remarkable to note the
extent to which the cytotoxic effect is averted through the use of ROS-selective antioxidants, with
viability profiles of Cu-Terph and Cu-Oda fluctuating from 25.2 - 73.8% and 55.1 - 84.6%,
respectively. The most potent scavenging agent was the electron trap tiron—sequestering the
production of O, through direct-oxidation and formation of semiquinone radicals’’—which
increased cellular viability by 29.5% for Cu-Oda and 48.6% for Cu-Terph. The second most
abundant toxic species liberated was singlet oxygen ('O,), which readily oxidises the imidazole

ring within histidine and in doing so, selectively traps the radical.”* Overall, elevated cellular

viability due to inhibition of ROS production follows tiron > histidine > lipoic acid > pyruvate >
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taurine > methionine > mannitol with the more structurally rigid complex Cu-Terph showing the

reater potential of the two toward catalytic pro-oxidant O, and 'O, production.
g p ytic p p
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4.5 Conclusion
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Figure 4. 7 Proposed mechanism of action for di-copper(Il) agents Cu-Oda and Cu-Terph. Complexes are
incorporated into the cell through copper transport protein (Ctrl). Di-Cu*" complexes take one of two
pathways i.) nuclear localisation and intercalative binding at the minor groove of duplex DNA (anionic); ii.)
mitochondrial accumulation due to MMP (AY,,), facilitated by the cationic complex charge and lipophillicity
of phenanthroline groups. Intracellular generation of superoxide (O,) and singlet oxygen ('O,), detected
through radical specific antioxidants, induce significant DNA degradation through the formation of double
strand breaks (DSBs) when quantified by YH2AX and comet. Enhanced levels of superoxide within the
mitochondrial (MitoSOX) causes collapse transmembrane potential measured through the extent of
mitochondrial depolarisation (JC-1). This results in the release of cytochrome ¢ and activation of the
intrinsic pathway through apoptosome formation and activation of initiator caspase 9 and executioner caspase
3 or 7. Apoptosis was quantitatively measured through Annexin V and visualised by confocal microscopy.

The use of metal-based chemotherapeutics that exploit innate cellular delivery—and incorporation
mechanisms—to facilitate toxic dose accumulation and biomolecular target accessibility forms the
basis of strategic anticancer drug design. The current class of di-Cu®” agents with 1,10-
phenantroline chelating ligands, Cu-Oda and Cu-Terph, display broad spectrum activity
elucidated from NCI-60 cell line analysis that revealed a unique, yet multi-modal, mechanism of
cytotoxic action according to the COMPARE algorithm. Intracellular accumulation by Cu-Oda
and Cu-Terph is most likely facilitated through active transport by copper influx protein Ctrl
(Figure 7), a high-affinity transporter and ion channel for the delivery of cupric nutrients and
which, in turn, are highjacked by platinum-based agents to facilitate cellular localisation.”” Upon
treatment, cisplatin can rapidly degrade the functional capability of Ctrl proteins at elevated rates
to copper insult, thus preventing its own uptake.” Overexpression of this agents is a common
feature in some forms transformed cells, particularly colon carcinomas,” which were found to be

particularly sensitive to di-Cu®" complex insult within the NCI-60 panel. As well as displaying no

correlation to the cytotoxic profiles of clinically established platinum agents by COMPARE
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analysis, di-nuclear Cu-Oda and Cu-Terph complexes also possess an alternative kinetic profile to

cisplatin by exerting toxic effects within a shorter time frame of 24 h.

We have shown unambiguously, through topoisomerase unwinding and circular dichroism
experiments, that both di-Cu®* complexes selectively bind to DNA using an intercalative mode in
AT rich tracts. An interesting structural feature of these agents is the increased number of
coordinated polyaromatic and heterocyclic phenanthroline ligands they contain—this ligand
geometry clearly facilitates high-affinity DNA binding through selective intercalation while also
directing genomic DNA double-strand scission (Figure 7, nuclear pathway) as seen in the detection
of YH2AX, cell cycle phase distributions and comet formation. The incorporation of phenanthrene-
type ligands is of current interest to overcome the limitation of established chemotherapeutics;
ligation of such ligands into the cisplatin framework, in the form of the phenanthriplatin series,
enhances intracellular accumulation with decreased detoxification through thiol containing
reducing agents commonly associated with platinum resistance.”® Additionally, Au(III)-phen was
recently shown to exert its cytotoxic action through poly(ADP-ribose) polymerase (PARP)

inhibition as a competitive binder within the zinc-finger motif.”

The use of radical-specific scavenging and trapping agents in this study revealed the
remarkable ROS-selective generation properties of Cu-Oda and Cu-Terph, where catalytic
formation of oxidants superoxide (O,”) and singlet oxygen (‘O,) were identified. The ROS-
regulatory function of these destructive species causes irreparable oxidative damage within nuclear
DNA in the form of DSBs, thus inducing apoptotic cell death. Since increased nuclearity is the one
the defining features of cytotoxic action within this di-Cu’’ class, it is significant to note the
incorporation of multiple copper centres into molecular scaffolds has previously been shown to

significantly enhance the redox potential of pro-oxidising agents.'*'""

When compared their mono-
nuclear analogue with 0,0’ (o-phthalate) ligand, the di-Cu® agents displayed a 10 - 100 fold
increase in toxic effect within the NCI-60 panel.'” Furthermore, the proximity of the metal centres
can constitute and potentiate synergistic redox recycling, facilitating the formation of catalytic
intermediates required for deleterious radical generation.'” In the case of our di-Cu®’ agents,
alteration of the di-carboxylate bridging ligand has significant effects in terms of their toxic
activity. The more active complex, Cu-Terph, contains a rigid terephthalate linker and has a fixed
intermetal Cu-Cu distance of 11.014 A thus fixing the relative orientation of the phenanthroline
ligands. The more malleable Cu-Oda, with a Cu-Cu distance of 9.741 A in its crystallised form,
has free rotation around the octanedioate and flexible orientation of intercalating moieties. Indeed,
it was previously shown that ligating rigidity within pyridylalkylamine multinuclear copper””
systems can alter complex oxidising efficiency and specificity towards nucleobase or deoxyribose

attack involved in single or double strand scission.'"'
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The extent of selective intramatrix production of O,  and dissipation of mitochondrial
transmembrane potential (as seen through the use of indicative dyes, MitoSOX Red and JC-1)
results in the intrinsic release of pro-apoptotic transmission signals in the form of cytochrome ¢
(Figure 7, mitochondrial pathway). This, in turn, activates the formation of apoptosomes and
facilities the initiation and execution of caspase 9, 3 and 7, rendering a proteolytic cascade of
global cellular degradation and therefore apoptotic cell death—revealed by flow-cytometric
detection of respective biomarkers and morphological analysis. Unambiguous targeting of the
mitochondria has generated increased attention in the development of novel chemotherapeutic
agents as well as the progressing of ROS-modulating agents into clinical trials.*'" Multiple facets
of transformed cancer cells exude differential bioenergetic, biosynthetic and redox requirements in

104,1 .
04105 malfunction of

order to support rapid cell proliferation, regulatory checkpoint evasion,
mitochondrial respiratory chain,'”® along with other stressful metabolic conditions associated with
tumorigenesis. In order to facilitate these metabolic shifts,'”” many cancer cells display an
increased rate of aerobic glycolsis, a phenomenon known as the Warburg effect.'” Mitochondrial
delivery of anticancer agents utilises a variety of localisation mechanisms such as penetrating
peptide sequences, liposomes, nanocarriers, lipohilic cations including triphenylphosphonium

109-111

(TPP) or small molecules that traverse pH gradients. These delivery mechanisms have been

exploited to re-evaluate established clinical agents such as doxorubicin''* and cisplatin,'"” as well
as novel therapeutics with discreet ROS generation properties in the form of copper-based agents'"*
and fluorogenic dyes.''>''® The pro-oxidant properties of this di-Cu** series, Cu-Oda and Cu-
Terph, reveal selective catalytic production of 'O, and O, resulting in dual genomic DNA strand
integrity and bioenergetic redundancy of the mitochondria. These agents therefore contain intrinsic
small-molecule targeting properties that are not based on conventional delivery scaffolds and, this

effect, coupled with dual-action ROS production constitutes the activation of a unique mode of

action triggered by intrinsic apoptotic cell death.
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4.6 Supporting Information

Supplementary information associated with this chapter can be found in Appendix C
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5.1 Abstract

There is an unmet need for novel metal-based chemotherapeutics with alternative modes of action
compared to clinical agents such as cisplatin and metallo-bleomycin. Recent attention in this field
has focused on designing intracellular ROS-mediators as powerful cytotoxins of human cancers
and identifying potentially unique toxic mechanisms underpinning their utility. Herein we report
the developmental di-Mn** therapeutic [Mny(u-oda)(phen)s(H,0), ] [Mny(u-
oda)(phen)4(oda),]-4H,0 (Mn-Oda) induces autophagy-promoted apoptosis in human ovarian
cancer cells (SKOV3). The complex was initially identified to intercalate DNA by topoisomerase I
unwinding and circular dichroism spectroscopy. Intracellular DNA damage, detected by YH2AX
and the COMET assay, however, is not linked to direct Mn-Oda free radical generation, but is
instead mediated through the promotion of intracellular reactive oxygen species (ROS) leading to
autophagic vacuole formation and downstream nuclear degradation. To elucidate the cytotoxic
profile of Mn-Oda, a wide range of biomarkers specific to apoptosis and autophagy including
caspase release, mitochondrial membrane integrity, fluorogenic probe localisation, and cell cycle
analysis were employed. Through these techniques, the activity of Mn-Oda was compared directly
to i.) the pro-apoptotic clinical anticancer drug doxorubicin, ii.) the multimodal histone deacetylase
inhibitor suberoyanilide hydroxamic acid, and iii.) the autophagy inducer rapamycin. In
conjunction with ROS-specific trapping agents and established inhibitors of autophagy, we have
identified autophagy-induction linked to superoxide production, with confocal image analysis of

SKOV3 cells further supporting autophagosome formation.
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5.2 Introduction

Metals ions including Mn*", Mg®", Cu®* and Zn®" are essential in the biochemistry and physiology
of living organisms as they are required cofactors for ubiquitous enzymes, transcription factors,
transmembrane transporters, growth factors and receptors.' Deficiencies in these metal ions result
in the onset of neurodegenerative diseases including Alzheimer’s, Parkinson’s and Menkes
syndrome, while Cu*" overload is associated with Wilson’s disease.” The incorporation of metal
ions into complex scaffolds containing targeting ligands, however, has resulted in the development
of anti-tumoural drug candidates’ capable of mediating apoptotic cell death through a
combination of intrinsic and extrinsic pathways.® Numerous examples of metal complexes inducing
cancer cytotoxicity through apoptosis have been reported in the literature;’ this fatal mechanism
relies on a class of cysteine-dependent asparate-specific proteases (caspases) that activate and
execute the apoptotic process leading to characteristic morphological changes and ultimately cell

death.

While the majority of cytotoxic metallodrugs act through the induction of apoptosis, the
alternative pathway of autophagy has recently emerged as an attractive process to effect
cytotoxicity.® The phenomenon of autophagy was mechanistically unknown prior to the 1990’s
until seminal work by Ohsumi revealed the systematic activation and identification of genes
essential in the overall process.”'> Autophagy is considered as an evolutionary-conserved self-
digestion, and quality control mechanism where cell survival and degradation processes compete in
order to sustain homeostasis and regulate the longevity of proteins, nucleic acids, whole organelles
and pathogenic agents.”> Under the constraints of increased and/or external stress factors, however,
elevated accumulation of autophagic vacuoles and organelle elimination renders the cell incapable
of normal function and thus results in cell death.'* Furthermore, autophagy can be induced and up-

regulated in response to intracellular reactive oxygen species (ROS),">'°

and acts as a protective
antioxidant pathway for oxidative stress associated with neurodegenerative diseases.'” The
hormone therapy agent tamoxifen induces elevated levels of intracellular ROS resulting in positive
feedback of Zn®" accumulation, mediating the initiation of autophagy in breast cancer cell line,
MCF-7."* Metal complexes of Ru(II), Pt(II), Mn(Il) and Cu(Il) are also known to activate the
autophagic pathway,® however, with the exception of selected Pt(II)-based complexes, the co-
activation of apoptosis and autophagy occurs for almost all other metal compounds and is known to
be ROS dependent. The current paradigm of autophagy research (in respect to human cancer) is
considered to be multifold and somewhat contradictory: i.) it acts as a suppressor toward
tumorgenesis;'’ ii.) it is known to promote tumour survival under starvation or hypoxic conditions
of low blood supply and other stress factors attributed to tumour stroma;***' and iii.) the efficient
induction of autophagy can be exploited as a pro-death mechanism, particularly in apoptotic

. 22
defective cancer cells.
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This group has recently reported the title compound—Mn®* bis-1,10-phenanthroline (phen) di-
salt complex, bridged with octanedioate (oda) ([Mny(u-oda)(phen)s(H,0),][Mny(u-
oda)(phen)s(oda),]-4H,0 (Mn-Oda))—in conjunction with a cationic Cu®" analogue, [Cu,(u-
oda)(phen)s]*" (Cu-Oda) as potent in vitro anticancer agents with toxicity toward a panel of
colorectal cancers (HT29, SW480 and SW620) linked to DNA binding and ROS induction.*
Comparison of the two agents revealed distinctive modes of action as both complexes were found
to bind DNA (K, ~10° M(bp™)) with fluorescent quenching indicating possible intercalation.
However, the Mn-Oda complex was shown to powerfully act as both a superoxide dismutase
(SOD) and catalase (CAT) mimetic and elicited exceptional levels of endogenous ROS within
cancer cells when examined using the intracellular indicator 2',7'-dichlorofluorescin diacetate.
Given the promising results observed for Mn-Oda, coupled with recent interest in the discovery of
new autophagic-activating therapeutic leads, this contribution describes the sequential cytotoxic
mechanism of this compound leading to autophagy and intrinsic apoptosis, initiated by superoxide
(0,7) production. To unravel these properties, an extensive range of biophysical, molecular
biological, and microscopy experiments were undertaken using a variety of dsDNA polymers along
with the ovarian solid epithelial cancer cell line SKOV3. Our motivation for using SKOV3 stems
from its intrinsic resistance to cisplatin and our experience in using this cell line to identify the
mechanistic profile of the pro-apoptotic anticancer lead [Cu(o-phthalate)(phen)]. Thus, in this
work we delineate the cytotoxic properties of Mn-Oda with the Cu*"-phen chemotype and reveal
the complex as an inducer of autophagic cell death via ROS-mediated DNA damage. Further, while
the complex was identified as an efficient intercalator of dsDNA, we propose intracellular DNA
damage is not induced directly by the Mn-Oda complex, but rather by cytoplasmic exogenous
stress factors that contribute toward ROS production—notably autophagosome formation, prior to

apoptotic activation.
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5.3 Materials and Methods

5.3.1 Materials and reagents.

All chemicals used for complex synthesis were purchased from Sigma Aldrich without further
purification. The following assays were purchased from Merck Millipore and procedures were
followed as per manufacturers protocols: Guava Nexin® Reagent (4500-0450), Guava EasyCyte™
MitoPotential Kit (4500-0250), Guava Caspase 8 FAM and Caspase 9 SR (4500-0640) and Guava
Caspase 3/7. Propidium iodide (BTIU40017) was purchased from VWR. RNase A (12091-021),
Alexa Flour 488 goat anti-mouse IgG F(ab), fragment (A-11020), Alexa flour 488-phalloidin
(A12379), DAPI (D1306) and Mitotracker Deep Red (M22426) were purchased from Biosciences
Ireland. Anti-phospho-histone H2AX (05-636) was purchased from Merck Millipore. Salmon
testes DNA (D1626) and synthetic double stranded alternating co-polymers, Poly[d(G-C),] (P9389)
and Poly[d(A-T),] (P0883) used in CD studies were purchased from Sigma Aldrich. pUCI19
plasmid DNA (N3041), CutSmart® buffer (B7204), 100x BSA (B9000) and topoisomerase I (E.
coli) (M0301) were all purchased from New England Biolabs. LC3 isoform LC3A rabbit
monoclonal antibody (Cell Signalling) was kindly donated by Dr. Joanne Keenan while goat anti-

rabbit conjugated Alex Fluor-647 (ThermoFisher) was donated by Dr. Clair Gallagher.
5.3.2 Drug-DNA binding interactions.

5.3.2.1 Circular dichroism spectrometry.

Complex-DNA interactions were analysed using Starna quartz cuvettes in 10 mM PBS solution
(pH 7.0) in the presence of 25 mM NaCl. Solutions of salmon testes DNA (stDNA, g5 = 12824
M(bp)™" em™), Poly[(d(A-T),] (e260 = 13100 M(bp)"' cm™") and Poly[(d(G-C),] (e260 = 16800
M(bp) ' cm™") were initially heat treated to denature and then allowed to slowly renature prior to
quantification using an Agilent Cary 100 dual beam spectrophotometer equipped with a 6 X 6
Peltier multicell system with temperature controller, to give working solutions with a final DNA
concentration of ~100 pM. Spectra were captured in the range of 200-400 nm and measurements
were recorded at a rate of 1 nm per second. DNA solutions were incubated for 30 minute periods at

37 °C with Mn-Oda at varying concentration loadings of 1.0, 1.5, 2.0 and 2.5%.

5.3.2.2 Viscosity.

Experiments were conducted using DV-II-Programmable Digital Viscometer equipped with
Enhanced Brookfield UL Adapter.” Briefly, a concentrated solution of salmon testes dsDNA was
prepared by dissolving the fibres in 80 mM of HEPES buffer (pH = 7.2). In order to shear dsDNA,
a 15 ml solution was passed rapidly through a 19- gauge needle 15 times before being sonicated for
90 min. A 15 ml stDNA solution was then prepared at ~1.0 mM in 80 mM HEPES buffer and the

complex was added in ratios from 0.10-0.20 (where r = [compound/DNA]) and viscosity was
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recorded as previously reported.” Viscosity values, 1, (unit: cP) were presented as 1 / 1, versus
[compound]/[DNA] ratio, in which n, refers to the viscosity of DNA alone and m refers to that of
the DNA-complex solution.

5.3.2.2 Topoisomerase I mediated relaxation.

Topoisomerase [ relaxation was carried out using a modified method to previously reported
protocols.** 400 ng of pUC19 plasmid DNA was exposed to varying concentrations of drug (0.1 -
400 uM) for 30 min at room temperature in a final volume of 20 puL containing 80 mM HEPES
buffer (pH 7.2), CutSmart® buffer and 100x BSA. Topoisomerase I (1 unit) was added to the
mixture and incubated for 15 min at 37 °C to ensure relaxation of plasmid DNA. The enzymatic
reaction was quenched with SDS (0.25%), protein kinase (250 ug/ml) and incubated for 30 minutes
at 50 °C. Samples were loaded onto 1.2% agarose gel with 6x loading buffer. Topoisomers of DNA
were separated by electrophoresis in 1x TBE buffer at room temperature for 3 h min at 40 V
followed by 2.5 h at 50 V. The agarose gel was post-stained using an ethidium bromide bath (25
uM) for 20 min at room temperature. Finally, the gel was soaked in deionized water for 24 h and

imaged using a UV transilluminator.

5.3.3 In cellulo studies.

5.3.3.1 Cell culture.

SKOV3 cells were cultured in RPMI-1640 media, supplemented with 10% FBS and incubated at
37 °C in 5% CO;and routinely tested for mycoplasma. Cells were seeded and left to adhere and
enter cell cycle overnight. Mn-Oda stock solutions were prepared in PBS, CCCP, Rapa and SAHA
solutions in DMSO and Dox in 50:50 DMSO:H,0O and further diluted in culture media. Stocks
containing DMSO were prepared in the mM range to ensure final incubation concentrations

contained < 0.1% v/v.

5.3.3.2 Viability.

Cells were seeded at 5 x 10’ cells/well in a 96-well plate overnight and subsequently exposed to
drug treatment for 24 h (1 uM Mn-Oda, 1 uM Dox, 75 uM CCCP, 50 uM Rapa and 100 uM
SAHA, Figure S3). For co-treatment experiments, antioxidants and autophagy inhibitors tiron, D-
mannitol (Man), histidine (His), sodium pyruvate (Py), 3-methyladenine (3-MA) and NH,CI,
chloroquine (CQ) were treated at 1mM (with exception of CQ at 10 uM) 2 h prior to drug exposure
to facilitate intracellular accumulation. Spent media was removed, cells were detached with
trypsin:EDTA (0.25%:0.02% in PBS) and whole samples (100 uL) were added to 100 ul Guava
Viacount reagent and incubated for 10 min at room temperature. Viability was acquired on Guava

EasyCyte HT with Viacount software.
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5.3.3.3 Nexin® assay.

SKOV3 cells were seeded at 3 x 10* cells/well in 24-well plates overnight and incubated with drug
containing media. After the exposure period, spent media was removed, cells were washed with
PBS and washings were kept in 1.5 ml microtubes. Subsequently, cells were detached with trypsin
and neutralized with fresh media. PBS washings were transferred back into microtubes containing
detached cells and centrifuged at 1300 rpm for 5 min and culture media was aspirated. A sufficient
volume of media was added to give a concentration range of 2 x 10° to 1 x 10°cell/ml. 100 pl of
sample was transferred to 96-well round bottom plate and 100 puL. of Guava Nexin® Reagent was
added and incubated for 20 min at room temperature. Samples were acquired on Guava EasyCyte
HT using Nexin software. Innate doxorubicin fluorescence in filter 583/26 nm was accounted for

and subtracted within the relevant quadrants.

5.3.3.4 Mitochondrial membrane potential.

Cells were treated as previously described. Cells were resuspended in 600 pl of fresh media to give
cell concentration 2 x 10* to 5 x 10° cells/ml from which 200 ul was transferred to a 96-well round
bottom plate. 50X staining solution (4 pl) containing JC-1 and 7-aminoactinomycin D (7-AAD)
was added to each sample, subsequently incubated at 37 °C in darkness (30 min) and acquired on
Guava EasyCyte HT using MitoPotential software. Compensation to correct fluorescent overlap

between filters was conducted pre-acquisition.

5.3.3.5 Caspase 8 FAM and 9 SR, Caspase 3/7 FAM.

The following fluorescent labelled inhibitors of caspase (FLICA) were used to ascertain the
activation of Caspase 3/7, 8 and 9 respectively; FAM-DEVD-FMK, FAM-LETD-FMK and SR-
LEHD-FMK. Samples were prepared prior to staining in a similar manner as that described in the
Nexin Assay. Cells were transferred to 1.5 ml microtubes and resuspended in 100 pl media. 10 pl
of 10X caspase 9 SR working solution and 10 pl of caspase 8 FAM were added and incubated for 1
h at 37 °C in the dark. Cells were resuspended in 200 pl of caspase 7-AAD working solution and
transferred to 96-well round bottom plate, which was left to incubate for 10 min at room
temperature. Samples were acquired on Guava EasyCyte HT flow cytometer using Guava Caspase
software. Compensation to correct fluorescent overlap between filters was conducted pre-
acquisition and innate doxorubicin fluorescence in filter 583/26 nm was accounted for and

subtracted within the relevant quadrants.

5.3.3.6 Cell cycle analysis.
Cellular DNA content was conducted in a similar manner to previously reported methods.” 3 x 10*
cell/well were seeded in 24-well culture plates, drug treated and collected as previously stated.

After detachment, cells were fixed in 70% ice-cold EtOH and stored at -20°C (>12 h). Samples
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were stained with 200 uL PI staining solution (containing 50 ug/ml propidium iodide, 100 ug/ml
DNAse-free RNAse A, 0.1% triton X-100 in 1X PBS) (30 min, room temperature). Samples were
acquired on Guava EasyCyte HT flow cytometer and normalized to the sum of events in Go/Gy, S

and G,/M phases.

5.3.3.7 Immundection of YH2AX.

Samples were prepared similarly to previously reported methods.”® 6 x 10* cells/well were seeded
in 12-well plates and treated for 24 h with compounds and fixed with 1.5% formaldehyde (15 min,
room temperature) followed by ice-cold 70% ethanol and stored at -20 °C. Samples were
resuspended in permeabilisation buffer (0.25% Triton X-100 in PBS) for 30 min on ice and
blocked with 2% BSA (30 min, room temperature). Primary antibody (1:500) was incubated for 2 h
at room temperature followed by secondary antibody (1:1000) for 1h at room temperature and co-
stained for 10 min with 5 pg/ml propidium iodide. Samples were acquired using ExpressPro

software on Guava EasyCyte.

5.3.3.8 DNA degradation with COMET assay.

Cells were seeded at 1.5 x 10° cells/well in 6-well plates the evening prior to drug addition. After
24 h drug incubation, cells were harvested and 50 pL was resuspended in 500 pl low melting point
agarose to give a final density of 1.5 x 10° cell/ml. 50 ul was spread onto Trevigen COMET slides
and allowed to solidify (1 h, 4 °C). Samples were lysed (2.5 M NaCl, 100 mM EDTA, 10 mM
Tris.HCI, pH 10) overnight at 4 °C. Slides were allowed to equilibrate in cold electrophoresis
buffer (300 mM NaOH, 1.0 mM EDTA, pH 13) for 30 mins at 4°C. Electrophoresis was run at 300
mA for 30 min with buffer levels adjusted to give a consistent voltage of 25 V. Slides were then
washed with water, neutralised in buffer (400 mM Tris.HCI, pH 7.5) (3 x 5 min), fixed with 70%
ethanol (30 min) and dried for desiccated storage (15 min at 37 °C). Prior to scoring, slides where
rehydrated for 15 min before staining with propidium iodide solution (10 ug/ml, 10 min room
temperature) and imaged through a 10X lens on a Leica DFC 500 epi-fluorescent microscope.
Images where then analysed using Open COMET plugin in Image J (80 comets for Dox and >100

comets for control and Mn-Oda) and plotted using GraphPad Prism software.

5.3.4 Acquisition of confocal images.

5.3.4.1 Cell morphology.

Cells (1.4 x 10°) were seeded in 35 mm glass bottom petri dishes and allowed to attach overnight.
Samples were then exposed to drugs for 24 h (1 uM Mn-Oda, Rapa 50 uM and SAHA 100 uM).
Cells were incubated with media containing MitoTracker Deep Red (150 mM, 30 min, 37°C) and

fixed with 4% paraformaldehyde (PFA) (30 min, room temperature). Samples were permeabilised
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with 0.25% Triton X-100 (15 min). To avoid non-specific staining, cells were blocked with 1%
BSA in PBS solution (30 min, 37 °C) and subsequently stained with Alexa Flour 488-phalloidin
(10U/100ul, 30 min), followed by DAPI (4:10,000, 10 min) and mounted in ProLong Gold. Images
were acquired on STED-Leica DMi8 confocal microscope equipped with CCD camera and 100X
oil-immersion objective. DAPI was excited with 405 nm picoquant laser unit and emission
captured between 387 - 474 nm. Alexa Fluor 488 was excited at 499 nm with emission captured
between 490 - 566 nm, and MitoTracker Deep Red was excited at 653 nm where emission was
captured at 658 - 779 nm. Images were acquired where by combinations of excitation wavelengths

and emission filters for specific dyes are applied sequentially.

5.3.4.2 Autophagic detection with LC3.

SKOV-3 cells were seeded as previously described. Samples were fixed with 4% PFA (30 min,
room temperature), permeabilised with 0.25% Triton X-100 (30 mins, 4°C) and blocked with 2%
BSA (30 min, room temperature). Cells were incubated with primary antibody (1:500) was
prepared in blocking solution (overnight, 4°C), secondary antibody (1:1000) goat anti-rabbit Alexa
Fluor 647 (1 h, room temperature) and DAPI (4:10,000 min at room temperature) and mounted
with ProLong Gold. Images were acquired on STED-Leica DMi8 confocal microscope with 100X
lens. Alex Fluor 647 was excited with 653 nm laser and emission captured between 658-783 nm,
while DAPI was excited with 405 nm picoquant laser unit and emission captured between 435-560

nm.

5.3.4.3 Autophagic detection with MDC.

Cells were seeded in glass bottom petri dishes as previously described. Following drug exposure,
samples were incubated with monodansylcadervine (MDC) (50 uM, 37°C, 10 min), washed with
PBS and confocal images were immediately acquired on STED-Leica DMi8 confocal microscope
equipped with 100X objective. Samples were excited with 405 nm picoquant laser unit and
emission captured 470-560 mm. Intensity profiles were analysed using Image J V2.0 on raw
images in 8-bit format without further modification. MDC coloured images were enhanced in

Adobe Photoshop for printing purposes only.

5.4.5 Statistical Analysis.

All ex vivo data is presented as mean =+ standard deviation where n = 3. Unpaired t-tests with
Holm-Sidak method were applied to evaluate statistical analysis in GraphPad Prism V6 where p <

0.05 were considered significant.
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5.4 Results and discussion

5.4.1 Preparation of Mn-Oda

The complex [Mna(y'n'i*-0oda)(phen)s(H,0),][Mny(n'n'1*-oda)(phen)s(n'-oda),]-4H,0  was
prepared according to the method reported by Casey et al?’ and contains [Mny(n'n's’-
oda)(phen)4(H,0),]*" cations and [Mny('n'n*-oda)(phen)s(n'-0oda),]> anions (both of which are
centrosymmetric) along with four solvate water molecules. All of the manganese centers are 6-
coordinate with two bidentate phen ligands and two oxygen donors in the cis positions. In both
complex ions two manganese centers are linked by an oda® ligand; the sixth site is occupied by
water in the cation and by further oda® groups in the anion (Figure 1A and B). Hydrogen bonding
between the coordinated water molecule and the uncoordinated carboxylate groups of the anion
link the complex ions into zig-zag chains and the chains are linked together by further hydrogen

bonding involving the uncoordinated water molecules, generating a 3D network (Figure 1C).

Figure 5. 1A. The cation [Mny(n'n' u-oda)(phen)s(H,0),]*", B. Anion [Mny(1'n' u,-oda)(phen)y(n'-oda),]*,
and C. Hydrogen bonded chains. Hydrogen atoms omitted for clarity, hydrogen bonds indicated by black
dashed lines. Redrawn from coordinates taken from reference.”” Colour key: C (grey), O (red), N (blue) and
Mn (purple).

5.4.2 Invitro Drug-DNA interactions reveal intercalation at the minor groove

5.4.2.1 Topoisomerase I mediated relaxation

Topoisomerases (Topo) are a specialised class of nuclear enzymes that catalyse the transient
cleavage, passage and resealing of either a single strand (topo I) or double strands (topo II) of DNA
in order to relax chain intertwinement, release superhelical tension and permit change in topology
during replication, transcription and recombination.”** Topo I, isolated from E. coli, specifically
relaxes negatively coiled superhelical plasmid DNA (scDNA),*” such as the pUC19 substrate used
in this study. Topo I mediated relaxation of pUC19 was identified with increasing Mn-Oda (Figure

2A). The complex was found to completely relax scDNA at 20 u M with positively wound
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topology of intact scDNA being observed thereafter. This profile is comparable to that of classical
intercalating molecules such as ethidium bromide (Figure S1) which unwinds DNA by 26° yielding
similar topoisomeric patterns.”’ Doxorubicin (Dox), a clinically used Topo II poison,”” exhibits
enzymatic inhibitory effects on the Topo I with DNA relaxation occurring at 1 uM (Figure 2B).
Samples treated with Dox extending this concentration render DNA degradation and shearing most

33-35
and these

likely through ROS generation consequent to redox cycling of the quinone moiety,
results in agreement with those described elsewhere.’® Thus, the Mn-Oda complex is capable of
unwinding dsDNA via intercalation but does not induce DNA damage or poison topoisomerase |

during this process.

5.4.2.2 Circular Dichroism studies

Circular dichroism (CD) spectroscopy is a powerful biophysical technique used to monitor
conformational changes, drug-DNA binding interactions and structural dynamics of nucleic acids.
The CD profile of classical right handed B-DNA exhibits two positive (220 nm and 268 nm) and
two negative (210 nm and 246 nm) elliptical signals, while slight variations in this profile arise
when the %A-T content of DNA is varied.”” Conformations of salmon testes DNA (stDNA) and
synthetic alternating copolymers poly[d(A-T),] and poly[d(G-C),] were studied with increasing r
([drug]/[DNAY]) values, where r = 0.010 — 0.025 (experiments containing > 0.025 Mn-Oda were
found to induce noise in the resulting spectra). Mn-Oda exhibits a concentration-dependent
enhancement of the elliptical signals that can be attributed to hydrogen bonding and stacking
interactions between nitrogenous bases and the right-handedness of DNA, irrespective of A-T
content (Figure 2C). In the case of stDNA and poly[d(G-C),], an increase in ellipticity associated
with [ -N-glycosidic linkages were also noted. Mn-Oda-DNA profiles were compared to that of
classical non-covalent intercalating and groove binding molecules (data not shown) with structural
perturbations induced by Mn-Oda suggesting an intercalative binding mode (268 nm), particularly
at the minor groove, similar to that of EtBr since elliptical signals show an increasing trend at 210,
220 and 268 nm.”® Additional viscosity analysis further corroborated an intercalating binding motif

by Mn-Oda on stDNA (Figure S2).
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Figure 5. 2 A. Release of topological tension of supercoiled plasmid DNA by Mn-Oda and, B. Dox. C. CD
profile of Mn-Oda with stDNA and alternating co-polymers poly[d(A-T),] and poly[d(G-C),] under drug
loadings of 1.0 — 2.5% (respective r values of 0.010 — 0.025).

5.4.3 Genotoxicity studies imply indirect DNA damage

5.4.3.1 COMET analysis

Single cell gel electrophoresis, otherwise known as the COMET assay, was employed to determine
intracellular DNA damaging properties of the metal complex. Prior to analysis, viability profiles of
Mn-Oda and Dox were identified over 24 h of exposure within the SKOV3 cell line using flow
cytometry (Figure S3). SKOV3 cells were then exposed to 1.0 pM concentrations of both agents,
embedded onto agarose coated glass slides and lysed of cellular structure and nucleosome resulting
in the nucleoid scaffold that allows DNA migration based on integrity, when subjected to alkaline
gel electrophoresis. Single strand breaks (SSB) and double strand breaks (DSBs) were visualised
through fluorescence microscopy (Figure 3B). We selected the clinical anti-tumour antibiotic Dox
as a positive control due to its DNA intercalating capacity, ROS generation and topoisomerase
poisoning effects. The frequency distribution of the COMET tail moment induced by Mn-Oda
(Figure 3A) showed a departure from the control profile, with a higher number of events occurring

between tail moments of 40 and 20 (A.U.). Dox, however, exhibited a dispersed array of tail
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moments with values reaching 240 a.u. and an elongated tail, extending residual DNA damage and
reduced fluorescence intensity of the comet head. These results are in agreement with Manjanatha
et al. who reported Dox-induced ROS could generate both direct and indirect DNA damage as
indicated by the COMET assay.”’

5.4.3.2 Cell Cycle Analysis

In order to investigate the toxicity mechanism of the di-Mn®" complex, the effects on SKOV3 cell
cycle phase distribution was examined. All cells have an innate growth and replication cycle, the
revolution of which yields cell growth (G0/G1), replication of chromosomes (S) and production of
daughter cells (G2/M).*” As shown in Figure 3C and 3D, Mn-Oda induces a decrease (14.3%) in
the G2/M phase and enrichment within the S (synthesis) phase (7.4%) when compared to the
untreated control. A contraction of G2/M phase was also evident in Dox treated samples (10.4%)
with escalation of S phase (13.3%) identified. Taken together, data here indicates that at 1.0 uM
exposure over 24 h, both tested agents induce cell cycle arrest within SKOV3 in the DNA synthesis
phase.

5.4.3.3 Immunodetection of YH2AX

A primary response to dsDNA damage is the site selective phosphorylation of histone H2AX that is
indiscriminately incorporated during chromatin formation.*** H2AX differs from other H2A
histones through a carboxyl tail containing a 139-serine residue that becomes phosphorylated in the
presence of DNA damage and denoted as yH2AX.* Phosphorylated H2AX accumulate in the
chromatin surrounding the site of damage, thus creating a focus for subsequent recruitment of DNA
repair mechanisms. A proportional correlation is observed between the extent of DNA damage and
formation of YH2AX foci thus rendering it as a pertinent method for dsSDNA damage detection.
Following the advent of phosphorylation, the use of recognition antibodies for yYH2AX can
visualise and quantify this process through fluorogenic conjugation. Immunodetection of YH2AX
within SKOV3 cells was quantified using flow cytometry after 24 h of exposure to Mn-Oda and
Dox (1.0 uM) (Figure 3E). Mn-Oda was found to induce remarkably high levels of DSBs (69.4%)
in the cellular population. The control agent Dox was also efficient in DSB generation within

SKOV3, but results here were notably lower (39.4%).
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Figure 5. 3 SKOV3 cells were treated with 1.0 uM Mn-Oda and Dox for 24 h and subsequently studied in
the following assays. A. Comet assay analysis where the frequency of tail moment (A.U.). B. Examples of
typical COMET shapes are represented below respective legends. C. Cell cycle histograms and, D. Cell cycle
phase (G0/G1, S and G2/M) distributions. E. Immunodetection of YH2AX positive cells. Not significant p >
0.05.,* p<0.05, **p<0.01, ***p<0.001.

5.4.4 Mn-Oda stimulates mild caspase 9 release but does not trigger early or late-

stage apoptosis in SKOV3 cells

5.4.4.1 AnnexinV

In order to confirm Mn-Oda cytotoxicity is provoked through a non-apoptotic cytotoxic pathway,
a range of essential components in the form of caspases that contribute to the initiation and
execution within this process, were investigated (Figure 4C-F). Stimulation of the intrinsic
apoptotic pathway results in cytosolic release of cytochrome ¢ and thus activation of caspase 9
within the apoptosome.*™*’ An alternative route of origin also exists through extracellular death
factors that stimulate the activation of caspase 8.’ Both caspase 8 and 9 result in the
consequential activation of executioner caspases such as 3 and 7 that commence an irreversible
cascade of proteolytic degradation and membrane collapse, precipitating in cell suicide.***” Mn-
Oda treated cells did not promote sufficient production of initiator caspase 8 (Figure 4E) but did
activate caspase 9 by 13.2% (Figure 4F). However, a marginal increase only (4.4%) was observed
in early apoptotic detection of executioner caspases 3/7 (Figure 4C), but not in the latter stages
(Figure 4D). As expected, Dox had a significant effect on the activation of caspase 3/7 (Figure C
and D) with activation, and subsequent apoptosis (Figure 4A and B) originating via the intrinsic

pathway (Figure 4F).
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5.4.4.2 Caspase activation

In order to confirm a non-apoptotic cytotoxic pathway for Mn-Oda, a range of key
components in the form of caspases—essential for the activation and execution of this
process were investigated (Figure 4.4E-H); Caspase 9 is released from an intrinsic
apoptotic proteins that ultimately results in cytosolic release of cytochrome ¢ and thus

33,34

activation of caspase 9 within the apoptosome. An alternative apoptotic route also

exists through extracellular death factors that stimulate the activation of caspase 8.*°-°

Both caspase 8 and 9 result in the consequential activation of executioner caspases such as

3 and 7 that initiate an irreversible cascade of proteolytic degradation and membrane

collapse, precipitating cell suicide.”*

Mn-Oda treated cells did not promote sufficient
production of initiator (8 and 9, Figure 4.4G and H) and executioner caspases (3/7, Figure
4.4E and F). As expected, Dox had a significant effect on the activation of caspase 3/7
(Figure 4.E) with activation, and subsequent apoptosis (Figure 4.4C and D) originating

via the intrinsic pathway (Figure 4.4H).

5.4.4.3 Mitochondrial depolarisation

Due to the ability of Mn-Oda to generate intracellular ROS,* changes in mitochondrial
transmembrane potential (A¥Ym) were investigated; reduction of the redox potential across inner
and outer mitochondrial membranes is also a characteristic of apoptotic induction. Depolarisation
measurements were obtained using fluorogenic dye JC-1. The protonophore, and known uncoupler

of A¥m, carbonyl cyanide m-chlorophenyl hydrazine (CCCP),”"*

was employed as a positive
control and found to depolarise 55.3% of the sample population while Mn-Oda induced 11.7%
depolarisation—a marginal increase in comparison to Dox-treated and non-drug treated cells (6.0%
and 4.6% respectively) (Figure 4G). Rather than Mn-Oda directly influencing deterioration of
transmembrane potential, the extent of depolarisation is most likely due to the stimulation of
intrinsic apoptosis. Fluorescent quantification of these apoptotic biomarkers, in combination with
cytosolic caspases and Annexin V, suggests that Mn-Oda does not directly activate apoptosis as

the primary mechanism of cell death to account for the 46% decrease in cellular viability (Figure

S3).
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Figure 5. 4 Apoptotic investigation of Mn-Oda, A. Early and B. late apoptosis measured with the
translocation of Annexin V substrate. C. Detection of caspase 3/7 in mid and D. late populations. E.
Activation of initiator caspase 8 and F. caspase 9. G. Extent of mitochondrial depolarisation detected through
bathochromic shift of JC-1 emission upon formation of J-aggregates. Not significant p > 0.05 ,* p < 0.05,
**p <0.01, ***p < 0.001.

5.4.5 Mn-Oda stimulates autophagy prior to apoptosis

Owing to low levels of caspase 9, the extent of mitochondrial depolarisation and lack of Annexin V
and caspase 3/7 detection, there is limited evidence here to suggest that Mn-Oda directly induces
cell death via apoptosis. It is likely, therefore, that apoptotic initiation is a downstream effect
mediated by an alternative mechanism and this prompted us to investigate the activation of
autophagy triggered by Mn-Oda. The autophagy pathway is a lysosomal degradation process,
monitoring the homeostasis, longevity, turnover of biomolecules and organelles, while replenishing
the nutrient pool particularly under starvation conditions.”® This complex pathway consists of
sequential stages from initiation, nucleation, elongation and finally maturation through the
activation and post-transcriptional modification of autophagy related proteins (ATG) (Figure
6A)."”?*" In order to evaluate the mechanistic pathway for Mn-Oda induced toxicity, fluorescent
staining with monodansylcadervine (MDC) was primarily monitored. MDC contains a fluorogenic
dansyl moiety conjugated to a terminal amine that facilities accumulation and ion trapping in low
pH environments such as those found within autophagolysosomes.’' Autophagy inducers employed

in this study were: i.) rapamycin (Rapa), which inhibits mammalian target of rapamycin (mTOR)

52,53
1,

complex a downstream protein involved in the PI3K-AKT-mTOR regulation pathway, and

ii.) suberoyanilide hydroxamic acid (SAHA), an inhibitor of histone deacteylase (HDAC) that
induces transcriptional expression of LC3 and mTOR activation,”* independent to apoptosis (Figure
6A). Non-treated cells demonstrate minimal fluorescence emission of MDC from innately present
lysosomes (Figure 5A). Accumulation of MDC in spherical structures was observed upon Mn-Oda
and Rapa treatment with localization observed in the perinuclear region. Upon complex treatment,
quantification of fluorescent intensities (Figure 6B) revealed enhanced emission profiles due to
accumulation of MDC in autophagolysosome when compared to non-treated SKOV3 cells,

indicating the induction of Mn-Oda-mediated autophagy. Given that MDC specificity for selective
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accumulation in autophagic vacuoles has been debated,” further evidence of Mn-Oda triggered
autophagy was identified through aggregation of the autophagic marker LC3. Cytosolic LC3 (LC3-
[) is proteolytically cleaved by Atg4, converted to its lipidated form (LC3-II) upon
phosphatidylethanolamine (PE) binding,”® and incorporated into the autophagosomal membrane.'
Non-discriminate immunodetection of LC-3 showed dispersion within the cytosol in the non-
treated control (Figure 5B). Autophagosome and consecutive autophagic vacuole formation is
evident in Rapa and Mn-Oda treatments with the identification of LC3-II punta, supporting that

the cytotoxic mechanism of Mn-Qda is attributed to autophagy activation.

A—— Control

Control

Control

Figure 5. 5 Confocal images of SKOV3 100X treated with Mn-Oda, Rapa or SAHA to examine, A. MDC
staining of acidic vacuoles (blue). White lines indicate cross sections for fluorescence quantification profiles
(see figure 6B). B. Immunofluorescent staining of LC3 (red) and DAPI (blue) control. C. Morphological
changes in cellular structure. Nuclei were stained with DAPI (blue), F-actin with Alexa Fluor 488 conjugated
to phalloidin (green) and mitochondrial with MitoTracker deep red (red). All scale bars (control, bottom
right) are 10 um.

5.4.6 Cell morphology reveals Mn-Oda-promoted apoptosis

Confocal microscopy experiments were undertaken to further identify the cytotoxic effects of Mn-
Oda within SKOV3 cells through the use of location-specific fluorogenic stains to visualise the
nucleus, actin cytoskeleton and mitochondria (Figure 5C). Untreated SKOV3 cells exhibited
adherent epithelial morphology with an elongated dome shape. Distinct changes in cellular
structure were observed in rapamycin treated cells such as adherence contraction, enhanced
elongation and cytoskeletal actin encapsulation absent of nuclear or mitochondrial debris. Cells
exposed to SAHA exhibit similar contraction and elongation, with clear evidence of apoptotic
bodies. Mn-Oda treatment, however, presents alterations in cell morphology and characteristic
indicators of apoptosis, particularly with enlargement and fragmentation of the nucleus, organelle
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contraction, dynamic membrane blebbing and formation of apoptotic bodies.”” In conjunction with
the flow-cytometric detection of caspase 9 and the loss mitochondrial transmembrane potential,
evidence here suggests Mn-Oda induces intrinsic apoptosis as the concluding mechanism of cell

death, which is preceded by the activation of autophagy.

5.4.7 Initiation of autophagy is superoxide-dependent

To investigate the role of Mn-Oda in the activation of autophagy, we further probed cellular
viability in the presence of antioxidants and autophagy inhibitors (Figure 6C). Inhibitors of
autophagy are 3-methyladenine (3-MA), which competitively binds to class III
phosphatidylinositol 3-kinase (PI3K),”*** and antimalarial agent chloroquine (CQ) which inhibits
lysosomal protease degradation through accumulation of the weak base within acidic vacuoles, thus

6061 Under physiological conditions

inhibiting autophagolyosome formation (Figure 6A).
ammonium chloride (NH4CI) becomes protonated, acting as a lysosomotropic agent with similar
neutralisation capacity to chloroquine, and causes an increase in local pH.*” Due to the ROS
generation properties of Mn-Oda," antioxidants employed in this study consist of a variety of
radical-specific trapping agents; tiron for superoxide (O,"),* mannitol for hydroxyl radical (OH),**

6 and sodium pyruvate for hydrogen peroxide (H,0,).°” Upon

histidine for singlet oxygen ('O,),
co-treatment with Mn-Oda, all autophagy inhibitors increased cellular viability with 3-MA and
tiron at the highest extent (6.1 and 6.6% respectively). These results in conjunction with fluorescent
detection of autophagic vacuoles, suggests that Mn-Oda promotes superoxide-mediated autophagy
as hypothesised in Figure 6A. The combination of SAHA with CQ, NH4ClI and 3-MA significantly
increased cell survival by 10.1, 8.3 and 10.4%, respectively. Interestingly, the most substantial
increase was noted for O,” scavenging agent tiron (15.4%) as SAHA has previously demonstrated

68,69

significant ROS generation properties, which can be attributed to down-regulation of

70,71 S
""" a key response to oxidative stress. The

thioredoxin (TRX) a dithiol-reducing redox protein,
presence of autophagy inhibitors had minimal effect on Rapa viability, which could be due to the
limited exposure period of 24 h; rapamycin typically exerts toxic effects within longer time-frames
with ICs concentrations of 25.3 uM in PEO1 ovarian cancer cells after 72 hours.”” Sequestering the
basal levels of O,” enhanced live cell populations by 4.4%, most likely as O, is known to inhibit
the binding of TORC1 to Rapa:FKBP12 in yeast.”” Furthermore, although rapamycin can innately

generate significant levels of ROS, synergistic co-treated with a ROS liberating co-factor, such as

curcumin analogue (EF24), can lead to excessive production and enhanced cell death.”
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Figure 5. 6 A. Schematic of autophagy pathway.'>?*** Due to the number of autophagy-related genes
(ATGs) and the complexity of their role in the autophagy pathway, the family is represented by ‘ATG’
(purple) for simplicity, i. Initiation begins with the formation of isolation membrane known as a phagophore,
engulfing cytoplasmic material, ii. Cytosolic LC3-I is converted to the membrane-associated form LC3-II,
through phosphatiylethanolamine (PE) lipidation and incorporated into autophagosomal double-membrane,
iii. Docking and fusion of lysosome or late endosomes results in the formation of iv. autophagolysosome.
Maturation and catabolic degradation results in recycling and restoration of nutrient stores. Autophagic
inducers employed are Rapa and SAHA (purple pathway). Autophagic inhibitors are 3-methyladenine (3-
MA), NH4CI and chloroquine (CQ) (orange pathway) while antioxidants utilised are tiron, mannitol (man),
histidine (his) and sodium pyruvate (Py) (teal pathway). Induction was probed through immunodetection of
LC3 with flurogenically conjugated secondary antibody and monodansylcadervine (MDC), B. Intensity
profiles (indicated in Figure 5C) were analysed using Image J on raw images in 8-bit format with no further
modification. C. Differential viability percentages in the presence of radical scavengers and autophagy
inhibitors pre-treated at 1 mM (with the exception of CQ, 10 uM) 2 h prior to drug addition. Mn-Oda,
SAHA and Rapa were treated at respective concentrations, 1 uM, 100 uM and 50 uM, over 24 h.
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5.5 Conclusions

Reactive oxygen species (ROS) play an integral role in the regulation and stimulation of
autophagy.”’® Previous work by the Gibson group highlighted the fundamental requirement for
ROS-mediated autophagic induction under specific starvation conditions leading to the activation
of superoxide (O,") production, either alone or in combination with hydrogen peroxide (H,0,).”’
Furthermore, the same study revealed over-expression of the antioxidant enzyme superoxide
dismutase could inhibit the activation of this pathway, resulting in catalytic depletion of O, to
H,0,. The findings of the current study demonstrate clearly that Mn-Oda can intercalate dsSDNA at
the minor groove, however, unlike doxorubicin or Cu*'-phenanthroline derivatives,® direct
oxidative damage of nucleic acids is abrogated. Instead, there is strong evidence to suggest that
DSBs, identified by immunodetection of YH2AX, coupled with nuclear fragmentation observed in
the COMET assay, are due to autophagic degradation initiated by complex-mediated intracellular
ROS production. Combination of the di-Mn*" complex along with mediators that hinder radical
generation and autophagy, indicate cell death promoted by O, production. Metal-catalysed radical
production does not directly influence nucleic acid degradation (evident from the absence of DNA
shearing in topoisomerase relaxation), but rather functions as a signalling agent in the activation of
autophagy, detected via MDC and immunofluorescence of LC3. Consequentially, intracellular
ROS insult by Mn-Oda promotes autophagy, exceeding a critical threshold of adverse conditions,
and activates apoptosis via the intrinsic, mitochondrial pathway (caspase 9 and mitochondrial
depolarisation) as the lethal effector of cellular death. Further sensitivity may arise from the
mutational status of p53 whereby depletion or point mutations can induce autophagy; in the
cytosolic setting, baseline levels of p53 can inhibit autophagy under various stress factors such
therapeutic, nutrient or endoplasmic reticulum strains.”® With this in mind, cancers that express
mutant or null p53—such as SKOV3"—are more susceptible to autophagy. To our knowledge,
Mn-Oda belongs to one of the few transition metal complexes to activate cell death in this
sequential manner, where apoptosis is activated only in the final stages of cytotoxicity. In the wider
context of metallodrug development and targeting, this complex may serve as a significant
milestone in the construction of small molecule therapeutic leads that promote an alternative

cytotoxic mechanism that are not dependent on traditional apoptotic initiation.
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5.6 Supporting Material
Supplementary data associated with this chapter can be found in Appendix D/
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Conclusion and Future Perspectives

In summary, this work has shown the incorporation of NN’ or O,0' ligands in mono- or di-nuclear
copper systems can fine-tune redox activity and the mechanism of cytotoxic action within
transformed cells. Furthermore, substitution of the metal centre from Cu*" to Mn”" significantly
alters the mode of intracellular death by inducing autophagy instead of apoptosis. The bis-Cu**
chemo-type demonstrates low micromolar and nanomolar sensitivity across the panel of NCI-60
cells lines with no comparative activity to clinically established cytotoxins, inclusive of metal-
based agents. Particularly, the more rigid framework mediated by terephthalate linker, mediates
high levels of intracellular reactive oxygen species, culminating in the dissipation of mitochondrial
bioenergetics and genomic DNA integrity. As such, this particular complex will serve as a lead

candidate for further development towards pre-clinical progression.

In order to fulfill this objective, further studies should be conducted to elucidate the innate and
intricate mechanism involved in its apparent multi-modal targeting properties. As such, those who
wish to continue this work may determine the lipophilicity of the complexes to justify
mitochondrial transportation into the inner membrane and matrix. Specifically, predominant
localization and accumulation of the series should be examined in subcellular fractionations via
ICP-MS. DTF calculations can also determine isomerisation, geometric orientation and so the
molecular orbitals which most likely facilitate the specific production of reactive oxygen species
from molecular oxygen in the vicinity of the reduced form of di-Cu" agents. Cytotoxicity should
also be conducted in 3D model assays and non-transformed human primary cells lines, while also
investigating the inhibitory effects on metastatic and invasive cancer cells to advocate progression
towards animal studies. Time-course analysis of differential expression of a wide panel of genes
can be examined, such as enzymatic antioxidants and those associated with oxidative stress, in
combination with key regulatory genes in response to genomic DNA damage and cell death
mechanisms. Furthermore, any subsequent studies should also include leading members of the

Casiopeina family as positive controls.

Alternatively, the substitution of the phenantroline ligand to designer phenazines can
potentially enhance DNA intercalation and recognition properties within di-nuclear systems.
Similarly, functionalization of N,N' ligands with DNA recognition sequences and/or specific

targeting moieties could also be exploited within a multi-phen complex framework.
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Appendix A

Supporting information associated with Chapter 2.

S2.1 Corresponding nuclease activity for 8-0xo-dG conditions

Ctrl Cu-Phen Cu-DPQ-Phen  Cu-DPPZ-Phen Cu-Terph

Figure S2. 1 DNA cleavage reactions with 10 and 20 uM test complex, 3000 ng superhelical pUC19 and 1
mM added Na-L-Ascorbate incubated at 37 °C for 30 minutes. Lane 1: pUC19 only, lane 2,3: 10 and 20 uM
Bis-Phen, lane 4,5: 10 and 20 uM Cu-DPQ-Phen, lane 6,7: 10 and 20 uM Cu-DPPZ-Phen, lane 8-9: 10 and
20 uM Cu-Terph.

S2.2 DNA cleavage optimisation (high concentration range with added reductant) for

PCR amplification studies

Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph

Figure S2. 2 DNA cleavage reactions with 2.5, 5, 10, 20, 30, 40 and 50 uM test complex, 400 ng
superhelical pUC19 and 1 mM added Na-L-Ascorbate incubated at 37 °C for 30 minutes. Lane 1: pUC19
only, lane 2-8: Bis-Phen and lane 9-15: Cu-DPQ-Phen, lane 16-22: Cu-DPPZ-Phen and lane 23-29: Cu-
Terph.
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S2.3 DNA cleavage optimisation (high concentration range without added reductant)

for PCR amplification studies

Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph
- ] ]

Figure S2. 3 DNA cleavage reactions with 2.5, 5, 10, 20, 30, 40 and 50 uM test complex, 400 ng
superhelical pUC19 without added Na-L-Ascorbate incubated at 37 °C for 30 minutes. Lane 1: pUC19 only,
lane 2-8: Bis-Phen and lane 9-15: Cu-DPQ-Phen, lane 16-22: Cu-DPPZ-Phen and lane 23-29: Cu-Terph.

S2.4 PCR Primer Design

The pUC19 vector (2686 bp) was studied in detail and 3 sets of primers were designed such that it
was possible to generate 120 bp long sequences of varying G-C content (35%, 50% and 63%). The
lengths of the short nucleotide sequences were verified by carrying out PCR reactions (35 cycles)
with 1 ng pUC19 plasmid using 2x MyTaq Red Mix (Bioline) at suitable annealing temperatures
for respective primer pairs and comparing the band generated by gel electrophoresis to a 50 bp

DNA ladder (Fermentas).

35% forward: 5°-gatcttttctacggggtctg-3’
35% reverse: 5’-gatttaaaacttcattttta-3’
50% forward: 5’-ttatcgccactggcagcage-3’
50% reverse: 5’-accaaatactgttcttctag-3’
63% forward: 5°-tcgcgegtttcggtgatgacg-3’

63% reverse: 5’-cacccgetgacgegecctgacg-3’
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S2.5 PCR amplification studies without reductant (high concentration range)

A Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph

Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph

C Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph
- ] ]

Figure S2. 4 400 ng pUC19 DNA was initially exposed to 2.5, 5, 10, 20, 30, 40 and 50 uM of each test
complex in the absence of added reductant at 37 °C for 30 minutes. 20 ng of complex exposed DNA template
was removed from the reaction and PCR reaction was carried out as previously described with each varying
G-C content primer set at optimum annealing temperatures and analysed using gel electrophoresis. Fig. A
Lane 1: 35% G-C control, lane 2-8 35% G-C + Cu-Phen, lane 9-15: 35% G-C + Cu-DPQ-Phen and lane 16-

22: 35% G-C + Cu-Terph. (B) 50% G-C and (C) 63% G-C respectively. All sequences generated were 120
base pairs.

S2.6 PCR amplification studies with reductant (low concentration range)

A Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph
et el el et

B Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph

C Ctrl Cu-Phen Cu-DPQ-Phen Cu-DPPZ-Phen Cu-Terph

Figure S2. 5 400 ng pUC19 DNA was initially exposed to 250 nM, 500 nM, 1 uM and 2.5 uM of each test
complex in the presence of 1 mM added reductant at 37 °C for 30 minutes. 20 ng of complex exposed DNA
template was removed from the reaction and PCR reaction was carried out as previously described with each
varying G-C content primer set at optimum annealing temperatures and analysed using gel electrophoresis.
Fig. A Lane 1: 35% G-C control, lane 2-5 35% G-C + Cu-Phen, lane 6-9 35% G-C + Cu-DPQ-Phen and lane

10-13: 35% G-C + Cu-Terph. (B) 50% G-C and (C) 63% G-C respectively. All sequences generated were
120 base pairs.
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Appendix B

Supporting information associated with Chapter 3.

S3.1 NCI-60 numerical values for Glso, TGI, LCs

Table S3. 1 NCI-60 results. Concentrations required for 50 % growth inhibition (GI sp), total growth
inhibition (TGI) and 50 % lethal concentrations (LCs,) were extracted from concentration-response curves by
linear interpolation for the following cancers types:*® leukemia (Leuk), non-Small Cell Lung (NSCL), colon,
central nervous system, (CNS), melanoma (Mel), ovarian (Ov), prostate (Pros) and breast.

Cancer Cell line ‘ Units: pM Cancer Cell line ‘ Units: pM
Gls TGI LCs Gls TGI LCs
Leuk CCRF-CEM 1.96 5.11 > 100 Ml14 1.58 3.18 6.40
HL-60(TB) 2.35 6.01 77.4 MDA-MB-435 | 0.468 1.73 4.53
K-562 2.2 5.55 > 100 SK-MEL-2 1.22 2.64 5.73
MOLT-4 2.77 7.25 > 100 SK-MEL-28 1.21 2.49 5.16
RPMI-8226 2.08 4.92 > 100 SK-MEL-5 0.215 0.487 1.32
SR 2.63 7.39 > 100 UACC-257 1.18 2.46 5.13
NSCL  AS49/ATCC [ 119 [262 [579 UACC-62 L16 | 248 | 531
HOP-62 2.35 4.01 6.82 Ovar IGROV1 1.36 2.85 6.00
HOP-92 1.56 3.11 6.22 OVCAR-3 1.92 3.35 5.85
NCI-H226 1.93 5.29 25.6 OVCAR-4 1.25 2.63 5.52
NCI-H23 2.31 4.94 12.9 OVCAR-5 1.84 3.33 6.01
NCI-H322M 1.57 2.92 543 OVCAR-8 1.85 3.73 7.50
NCI-H460 1.63 3.81 NCI/ADR-RES | 1.71 4.13 9.95
NCI-H522 0.426 1.39 4.75 SK-OV-3 1.37 2.65 5.15
Colon COLO 205 1.87 3.39 6.17 Renal 786-0 1.83 3.27 5.82
HCC-2998 1.87 3.41 6.21 A498 0.16 0.694 2.74
HCT-116 1.95 3.87 7.68 ACHN 1.59 4.11 11.8
HCT-15 1.26 2.58 10.8 CAKI-1 1.1 2.37 5.12
HT29 1.99 3.89 7.61 RXF 393 1.41 3.01 6.39
KM12 1.28 2.92 6.63 SN12C 1.69 3.18 5.98
SW-620 1.78 3.53 6.99 UO-31 1.11 3.08 8.54
CNS SF-268 1.57 3.00 5.75 Pros PC-3 1.4 2.69 6.24
SF-295 1.39 2.77 5.5 DU-145 1.38 3.36 6.16
SF-539 1.6 2.98 5.54 Breast  MCF7 1.68 3.33 6.59
SNB-19 1.71 3.24 6.12 MDA-MB- 1.35 2.86 6.02
231/ATCC
SNB-75 1.53 2.87 5.39 BT-549 1.9 3.48 6.39
U251 1.58 2.96 5.53 T-47D 2.22 4.84 > 100
Mel LOX IMVI 2.17 4.78 12.7 MDA-MB-468 | 1.73 3.45 6.90
MALME-3M 2.02 3.65 6.59
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Appendix C

Supporting information associated with Chapter 4.

S1. Molecular structures of Cu-Oda and Cu-Terph.

Cu-Oda Cu-Terph

Figure S4. 1 Molecular structure of [{Cu(phen),},(u-0da)]*" (Cu-Oda, where oda = octanedioate) and
[{Cu(phen),}»(u-terph)]*" (Cu-Terph, where terph = terephthalate).

S2. NCI-60 human tumour drug screen

Table S4. 1 NCI-60 Gls,*, LCso” and TGI concentrations (molar, M)

Cu-Terph (M) Cu-Oda (M)
Cancer Cell line Glsg TGI LCso Glsg TGI LCso
Leukemia { CCRF-CEM 2.27E-07 531E-07 >1.00E-4 | 419E-07 2.40E-06 4.97E-05
HL-60(TB) 275E-07 9.27E-07 >1.00E-4 | 442E-07 2.24E-06 >1.00E-04
K-562 446E-07 >1.00E-4 >1.00E-4 | 1.25E-06 4.46E-06 >1.00E-04
MOLT-4 2.90E-07 9.61E-07 >1.00E-4 | 7.23E-07 3.64E-06 >1.00E-04
RPMI-8226 2.73E-07 7.32E-07 >1.00E-4 { 7.00E-07 3.21E-06 >1.00E-04
SR 2.79E-07 1.00E-06  >1.00E-4 | 1.43E-06 5.61E-06 >1.00E-04
NSCLC A549/ATCC 2.12E-07 4.17E-07  8.17E-07 4.01E-07 1.62E-06 4.98E-06
HOP-62 1.92E-07 3.41E-07  6.07E-07 1.32E-06  3.11E-06  7.31E-06
HOP-92 2.27E-07 6.12E-07  2.48E-06 1.31E-06  2.66E-06  5.39E-06
NCI-H226 2.78E-07 7.25E-07  2.67E-06 1.23E-06  3.08E-06
NCI-H23 2.57E-07 7.26E-07  4.66E-06 1.63E-06  3.50E-06  7.55E-06
NCI-H322M 1.64E-07 3.03E-07  5.61E-07 6.80E-07  1.89E-06  4.38E-06
NCI-H460 1.96E-07  3.87E-07 434E-07 2.26E-06 >1.00E-04
NCI-H522 1.80E-07 3.70E-07  7.60E-07 2.47E-07  7.44E-07  3.40E-06
Colon COLO 205 1.79E-07  3.24E-07  5.86E-07 6.80E-07 2.05E-06  5.68E-06
HCC-2998 1.87E-07  3.62E-07  7.02E-07 1.01E-06  2.25E-06  5.50E-06
HCT-116 3.09E-07 1.03E-06  4.52E-06 1.18E-06  2.70E-06  6.20E-06
HCT-15 3.32E-07 1.32E-06  6.62E-06 3.95E-07 1.86E-06 6.99E-06
HT29 2.02E-07 4.07E-07  8.22E-07 1.19E-06  3.05E-06  7.84E-06
KM12 1.58E-07 3.08E-06  6.03E-07 3.29E-07 1.21E-06 4.93E-06
SW-620 2.04E-07 4.57E-07  1.18E-06 1.17E-06 ~ 3.18E-06  8.63E-06
CNS SF-268 1.69E-07  3.19E-07  6.04E-07 1.04E-06  2.45E-06  5.75E-06
SF-295 1.79E-07  3.18E-07  5.64E-07 3.31E-07 1.41E-06 4.20E-06
SF-539 424E-07 1.58E-06 4.10E-06
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Melanoma

Ovarian

Renal

Prostate

Breast

SNB-19
SNB-75

U251

LOX IMVI
MALME-3M
M14
MDA-MB-435
SK-MEL-2
SK-MEL-28
SK-MEL-5
UACC-257
UACC-62
IGROV1
OVCAR-3
OVCAR-4
OVCAR-5
OVCAR-8
NCI/ADR-RES
SK-OV-3
786-0

A498

ACHN
CAKI-1

RXF 393
SN12C

TK-10

UO-31

PC-3

DU-145
MCF7
MDA-MB-231/ATCC
HS 578T
BT-549
T-47D
MDA-MB-468

1.71E-07
1.53E-07
1.77E-07
1.99E-07
1.88E-07
1.74E-07
1.25E-07
2.00E-07
1.63E-07
4.89E-08
1.76E-07
1.76E-07
1.75E-07
1.87E-07
2.80E-07
1.91E-07
2.25E-07
3.02E-07
1.60E-07
1.88E-07
1.59E-07
4.24E-07
1.78E-07
1.77E-07
2.23E-07
2.19E-07
2.58E-07
1.94E-07
1.84E-07
1.93E-07
1.99E-07
3.15E-07
2.10E-07
2.46E-07
1.77E-07

3.08E-07
2.90E-07
3.16E-07
4.06E-07
3.61E-07
3.46E-07
2.50E-07
4.24E-07
3.06E-07
1.66E-07
3.49E-07
3.23E-07
3.65E-07
3.38E-07
7.74E-07
3.41E-07
4.64E-07
1.13E-06
2.94E-07
3.52E-07
3.00E-07
1.49E-06
3.39E-07
3.28E-07
4.82E-07
5.03E-07
1.25E-06
4.56E-07
3.46E-07
4.13E-07
3.94E-07
9.71E-07
4.40E-07
6.16E-07
3.30E-07

5.55E-07
5.48E-07
5.65E-07
8.30E-07
6.93E-07
6.85E-07
5.03E-07
8.97E-07
5.75E-07
4.08E-07
6.93E-07
5.84E-07
7.63E-07
6.14E-07
2.89E-06
6.08E-07
9.57E-07
7.48E-06
5.42E-07
6.58E-07
5.67E-07
4.04E-06
6.48E-07
5.69E-07
1.13E-06
1.45E-06
3.70E-06
1.22E-06
6.52E-07
9.62E-07
7.81E-07
>1.00E-04
9.20E-07
5.83E-06
6.17E-07

1.28E-06
1.26E-06
6.04E-07
1.49E-06
1.75E-06
4.09E-07
2.00E-07
3.22E-07
3.33E-07
1.62E-07
6.20E-07
1.88E-07
2.59E-07
1.01E-06
3.31E-07
1.12E-06
6.61E-07
4.39E-07
1.00E-06
8.54E-07
1.67E-07
4.59E-07
3.13E-07
9.84E-07
1.06E-06

3.38E-07
4.85E-07
9.36E-07
1.21E-06
3.10E-07

8.94E-07
1.72E-06
1.59E-06

2.59E-06
2.51E-06
1.92E-06
3.15E-06
3.36E-06
1.42E-06
4.39E-07
8.98E-07
1.11E-06
3.24E-07
1.96E-06
4.07E-07
5.89E-07
2.21E-06
1.52E-06
2.42E-06
2.23E-06
1.60E-06
2.17E-06
2.08E-06
3.72E-07
1.60E-06
1.16E-06
2.12E-06
2.26E-06

1.30E-06
1.78E-06
2.15E-06
2.88E-06
1.10E-06

2.11E-06
5.68E-06
3.19E-06

5.27E-06
5.02E-06
4.68E-06
6.65E-06
6.46E-06
4.41E-06
9.62E-07
3.21E-06
3.41E-06
6.49E-07
4.54E-06
8.79E-07
2.03E-06
4.83E-06
4.04E-06
5.22E-06
6.12E-06
5.22E-06
4.69E-06
4.59E-06
8.27E-07
4.22E-06
3.51E-06
4.90E-06
4.81E-06

3.71E-06
4.35E-06
4.73E-06

3.44E-06

4.66E-06

>1.00E-04
6.40E-06

“50% growth inhibition, ® 50% lethal concentration and € total growth inhibition
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Cu-Terph
Cu-Oda
Cu-Terph
Cu-Oda
Cu-Terph
Cu-Oda

Leukemia CCRF-CEM CNS SF-268 Renal 786-0
HL-60 (TB) SF-295 A498
K-562 SF-539 ACHN
MOLT-4 SNB-19 CAKI-1
RPMI-8226 SNB-75 RXF 393
SR U251 SN12C

NSCL A549/ATCC Melanoma LOX IMVI TK-10
HOP-62 MALME-3M UO-31
HOP-92 M14 Prostate PC-3
NCI-H226 MDA-MB-435 DU-145
NCI-H23 SK-MEL-2 Breast MCF7
NCI-H322M SK-MEL-28 MDA-MB-231
NCI-H460 SK-MEL-5 HS 578T
NCI-H522 UACC-257 BT-549

Colon COLO 205 UACC-62 T-47D
HCC-2998 Ovarian  IGROV1 MDA-MB-468
HCT-116 OVCAR-3
HCT-15 OVCAR-4 LCsp < 0.1uM
HT29 OVCAR-5 0.1-0.5uM
KM12 OVCAR-8 0.5-1uM
SW-620 NCI/ADR-RES 1-5uM

SK-OV-3

Figure S4. 2 Heat map of GIsoconcentration ranging from less than 0.1 uM (grey) to 5 uM (light blue) for
Cu-Terph and Cu-Oda.

Table S4. 2 Pearson correlation coefficients () of GIlsy concentrations generated from the NCI DTP
COMPARE algorithm. Criteria threshold > 0.2 for Cu-Oda or Cu-Terph.

Drug Mode of cytoxicityI NSC Cu-Terph Cu-Oda
chromomycin A3 DNA damaging 58514 0.467

letrozole Hormonal 719345 0.463 0.356
gallium nitrate * 15200 0.400 0.261
didemnin B * 325319 0.346

maytansine Tubulin-direacting 153858 0.345

streptozoticin DNA damaging 85998 0.339

vinorelbine Tubulin-direacting 608210 0.304
;Zi‘;‘r’{l‘l‘)?g’;o““o' DNA damaging 357704 0.235 0.317
procarbazine DNA damaging 77213 0.232 0.303
anastrozole Hormonal 719344 0.312
doxorubicin Topoisomerase poison 123127 0.228

*Non-FDA approved agents.
(1) FDA Approved Drugs www.fda.gov.
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S3. Preferential DNA binding

Table S4. 3 Apparent binding constants (K,p,) of dinuclear Cu”" complexes, actinomycin D (Act D) and
netropsin. Fluorescent profiles of Cu-Oda and Cu-Terph ethidium bromide displacement are shown in

Figure S2.
Koy M(bp)™*

poly[d(A-T),] ctDNA ML-DNA — poly[d(G-C),]

(100% AT) (58% AT)  (28% AT) (0% AT)
ActD N/A 292x10"  3.03x10" 5.25x 10’
Netropsin 5.75x 10’ 250x 107 N/A N/A
Cu-Oda 3.79x 10° 577x10°  4.12x10° 4.90x 10°
Cu-Terph 1.84 x 10° 3.65x10°  2.44x10° 3.31x10°

“Kapp = Ke x (12.6 / Csp) where K. = 9.5 x 10°M(bp) ' and Csy = concentration that causes

50% reduction in EtBr fluorescence.

Cu-Od
u a
80 \

60- X\

% Fluorescence

401
20

Cu-Terph

0 T T T T T T T
0 20 40 60 80 100 120 140 160

Concentration (uM)

poly[d(A-T),] CtDNA

0 T T T T T T T
0 20 40 60 80 100 120 140 160

Concentration (uM)

- ML-DNA

-e- poly[d(G-C),]

Figure S4. 3 Competitive fluorescence binding of Cu-Oda and Cu-Terph to ethidium bromide (12.6 uM)
saturated solutions of calf thymus DNA, Micrococcus lysodeikticus DNA (ML-DNA), poly[d(A-T),], and
poly[d(G-C),] polynucleotides (10 pM) in 40 mM NaCl after 1 h incubation (final volume of 100 pl).
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S4. Topoisomerase I relaxation
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| Doxo (uM)
; - ‘u“) 0 2 v 0 o o o 8 S S
[a) o o o o -~ [3Y [t ~ -~ N ) -~ N <
relaxed ———» — L
— — ®
: - —— 8 - 4 L
topoisomers ) — :
»
supercoiled e
L |
helical superturns  — - - - - 0 degradation
Topoisomerase |
Ethidium bromide (uM)
— l(‘\J) Yo} Yo} n <
o S o bE N 0 = 0 L o z
o o o o o o o - [aV) 0 ~ - a
relaxed———— -— -
> - e
topoisomers 4 »
g £
' - -
supercoiled - -

helical superturns = —

Figure S4. 4 Topoisomerase I unwinding across concentration range 0.01 — 400 uM for Dox and ethidium

bromide.
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SS5. Individual channel of confocal images

Control

Cu-Terph
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Cu-Oda+Tir

3 . .

Figure S4. 5 100x confocal images of SKOV3 cells treated with Cu-Oda and Cu-Terph (1 uM), CCCP (75
pM) and Doxo (I puM). The nucleus is stained with DAPI (blue), cytoskeleton with Alexa Flour 488-
Phalloidin and mitochondria with MitoTracker Deep Red.

S6. Mitochondrial depolarisation scatter plots

C

JC-1 orange

JC-1 green

Figure S4. 6 Mitochondrial depolarisation scatter plots where polarised mitochondria are shown in purple, to
depolarised mitochondria in pink and blue. A) cells only, B) 1.0 uM Dox, C) 75 uM CCCP, D — F) 0.5, 1.0,
2.0 uM Cu-Oda and G -1) 0.5, 1.0, 2.0 uM Cu-Terph.
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Appendix D
Supporting information associated with Chapter 5.
S1. Topoisomerase I mediated relaxation of ethidium bromide.

(A)
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Figure S5. 1 Topoisomerase I-induced DNA relaxation in the presence of ethidium bromide

S2. Viscosity profile of Mn-Oda salmon testes DNA.

Viscosity

14] o stDNA

1.2 r
[)
1.09 r
—e N

T
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Figure SS. 2 Viscosity properties (1 / 1) of Mn-Oda at drug-DNA ratios (r) 0.01 — 0.20.

S3. Viability profiles of Mn-Oda and positive controls.

100+

804

ek i i
Fok
401
204
0-

Ctrl Mn-Oda Dox CCCP SAHA Rapa

Normalised %

Figure S5. 3 Viability profile after 24 h exposure to Mn-Oda (1 uM), Dox (1 uM), CCCP (75 uM), SAHA
(100 uM) and Rapa (50 uM). Not significant p > 0.05 and ***p < 0.001.
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