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ABSTRACT

In order to expand the current repertoire of cancer
treatments and to help circumvent limitations associ-
ated with resistance, the identification of new metal-
lodrugs with high potency and novel mechanisms of
action is of significant importance. Here we present a
class of di-copper(ll) complex based on the synthetic
chemical nuclease [Cu(Phen),]* (where Phen = 1,10-
phenanthroline) that is selective against solid epithe-
lial cancer cells from the National Cancer Institute’s
60 human cell line panel (NCI-60). Two metallodrug
leads are studied and in each case two [Cu(Phen),]*
units are bridged by a dicarboxylate linker but the
length and rigidity of the linkers differ distinctly. Both
agents catalyze intracellular superoxide (0,°~) and
singlet oxygen ('0,) formation with radical species
mediating oxidative damage within nuclear DNA in
the form of double strand breaks and to the mito-
chondria in terms of membrane depolarization. The
complexes are effective DNA binders and can dis-
criminate AT/AT from TA/TA steps of duplex DNA
through induction of distinctive Z-like DNA or by in-
tercalative interactions.

INTRODUCTION

Issues of innate or acquired drug resistance, allied with aux-
iliary toxicity, have limited the therapeutic application of
established metallodrugs such as cisplatin. New drugs that
achieve distinct mechanisms, therefore, offer an opportu-
nity to evade resistance and deliver a broader spectrum of
treatment options. The general aim here is to develop new
compounds that specifically target cancer cells by exploit-

ing alterations in biochemical function unique to cancer,
while overcoming barriers to uptake and repair processes
such as nucleotide or base excision repair. These targets may
include a range of biomolecules, organelles and signaling
pathways. Some of these avenues can target enzymatic pro-
teins with mono- (1) and di-nuclear (2) complexes effecting
DNA manipulation and proteolytic activity through their
interactions with topoisomerases (3) and proteasomes (4).
There is, however, intense focus—particularly in the metal-
lodrug field—toward DNA where classical small molecule
therapeutics employ several mechanisms to interact with
DNA, including covalent nucleobase bonding (5,6), inter-
calation and groove binding (7). They may recognize partic-
ular DNA base sequences (e.g. oncogenic promoter regions
(8), i-motifs (9) or G-quadruplexes (10-12)) and the binding
can induce structural distortion that inhibits replication, or
perturbs the stability of DNA-enzyme complexes, thereby
rendering the cell incapable of mediating faithful replica-
tion.

Complexes of redox active metals, principally copper and
iron, represent an important group of metallodrugs. The lig-
and environment in these complexes allows for the tuning of
charge, redox potential, chirality and geometry to optimize
DNA binding. Under aerobic conditions, or in the presence
of appropriate intracellular oxidants, these compounds can
undergo Fenton or Haber—Weiss chemistry to generate re-
active oxygen species (ROS). If the complex is bound to
DNA, then there is a high probability that ROS will oxi-
dize DNA, leading to strand breakages. For example, the
synthetic chemical nuclease [Cu(Phen),]" (where Phen =
1,10-phenanthroline) binds at the minor groove of DNA
and mediates single-stranded breaks (SSBs) (13) through
oxidation of deoxyribose, principally at thymine-adenine-
thymine (TAT) rich regions (14,15). In the 35 years since its
discovery, [Cu(Phen),]*—and related complexes (14)—have
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found application as high-fidelity footprinting probes to
map drug-DNA and protein—-DNA interactions (16), as
tools for recombinant genome engineering (17), and as de-
velopmental cytotoxins of human cancer. Recent advances
in this last category have seen two complexes from the Ca-
siopeina class enter clinical trials (18) with another, struc-
turally similar motif, displaying encouraging superoxide-
mediated activity within the National Cancer Institute’s 60
human cancer cell line panel (NCI-60) (19).

As the metallodrug discovery field has matured, an in-
creasing number of polynuclear compounds with distinc-
tive DNA binding interactions have been reported (20-23).
Sophisticated architectures complexing two or three metal
ions have yielded improved oligonucleotide binding affin-
ity and chemotherapeutic potency over mononuclear coun-
terparts (20,24-27). Seminal examples of this approach
include: development of the tri-platinum(II) complex
BBR3464—an agent that facilitates long-range inter- and
intrastrand platinated DNA adducts (28); the fully trans-
symmetric triplatinum(I1) complex class (e.g. TriplatinNC)
that binds the DNA backbone through electrostatic “‘phos-
phate clamping’ (29,30); and, di-Cu®** or di-Ni** com-
plexes of 1,3-bis-(1,5,9-triazacyclododecyl) propane that
enable transition from right-handed B-DNA to left-handed
Z-DNA through electrostatic N(7) guanine interactions
in synthetic polymers of guanine-cytosine(31). Accord-
ingly, we have identified two promising dinuclear complexes
[{Cu(Phen), }>(-Oda))** (Cu-Oda, where Oda = octane-
dioate) and [{Cu(Phen),}>(u-Terph)]** (Cu-Terph, where
Terph = terephthalate). In each case two [Cu(Phen),]**
units are bridged by a dicarboxylate linker but the length
and rigidity of the linkers differ distinctly (Figure 1A). Pre-
liminary studies revealed high potency anticancer potential,
including against cisplatin-resistant cell lines, along with en-
couraging cytoselectivity (21). Here we present the activity
profile of both agents within the NCI-60 panel, their ca-
pacity to promote oxidative damage to genomic DNA and
mitochondria through a combination of intracellular sin-
glet oxygen ('0,) and superoxide (O,*~) production, and
their ability to discriminate AT/AT from TA/TA steps of
duplex DNA through induction of distinctive Z-like DNA
or by intercalative interactions. These results, to our knowl-
edge, are the first examples of copper complex mediated Z-
DNA induction within the canonical B-DNA motif, and of
non-radiative intracellular singlet oxygen production. Con-
sequently, this work may provide important results that help
expand current metallodrug treatments beyond bleomycin
and cisplatin.

MATERIALS AND METHODS

NCI-60 analysis was provided by National Cancer Insti-
tute Developmental Therapeutics Program (NCI DTP) in
comparison to clinical agents through the COMPARE al-
gorithm. Cytotoxic and mechanistic properties were inves-
tigated in human ovarian cancer cells, SKOV3. Flow cyto-
metric analysis data were acquired on a Guava EasyCyte
HT flow cytometer while confocal images were obtained on
a STED-Leica DMiS8 super resolution confocal microscope
equipped with a CCD camera. Circular dichroism studies
were conducted on Applied Photophysics Circular Dichro-

ism Spectrometer (Chirascan plus qCD). Movie clips of
docking simulations are available in Supplementary Data.

Materials and reagents

All chemicals used for complex synthesis were purchased
from Sigma-Aldrich without further purification. The fol-
lowing assays were purchased from Merck Millipore and
procedures were followed as per the manufacturer pro-
tocol: Guava Nexin® Reagent (4500-0450), Guava Easy-
Cyte™ MitoPotential Kit (4500-0250), Guava Caspase 8
6-carboxyfluorescein (FAM) and Caspase 9 SR (4500-
0640) and Guava Caspase 3/7 (4500-0540). Propidium
iodide (BTIU40017) was purchased from VWR. Car-
bonyl 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), 4’,6-diamidino-2-
phenylindole (DAPI; D1306), NucBlue Live (R37605), sin-
glet oxygen sensor green (S36002) and MitoTracker Deep
Red (M22426) were purchased from ThermoFisher Sci-
entific. Anti-phospho-histone H2AX (05-636) was pur-
chased from Merck Millipore. Doxorubicin (Dox) hy-
drochloride (D2975000), dihydroethidium (D7008), salmon
testes DNA (D1626), synthetic double stranded alternat-
ing co-polymers, poly[d(G-C);] (P9389) and poly[d(A-T)]
(P0883) and Micrococcus Lysodeikticus (D8259) were
purchased from Sigma-Aldrich. pUCI19 plasmid DNA
(N3041), CutSmart@®) buffer (B7204), 100x bovine serum
albumin (BSA) (B9000) and topoisomerase [ (E. coli)
(MO0301) were all purchased from New England Biolabs.

Preparation of complexes

[{Cu(phen) }>(u-octanedioate)](Cl04), (Cu-Oda) was pre-
pared according to procedures reported by Devereux et
al. (32). 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 recrystallized in ethanol:water
(1:1) to yield dark blue crystals (33). [{Cu(phen),}a(u-
terephthalate)](terephthalate) (Cu-Terph) was prepared by
ethanolic reflux of copper(Il) terephthalate hydrate and
phenin a 1:2 ratio according to reported methods by Kellett
et al. (20).

NCI-60 analysis

The di-copper agents, Cu-Oda and Cu-Terph were submit-
ted to the National Cancer Institute (NCI) Developmental
Therapeutics Program (DTP) where their cytotoxicity pro-
file was investigated across the 60 human cancer cell line
panel according to sulforhodamine B protocol (34,35) (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 utilized
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 (PCC, r) were >0.2 in a
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Figure 1. (A) Crystal and molecular structures of di-nuclear copper complexes [{Cu(phen); }»(1-terph)]>* (Cu-Terph) and [{Cu(phen); }>(i-oda)]** (Cu-
Oda, color scheme: copper, brown; oxygen, blue; carbon, beige; hydrogen; white) (B) Heat map representation of LCsy concentrations calculated from
S-dose cytotoxicity screen across the NCI-60 human cancer cell line panel. Concentration ranges from most cytotoxic (0.1-0.5 wM shown in navy) through
to least cytotoxic (> 100 wM shown in brown). (C) PCCs 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. PPCs of Gls values are presented in Supplementary Table S2.

minimum of 40 common cell lines with standard deviation
of 0.05.

Cell culture

SKOV3 cells were cultured in RPMI-1640 media, supple-
mented with 10% fetal bovine serum (FBS) and incubated
at 37°C in 5% CO, and routinely tested for mycoplasma.
Cells were seeded, 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 dimethyl sulfoxide (DMSO), and Dox in
50:50 DMSO:H,O0. Further dilutions were prepared in cul-
ture media daily. Stocks containing DMSO were prepared
in the mM range to ensure final incubation concentrations
did not exceed 0.1% v/v.

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 din-
uclear complexes (0.5, 1.0 and 2.0 uM), Dox (1.0 pM)
or CCCP (75 pM). For co-treatment experiments, antioxi-
dants tiron (4, 5-Dihydroxy-1, 3-benzenedisulfonic acid dis-
odium salt (Tiron or Tir) (36), D-mannitol (Man) (37), L-
histidine (His) (38), (+)-a-lipoic acid (Lip) (39), taurine (2-
aminoethanesulfonic acid, Taur) (40), L-methionine (Met)
(41) and sodium pyruvate (Py) (42) were treated at 1 mM
for 2 h prior to drug exposure to facilitate intracellular
accumulation. After drug exposure, spent media was re-
moved, cells were detached with trypsin:EDTA (ethylenedi-
aminetetraacetic acid) (0.25%:0.02% in phosphate-buffered
saline (PBS)) and whole samples (100 wl) 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.

Confocal microscopy

Cells (1.4 x 10°) were seeded in 35 mm glass bottom petri
dishes and exposed to drug for 24 h. Samples prepared
for morphological analysis were incubated with media con-
taining MitoTracker Deep Red (150 nM, 30 min, 37°C)
and fixed with 4% paraformaldehyde (30 min, room tem-
perature). Samples were permeabilized 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 subse-
quently stained with Alexa Flour 488-phalloidin (10U/100
wl, 30 min, 37°C), 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 100 x oil immersion ob-
jective. DAPI was excited with a 405 nm picoquant laser
unit and emission captured between 387 and 474 nm. Alexa
Fluor 488 was excited at 499 nm with emission captured be-
tween 490 and 566 nm, and MitoTracker Deep Red was ex-
cited at 653 nm where emission was captured at 658-779
nm. Images were acquired whereby combinations of exci-
tation and emission wavelengths for specific dyes were ap-
plied sequentially. Samples prepared for live cell imaging of
ROS were drug treated in a similar manner to that stated
above. After exposure to Cu-Terph, cells were washed with
PBS and stained with Mitotracker Deep Red, followed by 5
wM dihydroethidium (DHE), MitoSOX red (15 min, 37°C)
or SOSG (30 min, 37°C) and finally NucBlue Live (20 min,
37°C). Images were collected on a STED-Leica DMi8 super



4 Nucleic Acids Research, 2018

resolution confocal microscope equipped with CCD camera
and 63 x water immersion objective. NucBlue Live was ex-
cited with a 405 nm picoquant laser unit and emission cap-
tured between 429 and 481 nm, and MitoTracker Deep Red
was excited at 653 nm where emission was captured at 650—
716 nm. Singlet oxygen sensor green (SOSG) was excited at
504 nm where emission was captured at 506-560 nm, while
DHE and MitoSOX red was excited at 535 and emission
were captured between 573 and 654 nm.

Nexin® assay

SKOV3 cells were seeded at 3 x 10* cells in 24-well plates
and incubated with drug containing media. After the ex-
posure period, spent media was removed, cells were washed
with PBS and washings were kept in 1.5 ml microtubes. Cells
were detached with trypsin, neutralized 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 pl of sample was then 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 cy-
tometer using Nexin software. Inherent Dox fluorescence in
filter 583/26 nm was accounted for and subtracted within
the relevant quadrants.

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

The following fluorescent labeled inhibitors of caspase
(FLICA) were used to ascertain the activation of cas-
pase 3/7, 8 and 9 respectively; FAM-DEVD-FMK, FAM-
LETD-FMK and SR-LEHD-FMK. Samples were pre-
pared prior to staining in a similar manner as that described
in Nexin Assay. Cells were transferred to 1.5 ml microtubes
and resuspended in 100 wl media. 10 wl of 10X caspase 9 SR
working solution and 10 .l of caspase 8§ FAM were added
and incubated for 1 h at 37°C. Cells were resuspended in 200
wl of caspase 7-aminoactinomycin D (7-AAD) working so-
lution and transferred to 96-well round bottom plate and
incubated for 10 min at room temperature. Samples were
acquired on the Guava EasyCyte HT flow cytometer using
Guava Caspase software. Compensation to correct fluores-
cent overlap between filters was conducted pre-acquisition
and innate Dox fluorescence in filter 583/26 nm was ac-
counted for within the relevant quadrants.

Mitochondrial membrane potential

Cells were treated as previously described in the Nexin V
assay. Samples were resuspended in 600 wl of fresh media
to give cell concentration 2 x 10* to 5 x 103 cells/ml from
which 200 wl was transferred to a 96-well round bottom
plate. The 50x staining solution (4 pl) containing JC-1 and
7-AAD was added to each sample, subsequently incubated
at 37°C in darkness (30 min) and acquired on Guava Easy-
Cyte HT using MitoPotential software. Compensation to
correct fluorescent overlap between filters was conducted
pre-acquisition.

Superoxide and singlet oxygen detection

SKOV3 cells (6 x 10%) were seeded in 12-well plates. After
drug treatment, samples were harvested, washed with PBS
and incubated in 200 wpl of 5.0 wM MitoSOX Red or di-
hydroethidium (DHE) (15 min at 37°C), or 5.0 uM singlet
oxygen green sensor (SOSG) (1 h, 37°C). Samples were then
repeatedly washed with PBS, transferred to 96-well round
bottom plates and acquired on Guava EasyCyte flow cy-
tometer using ExpressPro software.

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 incuba-
tion, cells were harvested and 50 .l was resuspended in 500
wl low melting point agarose to give a final density of 1.5 x
10° cell/ml. A total of 50 pl 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 NaCl, 100 mM EDTA, 10
mM Tris—HCI, pH 10) overnight at 4°C (43). Slides were al-
lowed to equilibrate in cold electrophoresis buffer (300 mM
NaOH, 1.0 mM EDTA, pH 13) for 30 min at 4°C prior to
electrophoresis run at 300 mA for 30 min with buffer lev-
els adjusted to give a consistent voltage of 25 V. Slides were
then washed with water, neutralized 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 wg/ml,
10 min) and imaged through a 10 x lens and Leica DFC
500 epi-fluorescent microscope. Images were analysed with
Open Comet plugin on Image J V2.0.

Computional procedures

The three exchange functionals used in this study were the
three parameter hybrid functional developed by Becke (44)
(B3), Handy’s Optimized Exchange Density Functional
(OPTX) modification of Becke’s exchange functional (45)
(O) and the exchange component of the Perdew-Wang 91
functional (PW91) (46-48). The first of these are hybrid
functionals (B3 and O) used the correlation functional of
Lee, Yang and Parr (LYP) designated B3LYP and OLYP,
respectively (49). B3LYP has performed well for systems
containing first and second row elements and mono-nuclear
transition metal complexes. However B3LYP exhibits an
undue preference for high spin states. OLYP is a more
recent development and has been applied successfully to
bioinorganic systems but it appears to favor more spin po-
larized descriptions. Finally the pure PW91 exchange func-
tional was used in conjunction with Perdew and Wang’s
gradient-corrected correlation functional (PW91) desig-
nated PW91PWO1 (46). This combination proved problem-
atic in its implementation for the system reported here, but
has correctly described the spin state of some manganese-
containing porphyrins (50,51).

The LanL2DZ basis set was chosen for all calculations
(uses the Dunning Huzinaga (D95) valence double { de-
scription for first row elements (52) and the Los Alamos ef-
fective core potentials plus double ¢ functions on elements
from Na to Bi) (53-55). All calculations were modeled in



water using the Polarisable Continuum Model (56), and im-
plemented using the Gaussian 09 (Revision E.01) program
suite at the Irish Centre for High End Computing. Analy-
sis of molecular orbital compositions and spin density were
performed using the AOMix package (57).

Those methods which best preserve the symmetry around
the two copper atoms are assumed to have performed well.
To approach these calculations, a molecular structure was
generated by molecular modeling techniques. This was then
refined for each selected charge and multiplicity to tight
convergence criteria using a pruned (99,590) integration
grid. The single determinant wavefunction was then tested
for multiplicity instabilities before calculating the second or-
der derivatives of energy with respect to nuclear coordinates.
The absence of negative eigenvalues of the Hessian matrix
confirmed that the molecular geometry represents a mini-
mum on the potential energy hypersurface. In all cases, the
asymmetric coordination of the carboxylate coordination
to the copper atoms was observed, with this coordination
mode in agreement with that obtained from single crystal X-
ray diffraction (20). Consequently two isomers of the com-
plex are possible, denoted cis and trans (Supplementary Fig-
ure S1). Calculations were performed on both isomers, how-
ever as there were no significant difference between the iso-
mers the results from the zrans-isomer are presented here; al-
though this does not preclude the presence of the cis-isomer
present in solution. The full numbering system of trans-
[(Cu(Phen),)>(w-Terph))** is presented in Supplementary
Figure S2. Identical numbering conventions were used for
all calculations in this study irrespective of charge or multi-
plicity.

Nuclease activity

DNA cleavage profiles of the copper complexes were inves-
tigated in the presence of hydrogen peroxide scavengers. To
a final volume of 20 wpl, 80 mM HEPES (pH = 7.2), 25
mM NaCl, 1| mM Na-L-ascorbate and 400 ng of pUCI19
DNA were treated with drug concentrations of 250 nM to
2.5 wM in the presence of 10 mM hydrogen peroxide scav-
engers pyruvate or 1, 3-dimethylthiourea (DMTU). Reac-
tions were incubated for 30 min at 37°C and quenched with
6 x loading buffer containing 10 mM Tris—HCI, 0.03% bro-
mophenol blue, 0.03% xylene cyanole FF, 60% glycerol and
60 mM EDTA and loaded onto an agarose gel (1.2%) con-
taining 8 wl EtBr. Electrophoresis was run at 70 V for 1 h in
1 x Tris-Acetate-EDTA (TAE) buffer.

Immunodection of double strand breaks (DSBs)

Samples were prepared similarly to previously reported
methods (58). The 6 x 10* cells were seeded in 12-well
plates and treated with complexes and Dox for 24 h. Trans-
ferred 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 re-
suspended in permeabilization buffer (0.25% Triton X-100
in 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 sec-
ondary antibody (1:1000) for 1 h at room temperature and
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co-stained for 10 min with 5 wg/ml of PI. Samples were ac-
quired using ExpressPro software on the Guava EasyCyte
instrument.

Topoisomerase inhibition

The topoisomerase I relaxation assay was carried out using
a modified method to previously reported protocols (59).
A total of 400 ng of pUC19 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 .l 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 pg/ml) for 30 min in-
cubation at 50°C. Samples were loaded onto 1.2% agarose
gel with 6x loading buffer. Topoisomers of DNA were sep-
arated by electrophoresis in 1x Tris-Borate-EDTA (TBE)
buffer at room temperature at 40 V (3 h) followed by 50 V
(2.5 h). The agarose gel was post-stained using an ethidium
bromide bath (25 wM) for 20 min at room temperature. Fi-
nally, the gel was soaked in deionized water for 24 h and
imaged using a UV transilluminator.

Circular dichroism spectrometry

Complex-DNA interactions were analyzed within Starna
quartz cuvettes using an Applied Photophysics Chirascan-
Plus circular dichroism spectrometer. Solutions of oligonu-
cleotides in H,O and 10 mM NaCl (stDNA, e3¢0 = 12824
M(bp)~" em™"), poly[(d(A-T)] (e260 = 13100 M(bp)~'
cm™!) and poly[(d(G-C),] (g260 = 16800 M(bp)~' cm™!)
were initially denatured by heat treatment and then allowed
to slowly reanneal prior to quantification using an Agi-
lent Cary 100 dual beam spectrophotometer to give work-
ing solutions of 2 wM. Spectra were captured in the range
of 180-350 nm at 37°C with step of 1.0 nm increments,
time/point of 1 s and bandwidth of 1.0 nm. DNA solutions
were incubated for 30 min periods at 37°C with 2, 5 and 10
pM of complex. Studies investigating Z-DNA transitions
and competitive binding interactions were conducted with
2 uM of DI and 10 puM Cu-Oda, followed by 2.0 uM of
D6. Reversion from Z to B DNA was achieved upon ad-
dition of 100 mM EDTA. Electrostatic controls used in Z-
DNA experiments were NaCl (4 mM), Co(NHj3)s (10 wM)
and Cu(ClOy); (10 and 20 wM). Cu-Terph DNA interac-
tions were not investigated within this study due to solubil-
ity issues in CD accessible solvents. Blank water and drug
samples were treated in an identical manner and subtracted
from recorded data. Average traces were smoothed to four
neighboring points and second order polynomial in Graph-
Pad Prism (V4.0).

Thermal melting

Oligonucleotides were denatured by heating to 95°C at a
rate of 0.1°C/s and held for 10 min. Sequences were allowed
to anneal by cooling to 5°C at rate of 0.1°C/s on an Eppen-
dorf Mastercycler Nexus prior to thermal melting experi-
ments. Analysis was carried out on Agilent Cary 100 dual
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beam spectrophotometer equipped with a 6 x 6 Peltier mul-
ticell system with temperature controller. Oligonucleotides
were quantified and adjusted to give 5 wM solutions with
drug loading ratios of 1.0 in PBS (2.7 mM KCI, 1.5 mM
KH2PO4, 8.1mM NazHPO4, 137mM NaCl, pH 74) Melt-
ing curves were recorded at their respective A,y in the re-
gion of 260 - 280 nm upon heating from 17-95°C at rate
0f 0.2°C/s. Thermodynamic properties were calculated post
acquisition using the built-in Cary Thermal software, hy-
perchomicity analysis.

Docking studies

The dockings of the dicopper ligands with chosen DNA
fragments were modeled using AutoDock (Version 4.2.5).
The molecular structure of Cu-Terph was obtained from
single-crystal X-ray diffraction data (20) and hydrogen
atoms were located at their calculated positions, while that
of Cu-Oda was estimated using molecular modeling tech-
niques. The structures of the DNA fragments were ob-
tained from the Brookhaven Database (www.rcsb.org/pdb/
home/home.do). These structures did not include hydro-
gen atoms, and these were added at their calculated posi-
tions using GaussView 3.0. The Gaussian 09 newzmat util-
ity was then used to generate the .pdb input files as re-
quired by AutoDock. Analysis of the tortional freedoms
in the ligands confirmed that [((Phen),Cu);(w-Terph)] con-
tains two tortional degrees of freedom while the more
flexible [((Phen),Cu),(n-Oda)] contains 11. In the case of
[((Phen),Cu),(w-Oda)], the conformation was randomized
prior to docking calculations to minimize starting configu-
ration bias. In each docking the search space encompassed
the entire oligomer which was treated as a rigid structure.
The docking calculations used the Lamarcian Genetic Al-
gorithm.

Statistical analysis

Data collected from intracellular and DNA binding exper-
iments are presented as mean £+ S.D., where n = 3, and
plotted in GraphPad Prism V6.0. Comparisons between the
data were analyzed with two-way ANOVAs in GraphPad
Prism. Differences between means were analyzed post-hoc
with Dunnett’s test at 95% confidence level. Differences be-
tween groups were considered to be statistically significant
if P <0.05 with *P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS AND DISCUSSION

Distinctive  anticancer
chemotherapeutic response

NCI-60 analysis. Both complexes were examined within
the NCI's DTP against a variety of human cancer
cells including breast, colon, central nervous system
(CNS), leukaemia, non-small cell lung, melanoma, ovarian,
prostate and renal. Their cytotoxic or lethal effects (50%
lethal dose, LCsy) were identified using a five-dose expo-
sure level and are shown as a heat map in Figure 1B. Addi-
tional analysis to assess 50% growth inhibition (Glsg), and
cytostatic effects (total growth inhibition, TGI) were also

mechanism and broad-range

undertaken (Supplementary Table S1 and Figure S3). Cu-
Terph showed enhanced cytotoxic effects across the major-
ity of cell lines within the panel (LCsy < 1 wM) with se-
lectivity toward CNS, colon, ovarian and hypersensitivity
against the melanoma line SK-MEL-5. Cu-Oda displayed
a broader range of activities and was most effective against
melanoma, renal and prostate cancers where LCsy concen-
trations typically ranged between 5.0 and 0.5 wM. Interest-
ingly, leukemic cell lines were resistant to both di-Cu** com-
plexes where lethal concentrations exceed 100 wM.

The activity profiles for both compounds were then en-
tered into the COMPARE algorithm supplied by the NCI
that associates the pattern of activity to standard clinical
and developmental agents, many of which have known cy-
totoxic mechanism (60). Results are represented as PCCs, or
r values, ranging from —1 (negative correlation) to +1 (pos-
itive correlation) where Cu-Oda or Cu-Terph samples sur-
passing a threshold of >0.20 were considered. From a to-
tal of 175 standard agents analyzed through COMPARE,
just 43 had detectable r-values ranging up to 0.84 (Figure
1C). While medium to high PCCs were identified for a lim-
ited number of hormonal and signaling agents, the highest
number of correlations appeared within the DNA damag-
ing class followed then by topoisomerase poisons. Both cop-
per complexes showed low correlation with cisplatin with
calculated r-values of 0.26 (Cu-Oda) and 0.33 (Cu-Terph).
Of further significance, clinically established metallodrugs
such as bleomycin and alternative platinum chemotypes (in-
cluding carboplatin and oxaliplatin) were found to be out-
side the measurement threshold, potentially supporting a
novel mechanism of action by both di-Cu>* complexes.

Apoptotic induction. 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 cancer mortality, poor
prognosis, and is further characterized by chemoresistance
and recurrence (61). SKOV3 elicited sensitivity to both Cu-
Terph and Cu-Oda treatment within the NCI-60 panel, yet
distinctive Glsq activities (160 nM and 1 pM, respectively)
were encountered, making this cell line an important choice
to probe for differences between both the agents. SKOV3
is also innately resistant to cisplatin (62) with malfunction-
ing p53 (63), low expression of Ctrl copper influx protein
(64) and these are known to reduce cancer vulnerability to
chemotherapeutic and radiation treatment (65). To identify
mechanisms underpinning mammalian cancer cell death,
morphologic changes were investigated using confocal mi-
croscopy dyes that monitor the integrity of the mitochon-
dria, cytoskeleton and nucleus. In particular, the hallmarks
of apoptosis were assessed using: cytosolic and organelle
contraction; condensation and increased chromatin granu-
larity; membrane blebbing; and the formation of apoptotic
bodies (apobodies) (66). Apoptotic characteristics were ev-
ident within SKOV3 cells exposed to cytotoxic controls of
carbonyl-cyanide m-chlorophenylhydrazone and Dox. Nu-
clear fragmentation was clearly visible here in comparison
to non-treated SKOV3 cells that were typically elongated,
polygonal and dome-like in morphology (Figure 2D). Cells
treated with Cu-Oda and Cu-Terph also showed organelle
condensation together with fragmentation of nuclear con-


http://www.rcsb.org/pdb/home/home.do

Nucleic Acids Research, 2018 7

A Annexin V - Early B Caspase 3/7 - Early C Caspase 8
100 100 100
90- 90:{ ok 90-
R god 80 -+ 80-
S 607 60 60~
£
S 40+ 40 404 ok
g
& 20- " pig 20 " - 20- o
0l '—"'a"l'-— I_I 0 ==Y | I . 0-Lomm """'Drr_l [
051020 051020 1.0 051020 051020 1.0 051020 051020 1.0
Concentration (uM Concentration (uM .
(uM) (uM) Concentration (uM)
AnnexinV - Late Caspase 3/7 - Late Caspase 9
100 100 100
90 904 90+
X god 80- 80-
S 607 _— 60+ 60~
'q(% k¥
*kk
S 40 40 Fekke iy 40 ook Kk
g‘ dekk *kk
& 20 |l| 20- - o . 20- |—"'—| * I-'"-I =
olri=mrhl, . 0-Lommn |=1|:_| 1 olomma il [-] ! !

0510 20 0510 20
Concentration (uM)

1.0

Cu-Terph

05 1.0 20 05 1.0 20 1.0
Concentration (uM)

0510 20 05 1.0 20
Concentration (uM)

k%

Fkk

LI 1N
051.020 051.020 10 75
Concentration (uM)

Figure 2. SKOV3 cells are treated over 24 h with varying concentration of Cu-Oda and Cu-Terph (0.5-2.0 wM) and control agents Dox (1.0 .M) and
CCCP (75 pM). (A) Populations of early apoptotic cells exhibiting positive staining for Annexin V only with late apoptotic population detected through
positive staining for both Annexin V and 7-AAD. (B) Detection of caspase 3/7 in the absences or presence of 7-AAD positive staining indicative of mid-
and late-apoptotic activation. (C) Activation of caspase 8 (extrinsic pathway) and caspase 9 (intrinsic pathway). (D) 100 x magnification of SKOV3 cells
treated with di-nuclear copper complexes, Cu-Oda and Cu-Terph (1.0 wM). Nuclei are stained with DAPI, F-actin with Alexa Fluor 488-Phalloidin and
mitochondria with MitoTracker Deep Red. Scale bar indicates 10 wm. Individual channels are shown in Supplementary Figure S4. (E) Population of
depolarized mitochondria through the detection of potential-sensitive shift in JC-1 emission. Hypsochromic shifts, evident in scatter plot, demonstrates
drug-induced depolarization (Supplementary Figure S5). Non-significant (ns) P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

tent, the remnants of apobodies and an apparent reduc-
tion in mitochondrial fluorescence. Given these observa-
tions further evidence of apoptotic induction was probed
using Annexin V and caspase activation. During apopto-
sis, phosphatidylserine (PS) translocates from the inner to
outer cellular membrane surface and Annexin V—which se-
lectively binds to PS—can be combined with the DNA in-
tercalator aminoactinomycin D (7-AAD) to quantify cells
within early- and late-stage apoptosis by flow cytometry.
At maximum exposure both complexes activated early-
stage apoptosis in SKOV3 cells (Figure 2A) whereas no-
table late-stage apoptosis (~34% of cells) was identified for
the Cu-Terph treated population, slightly below that ob-
served for Dox (~45%). A selection of pathway-specific

endoproteases—caspase 3/7, 8 and 9—were next examined.
Late-stage activation of executioner caspase 3/7 was de-
tected here with moderate early-stage 3/7 activity and this
effect contrasted with Dox where almost exclusive early-
stage caspase activation occurred (Figure 2B). In a final part
of the analysis, initiator caspase 8 (extrinsic) and 9 (intrin-
sic) activation was monitored to identify the broad origins
of apoptosis (67). In this study both di-Cu?>* complexes pri-
marily induced apoptosis through the intrinsic caspase 9
pathway where ~22 and ~30% of cellular populations were
responsive at an exposure level of 2.0 wM (Figure 2C). Cas-
pase 8 was detected in a lower percentage of the cell popu-
lation and this may be attributed to intercellular cross-talk
from apoptotic cells (68,69).
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Loss of mitochondrial membrane potential (A%¥,,). Inves-
tigations identifying mitochondrial dysfunction were com-
pleted by examining fluorescent emission of the AW,-
sensitive probe JC-1. Both Cu-Oda and Cu-Terph stim-
ulated mitochondrial depolarization in a concentration-
dependent manner where >84% of cellular populations dis-
played a loss in membrane potential at the maximum tested
dose (Figure 2E). The positive control CCCP was selected
due to its proton ionophore properties and ability to read-
ily dissipate the mitochondrial transmembrane potential.
Under identical conditions a significantly higher concen-
tration of CCCP (75 pwM) was required to activate simi-
lar membrane depolarization. Drug-mediated depolariza-
tion of this magnitude, however, does not directly correlate
with the comparatively modest detection of intrinsic apop-
totic biomarkers (Annexin V and caspases). In this case it is
likely the extent of the loss of AW, results from selective
mitochondrial metallodrug localization and ROS genera-
tion. It is reasonable to suggest that mitochondrial accumu-
lation is facilitated by the delocalized cationic charge and
lipophilicity of copper-coordinated 1,10-phenanthroline as
this is a common feature of dyes and targeting vehicles that
selectively assemble within this organelle (70).

Di-Cu** complexes stimulate superoxide and singlet oxygen
production

Intracellular free radical production. Following the ob-
servation of extensive mitochondrial depolarization, we
were prompted to conduct a detailed examination of in-
tracellular production of ROS species catalysed by these
complexes. A study was designed to actively monitor
cell viability upon co-treatment with the radical-specific
scavengers/spin-trapping agents: tiron; mannitol; histidine;
lipoic acid; taurine; methionine; and sodium pyruvate (Fig-
ure 3A and B). The extent to which cytotoxicity was averted
through treatment with these ROS-selective antioxidants
is remarkable with viability profiles of Cu-Terph and Cu-
Oda fluctuating from 25 to 73% and 55 to 84%, respec-
tively. The most protective scavenger identified was tiron—a
known superoxide (O,°) sequestering agent that undergoes
direct oxidation to yield semiquinone radicals (36)—which
increased cellular viability by ~30% for Cu-Oda and ~50%
for Cu-Terph. Interestingly, the next most active ROS identi-
fied was singlet oxygen (' O,) that is known to readily oxidize
the imidazole ring of histidine (71). Although the genera-
tion of hydrogen peroxide (H,0;) is mechanistically feasi-
ble as a precursor to deleterious species such as the hydroxyl
radical, experimental observations here show considerably
lower cell survival (14-16%) in the presence of the pyruvate
H,0; scavenger. The overall trend in terms of antioxidant-
promoted SKOV3 survival followed: tiron >> histidine >
lipoic acid > pyruvate > taurine > methionine > mannitol,
with the more structurally rigid complex Cu-Terph giving
higher intracellular O,*~ and 'O, production.

Intracellular ROS quantification. In order to probe intra-
cellular ROS production by Cu-Oda and Cu-Terph using
fluorescence, the liberation of (i) superoxide within the mi-
tochondrial matrix was identified by MitoSOX Red, (ii) nu-
clear superoxide was recognized by DHE (72) and (iii) sin-

glet oxygen was detected by SOSG (Figure 3). Results show
dose-responsive mitochondrial O,°~ generation by Cu-Oda
and Cu-Terph complexes with ~58 and ~68% of the respec-
tive cellular populations containing MitoSOX Red fluores-
cence upon 2.0 wM drug exposure (Figure 3C). Mitochon-
drial generated superoxide exceeded that produced within
the nucleus with DHE detected in ~20% of SKOV3 exposed
to both complexes (Figure 3D). Finally, 'O, was detected
by the photoinduced energy transfer exomarker SOSG (73)
where exposure to Cu-Oda and Cu-Terph produced ~17%
positive populations for SOSG emission (Figure 3E). To
corroborate ROS production, fluorogenic markers were vi-
sualized by confocal microscopy with Cu-Terph (Figure 4).
Strong fluorescence emission was evident for DHE (Figure
4A) and SOSG (Figure 4C) with the dye localising primarily
in nuclear and peripheral regions of SKOV3 cells. The flu-
orescence intensity for MitoSOX red was particularly high
(Figure 4B); this increased detection of mitochondrial su-
peroxide (MitoSOX) is in agreement with earlier flow cy-
tometry results.

Free radical formation from doubly reduced Cu-Terph. To
establish a theoretical basis for ROS generation observed
in cellular systems, density functional theory (DFT) was
employed. Since these calculations and description of the
generalized gradient approximation (GGA) in the exchange
functional can significantly distort the analysis, we used
symmetry constraint—revealed by X-ray diffraction—to
assess the performance of three functionals (B3LYP, OLYP
and PW91PWO1) at three oxidation states of the Cu-Terph
complex: the di-cation singlet and triplet; the mono-cation
doublet; and the neutral species—singlet and triplet. Of the
three methods, B3LYP performed well at maintaining the
symmetry of the two copper centres for both the singlet and
triplet di-cation (Supplementary Table S3). The triplet so-
lution had marginally lower energy and the metal-centred
bond lengths were closer to the experimental values. Spin
density mapping indicated the unpaired electrons of the
triplet reside on the copper atoms, the coordinating oxy-
gens, and three equatorial nitrogen atoms of the phenan-
throline ligands (Figure 4D). For all functionals studied,
the singly reduced form had significantly lower energy com-
pared to the di-cation by approximately 4 eV (Supplemen-
tary Table S4). As for the biologically relevant doubly re-
duced species, all calculations indicated the neutral species
is substantially more stable than the di-cation by between
5and 7 eV depending on the functional used (Supplemen-
tary Table S5). The energy difference between the triplet and
singlet species is dependent on the functional; the B3LYP
functional suggests the singlet species had the lowest energy
by some 0.8 ¢V while both OLYP and PW91 indicated that
triplet species had lowest energy by 1.4 eV. Overall it is clear
the Cu-Terph cation is a powerful oxidising agent but it is
unclear as to which spin state is the most stable for the re-
sulting neutral species (Figure 4E).

To provide a theoretical explanation for the potential bio-
logical interaction between the complex and molecular oxy-
gen, the reaction of the doubly reduced complex with oxy-
gen gas was investigated in DFT simulations by placing an
oxygen molecule close to one copper atom within the opti-
mized adduct structure. B3LYP and OLYP functionals were
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chosen for these calculations where reaction of the neutral
species with triplet oxygen resulted in an oxygen adduct
with either singlet or triplet multiplicity. A stable O, adduct
species was located on the triplet hyper-surface using both
B3LYP and OLYP functionals and this species can be de-
scribed as superoxide with a calculated O-O bond distance
of 1.33 A. The optimized molecular structure is presented
in Figure 4F (also see Supplementary Figure S6 and Table
S11) and switching this complex to the singlet surface re-
sulted in a drift of the oxygen ligand away from the coordi-
nation sphere of the copper atom with release of singlet oxy-
gen. Further attempts undertaken to locate a stable H,O,
adduct on either the singlet or triplet surfaces failed. Addi-
tion of the H,O, into the coordination sphere of one copper
atoms resulted in the dissociation of one Phen ligand from
the peroxo species. Consequently, we could find no theo-
retical basis for the [Cu,(phen)4(w-Terph)]® complex to act
as a vector for peroxide-mediated damage. In an effort to
probe the role of peroxide in the DNA damage mechanism
further, the chemical nuclease activity of both complexes
in the presence of pyruvate and an additional H,O, trap-
ping agent, DMTU, were examined (Supplementary Fig-
ure S7). Here, DNA was incubated with increasing com-
plex concentrations (250 nM-2.5 wM) and revealed oxida-
tion profiles that converted supercoiled (SC) plasmid DNA
into open circular and linearized (L) forms. The presence of

either scavengers did not significantly alter cleavage activ-
ity (in comparison to controls) to justify peroxide having a
prominent mechanistic role in the DNA oxidation profile.

Genotoxicity causes global cellular dysfunction

Fragmentation of genomic DNA. Single-stranded breaks
(SSBs) and double-stranded breaks (DSBs) along with al-
kali labile sites arising from genomic DNA damage were
examined by the electrophoretic alkaline comet assay. Cu-
Oda and Cu-Terph were found to fragment DNA with cor-
responding tail moments of ~69 and ~52 a.u., respectively
(Figure 5A) with Cu-Terph exhibiting broader distribution
of residual DNA damage (Supplementary Figure S8). This
result was corroborated by observation of site-specific DNA
damage in the topoisomerase relaxation assay (Top 1) where
negatively SC DNA was first unwounded due to intercala-
tion, prior to positive supercoiling and nicking (SSBs) to the
relaxed form (Figure 5B). In the COMET assay, Dox also
produced extensive DNA damage with mean tail moments
of ~76 a.u. along with frequency distributions indicative
of non-discriminate oxidative cleavage. Subsequent analysis
using Top I unwinding showed Dox could efficiently stabi-
lize the DNA-Topo I enzyme complex (Supplementary Fig-
ure S9).

The formation of DSBs was next explored through
immunodetection of yH2AX. It is known that histones
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are indiscriminately incorporated into the nucleosome for
higher order chromatin formation. The H2AX histone
variant is characterized by a carboxyl tail containing a
serine residue that becomes phosphorylated (YH2AX) in
response to localized DSBs (74), thereby acting as sig-
naling foci for the recruitment of DNA repair factors
(75). In this study, DNA damage was estimated from the
median fluorescence intensity (MFI) of yH2AX in the
tested cell population (Figure 5C). Both complexes dis-
played concentration-dependent DSB formation with max-
imal MFI detection comparable to Dox exposure. It is

significant to note how increased nuclearity enhances ge-
nomic DSB formation as a mononuclear analogue of these
complexes—[Cu(o-phthalate)(phen)]—produced one-order
of magnitude lower MFI of yH2AX under identical condi-
tions (19).

Circular dichroism (CD) analysis with duplex polymers.
Circular dichroism spectroscopy was selected to interrogate
metal complex—DNA interactions. It is known that the B-
form of double stranded DNA exhibits negative elliptical
signals at ca. 210 and 246 nm arising from B-N-glycosidic
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linkages and helicity, also that positive bands at ca. 220 and
268 nm are due to H-bonding and base-pair stacking in-
teractions. Variations in these regions arise from sequence
diversity and AT content (76); however, nucleic acids with
the Z-conformation display an inverse profile to B-DNA
due to their left-handed helicity. Cu-Oda was examined
using B-DNA polymers of salmon testes DNA (stDNA),
poly[d(G-C),], and poly[d(A-T),] (Cu-Terph was precluded
from this study due to its lack of solubility in CD accessi-
ble solvents). Concentration-dependent complex exposure
gave rise to an intercalative profile in both stDNA and the
alternating copolymer poly[d(G-C),] with pronounced el-
liptical shifts observed at ~275 nm (Figure 5D). This effect
was enhanced within poly[d(A-T),] where along with struc-

tural distortions identified in the form of helical unwinding
(~246 nm), a significant bathochromic shift proximate to
the nitrogenous-base stacking region developed. These re-
sults suggest Cu-Oda is a high-affinity intercalator of the
synthetic A-T co-polymer.

AT/AT and TA/TA steps dictate intercalative recognition

Circular dichroism (CD) analysis with short oligonu-
cleotides. To examine the intercalation of Cu-Oda in terms
of sequence specificity, a selection of palindromic dode-
camers were examined with varying AT sequence content
(D1-7, Figure 6). Binding of Cu-Oda to the Dickerson-
Drew sequence (D1) displayed a decrease in elliptical signals
mimicking a localized Z-DNA like configuration that was
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(2 wM, purple line). Elliptical signals-glycosidic linkages (208 nm), H-bonding (ca. 220 nm), helicity or handedness (ca. 250 nm) and base-pair stacking
interactions (270280 nm). (E) Denaturing temperatures and change in stabilization energies (AAG at 37°C, where AAG = AG(pNA+Drug) — AGDNA))

of 12-mer duplexes (5 wM) in the presence of Cu-Oda (1.0 loading ratio).

traced by a negative Cotton effect at 281 nm (Figure 6A).
Complete conversion to Z-DNA can be disregarded here as
no structural distortions in the form of DNA unwinding,
helicity and left-handedness were identified at ca. 250 nm
that are typically observed within the Z-DNA configura-
tion. Furthermore, Cu-Oda was found to discriminate be-
tween TA/TA and AT/AT steps present within D2 and D3
oligomers (Figure 6A). D2 and D3 differ at this central step
only and distinctly different CD structural distortions be-
come apparent upon Cu-Oda exposure. Remarkably, posi-
tive elliptical shifts at 288 nm revealed site-specific intercala-
tion at the TA/TA site in D2, while a strong minimum in this
region indicated localized Z-like DNA conformation at the
AT/AT site in D3. Binding to TATA sequences (D4 and D6)

gave rise to intercalative profiles (Figure 6B) with ellipticity
becoming pronounced upon substituting thymine (T) with
uracil (U) in each oligonucleotide sequence (D5 and D7).
Evidence here suggests at least some portion of intercala-
tion occurs at the major groove since the absence of bulky
methyl groups within T must render the major groove more
accessible for the complex. Of further significance, the for-
mation of Z-like DNA could not be replicated in the AT /AT
sequence (D3) by (i) excessive salt concentration, (ii) ex-
posure to the electrostatic binding agent [Co(NH3)s]** or
(iii) by free Cu®* ions alone (Supplementary Figure S10).
It is also notable that Cu-Oda mediated Z-like DNA for-
mation within the Dickerson-Drew sequence (D1) was re-
versed upon titrating EDTA (Figure 6C) and competitive



addition of oligomer D6 (Figure 6D) with this effect further
suggesting a binding preference of the complex to TA-rich
sequences.

Thermal melting analysis.  Following CD analysis, thermal
melting studies were conducted on a selection of relevant
palindromic dodecamers (Figure 6E). Sequences contain-
ing AT /AT central steps (D1 and D3) were only marginally
stabilized by the complex with representative ATy, values
of +0.23 and +0.79°C. These results were not surprising
given the overall reduction in free energy of Z-DNA due to
close-set proximity of phosphate groups in the helical back-
bone. Interestingly, complex binding at the TA/TA step in
D2 resulted in significant stabilization of +8.77°C and en-
hanced duplex stability of 4.34 kJ/mol that is presumably
due to intercalation. Marginal stabilization was noted for
D6 (+0.47°C) and this effect was enhanced for oligomer D7
(+0.90°C) indicating the extent of duplex stability is propor-
tional to the level of intercalation and accessibility of the
major groove.

Preassociative docking studies. To further explore the se-
quence binding capabilities of this complex, molecular
docking experiments were undertaken. The study treated
a selection of short duplex sequences, either identical or
broadly similar to those examined by circular dichroism
spectroscopy, as rigid oligomers with the complex main-
tained in a low energy randomized configuration to consti-
tute a non-biased docking analysis. This study might there-
fore give useful pre-association information of the complex—
DNA interaction. Binding of Cu-Oda to the Dickerson-
Drew sequence (D1, taken from PDB ID: 4C64) occurs in
the major groove (Figure 7A and Supplementary Movie S1)
and arises from an intrastrand electrostatic interaction be-
tween one Cu”* ion and an uncoordinated carboxylate oxy-
gen with A (N6) and T (O4) bases in the AAT triplet (Sup-
plementary Movie S2). Initial pre-association shows steric
hindrance between the methyl group at the C5 position of T
and one phen ligand auxiliary to polar interaction Cu----T
(O4) (see Supplementary Movie S3). Rotation about the gly-
cosidic bond (x) gives rise to a syn configuration from the
sterically favored anti orientation (Figure 7B) and could ex-
plain the observed Z-like DNA configuration seen for D1
and D3 in our CD analysis. Binding to the Pribnow box se-
quence (TATAAT, taken from PDB ID: SEZF) (contained
within D4 and D6) can occur within both the minor and
major groove, with the minor groove giving the most stable
docking interaction (Figure 7C and Supplementary Movie
S4). Substituting T with U within this sequence context
gives rise to a favored major groove interaction (Figure 7D),
with an initial electrostatic interaction (prior to intercala-
tion) involving carboxylate oxygen atoms binding with two
A bases in the AUA triplet.

The observed difference between AT and TA steps in re-
spect of intercalation might be expected to have a structural
basis. Figure 7E shows a qualitative comparison of typical
AT/AT and TA/TA steps (taken from PDB ID: 167D); a
qualitative comparison of the two shows that the position
of the backbone structure remains similar; however the rel-
ative orientations of the base pairs is very different. In the
AT step the bases are clearly overlapped and the dihedral
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angle between the two NH----N hydrogen bonds is 160°; in
the TA step the base pairs are significantly rotated, with the
NH----N dihedral angle of 118° and reduced opportunity
for effective m—r stacking. A likely basis for discrimination
between AT and TA steps is that the more extensive overlap
of the bases in the AT step allows a more extensive stack-
ing interaction and therefore more resistance to intercala-
tion than at the poorly-overlapped TA step. Although this
simplistic view does not address the detailed nature of the
stacking interactions, the conclusion is borne out by other
experimental studies. Breslauer ez al. analyzed the melting
behavior of a series of DNA oligomers to extract thermody-
namic data for each of the 10 unique nearest neighbor steps
(77). Their thermodynamic data for helix-coil transition (i.e.
stacking plus H-bonding) gave relative stabilities (AG®) of
1.5 and 0.9 kcal/mol for AT and TA steps, respectively.
Subsequently Alexandrov et al. combined melting data and
Monte Carlo simulations to separate H-bonding and stack-
ing contributions (78). They extracted stacking force con-
stants of 0.023 and 0.019 eV/A? for AT and TA steps, re-
spectively. In both cases the values obtained could be used
additively to predict, for example, melting temperatures for
given oligomeric duplexes, amongst various other thermo-
dynamic parameters. Recently Kilchherr et al used single
molecule atomic force microscopy (AFM) studies to mea-
sure stacking forces between all possible sets of base pairs;
again the AT step was more stable than TA (free energies of
stacking —2.35 and —1.02 kcal/mol with dissociation rates
3.22 x 103 and 3.11 x 10* s7!, respectively) (79). In each of
these studies the results were strongly dependent on the ex-
perimental conditions, particularly the salt concentration.
Cardin and co-workers have observed similar sequence bias
where A—[Ru(phen),dppz]>* intercalated (via dppz) at the
TA step in d(CCGGTACCGG);, but not at the AT step of
d(CCGGATCCGG);,; in this case the authors ascribed the
TA specificity to the packing of the phen co-ligands against
the adenosine residue in the minor groove (80).

CONCLUSION

There are several clinically established metallodrugs ca-
pable of targeting DNA, principally platinum drugs and
metallo-activated bleomycin. Here, cytotoxicity arises from
either platinum(II) intrastrand DNA cross-linking (81), or
by single and double strand breaks following oxidative
DNA lesions arising from coordination of bleomycin to
first row transition metals such as iron.(82) The current
study sought to identify the broad anticancer application
of bioactive di-copper’* complexes incorporating interca-
lating 1,10-phenanthroline (phen) ligands and to identify
specific molecular targeting effects in human cancer cells.
In this context, both agents (Cu-Terph and Cu-Oda) dis-
played selective antiproliferative effects toward solid ep-
ithelial cancers within the NCI panel that did not overlap
with the cytotoxic mechanism of either platinum drugs or
bleomycin when analysed by the COMPARE algorithm.
Although incorporation of multiple copper centres into in-
organic structures can in principle enhance cytotoxicity and
free radical generation (83,84), direct comparisons are pos-
sible in this instance with a mononuclear chemotype [Cu(o-
phthalate)(phen)] which mediates cell death through super-
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Figure 7. Molecular docking simulations. (A) Cu-Oda binds with DDD (PDB ID: 4C64) in major groove interactions (Supplementary Movie S1). This
pre-associative binding is due to electrostatic interactions N7 on A and O6 on T (yellow-dashed line, also see Supplementary Movie S2). (B) AAT triplet
with rotation around glycosidic linkage (x ) of thymine (Supplementary Movie S3). (C) Minor groove binding to PDB ID: SEZF (d(CGCTATAATGCG))
(Supplementary Movie S4) and (D) modified T— U (d(CGCUAUAAUGCG)) resulting in alternative interactions in the major groove at AUA triplet. (E)
Top down view of stacking interactions in TA and AT steps from PDB ID: 167D (d(CCATTAATGG)) in which only the P and sugar O atoms have been
fitted. Hydrogen bonds are shown as dashed yellow lines; the angle between the vectors representing the two N3(T)—N1(A) hydrogen bonds is 118° for

the TA step and 160° for the AT step.

oxide generation only (19). In the current work both Cu-
Terph and Cu-Oda complexes yield ca. 10- to 100-fold in
vitro cytotoxic increases against the same NCI-60 panel
when compared with this mononuclear complex. In com-
parative terms, it is evident that Cu-Terph—containing a
shorter and more rigid bridging dicarboxylate linker than
Cu-Oda—was more effective in the majority of cell lines
screened. There is some precedence for this effect as it
was previously shown that ligating rigidity within pyridyl-
alkylamine multinuclear Cu®* systems altered deoxyribose
oxidation, and thus DNA strand breakages (84). Morpho-
logical changes along with Annexin V and caspase activa-
tion associated with apoptosis were then identified using an
NCI-60 ovarian cancer cell line (SKOV3) that is innately cis-
platin resistant. The resulting spectrum of activity points to
a unique cell death mechanism distinct also from the pro-
apoptotic DNA damaging and topoisomerase poison Dox,
which was examined in parallel as a clinical control agent.
Although there is overlap between both copper complexes
and Dox by way of their NCI-60 activity profile (COM-
PARE r-values of 0.403 (Cu-Oda) and 0.496 (Cu-Terph)),

differences with Dox arise between early- and late-stage
caspase activation pointing to kinetically distinct apoptotic
profiles.

To probe cellular processes identified by the COMPARE
algorithm findings, the next phase of our analysis revealed
that both complexes can target and extensively fragment
genomic DNA in SKOV3 cells through DSB formation
quantified by immunodetection of yH2AX. A selection
of radical-specific antioxidant traps and fluorescent exo-
markers were used to identify intracellular formation of
superoxide (O,*") and singlet oxygen ('O,). These results
are distinctly different from alternative Cu?" systems such
as the Casiopeina family where the most cytoactive mem-
bers (Casllgly, CaslIIEa and Casllia) exhibit apoptotic cell
death that is reliant on the mitochondrial pathway from
ROS-mediated dysfunction (85). The pro-oxidant behavior
of the Casiopeina complexes seems dependent on Fenton-
like and Haber-—Weiss type processes (86) with one key
mechanistic feature: there is a requirement for redox cy-
cling between H,O, and GSH (87) which produces dele-
terious ROS species capable of generating 8-oxo-dG (88).



However, for the di-nuclear agents reported here, it is likely
that both O,*~ and 'O, radical species cause irreparable ox-
idative damage initially to the mitochondria through mem-
brane depolarization, followed thereafter by genome oxida-
tion in the form of DSBs. Interestingly, alongside the pro-
gression of new ROS-active drugs toward the clinic, mi-
tochondrial targeted therapies have generated considerable
recent interest in chemotherapeutic drug design (89,90).
Since increased nuclearity is a defining feature of this class,
alteration of the di-carboxylate bridging ligand might be
expected to modify biological activity. In current exam-
ples, the more cytotoxic Cu-Terph complex contains a rigid
terephthalate linker having fixed intermetal Cu-Cu distance
of 11.014 A with fixed relative orientation of the phenan-
throline ligands. The more flexible Cu-Oda, with a Cu-Cu
distance of 9.741 A in the solid state, has free rotation
around the octanedioate and flexible orientation of inter-
calating moieties. Accordingly, a theoretical basis for sta-
bility and free radical chemistry of the Cu-Terph cation
was established through DFT methods which are capable
of providing high-accuracy quantum chemical studies on
transition—metal complexes in biological systems. These re-
sults revealed that complex stability increases going from di-
Cu?* to a singly reduced Cu®*/Cu” state (~4 eV), and then
to the biologically relevant doubly reduced di-Cu* adduct
(~5-7 ¢eV). In strong agreement with our experimental ob-
servations, the role of H,O; as a precursor in the oxidative
mechanism is abrogated while the doubly reduced triplet
state (Cu*/Cu*) Cu-Terph-dioxygen complex yielded a sta-
ble superoxide adduct. Switching this complex to the singlet
surface resulted in release of singlet oxygen.

Given the observed intracellular DNA damaging effects
by this complex class, the final part of our analysis fo-
cused on uncovering the DNA binding mode and recogni-
tion properties of Cu-Oda. Using circular dichroism analy-
sis with long duplex polymers revealed Cu-Oda as a high-
affinity intercalator of the synthetic co-polymer d(A-T),.
Probing this interaction further in terms of sequence selec-
tively, a selection of palindromic dodecamers of varying AT
content were examined. Remarkably, Cu-Oda was found
to intercalate at the TA/TA step, while generating Z-like
DNA at the AT/AT step. To our knowledge this is the first
example of copper complex-mediated Z-like DNA forma-
tion in the Dickerson Drew dodecamer and of a probe that
renders opposing elliptical CD base stacking effects upon
TA and AT base discrimination. To provide a theoretical
basis for this interaction, and to give reasons why substi-
tuting thymine with uracil in TATA sequence contexts en-
hances DNA intercalation, pre-associative docking studies
were performed. Here, steric hindrance between the methyl
group at the C5 position of thymine and one of the Phen
ligands was calculated. Flipping this base to the syn orien-
tation about the glycosidic bond alleviates this hindrance
and provides a possible theoretical explanation for Z-like
DNA formation within AT/AT containing oligomers. It is
known that transitions from B to Z-DNA can be induced
from high salt concentrations or the presence of multiva-
lent and cationic metal complexes, typically in GC rich
DNA sequences and/or those with modified methyl cy-
tosines. Such metals include Mg, Co, Cu, Ni and Pt, where
the majority of complex-mediated conversions still require
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substantial salt addition. Furthermore, polycationic Pt>*
agents facilitate Z-DNA by charge and electrostatic interac-
tions with DNA from terminal amines (91). Few examples
have previously demonstrated such conversion in AT rich
sequences, however porphyrins and Ru?* complexes have
shown Z-DNA formation with complete inversion of the
elliptical profile when analyzed by circular dichroism. The
complex [Ru(dip),(dppz)]** (where dip = 4, 7-diphenyl-1,
10-phenanthroline and dppz = dipyridophenazine) can in-
duce B to Z-DNA transitions in poly-d(AT) tracts, pro-
moter regions and TATA box sequences, plasmid and ge-
nomic DNA at low salt concentrations, specifically noted by
a negative Cotton effect at 283 nm in CD analysis (92). In
that study, conformational distortions in the helical struc-
ture was assigned by 2D NOESY where A and G bases
adopt a syn rather than anti orientation. Furthermore, chi-
ral stereospecificity of [Ru(dip);]** can selectively distin-
guish between B and Z-DNA, where right (A) or left (A)
handed enantiomers bind to DNA with the same stereo-
chemistry, in term of handedness (93). In the context of the
current study, the application of this valuable tool was pre-
cluded due to paramagnetism of the Cu’* centre and so X-
ray crystallographic analysis of complex-bound oligomers
could provide a useful avenue for future research.
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