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Chapter 1

Redox-active Metal Complexes in Human Cell
Cultures

An introduction to redox-active metal complexes tested in human cell
cultures, with a particular emphasis on polypyridyl complexes, is presented
as background information for the research described in this thesis.

A. Geersing



Chapter 1

1.1 Platinum-based Anticancer Drugs

The landmark discovery of the antitumor activity of cis-diammine-dichloroplatinum(ll)
(cisplatin (1), cis-[Pt(NH3)2Cl2]) inaugurated a new era of anticancer research based
on metallopharmaceuticals." Since its introduction into clinical trials in 1971, cisplatin
has had a major impact in cancer medicine, which quickly led to the synthesis and
evaluation of thousands of cisplatin analogues. This soon led to the second- and
third-generation Pt(Il) drugs carboplatin (2) and oxaliplatin (3), which were first used
on patients in 1982 and 1986 respectively.? Nowadays, approximately half of all
patients who receive chemotherapy are treated with a platinum drug.® Cisplatin (1) is
a square-planar Pt(Il) complex that is activated intracellularly by aquation of one of
the two chlorides, after which the platinum can bind to DNA covalently.' Various signal
transduction pathways are then involved in recognition and repair of DNA damage,
cell-cycle arrest and the eventual activation of apoptosis.* Even though platinum-
based drugs are active against various types of cancers such as: ovarian, testicular,
bladder, colorectal, lung, solid neoplasms, esophageal and head and neck,>7 a
number of limitations are known. First, the effectiveness of the platinum drugs varies
significantly over various types of tumors and some tumors are inherently resistant
against them.® Secondly, resistance of certain cancer cells can also be developed
over time by somatic evolution.® In addition, significant side-effects have been
reported, that limit the dosage and therefore the effectiveness of the treatment. In
order to overcome these limitations, ruthenium analogues have been reported as
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possible alternatives for platinum-based drugs.

Figure 1. Structures of Pt(Il) and Ru(ll) complexes with anticancer activity

1.2 Ruthenium-based Anticancer Drugs

The first ruthenium-based complexes that were tested for their anticancer properties

were close relatives of cisplatin. Ru(ll) and Ru(lll) complexes with the general
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Redox-active Metal Complexes in Human Cell Cultures

formula [Ru(NH3)s-xClx]** indeed proved to bind DNA in a way that was analogous to
cisplatin.’®™'* Experiments to examine the cytotoxicity of these complexes, however,
generally gave discouraging results. A large number of ruthenium complexes have
been reported in literature over the past decades that can be roughly classified into
the following categories: dimethylsulfoxide complexes,'®'® ‘Keppler-type’
complexes,'”'®  polipyridyl and polyaminocarboxylate ~ complexes, %23
organoruthenium complexes,?2¢ dinuclear complexes?~?° and light-activated Ru(ll)
complexes.?>®" Even though an elaborate discussion of this field falls beyond the
scope of this chapter, two complexes are worth mentioning: NAMI-A and KP1019
(Figure 1, 4 and 5)."832 KP1019 targets primary tumors whereas NAMI-A shows
antimetastatic activity without affecting the primary tumor.3*%* Their mechanism of
action is believed to involve ‘activation by reduction’, transferrin-mediated transport
into the cells**-*" and induction of cell cycle arrest in the G(2)-M phase.® In the case
of KP1019, Reactive Oxygen Species (ROS) also seem to participate in its
anticancer activity.>® Contrary to cisplatin, direct DNA damage does not seem to be
the major mode of action for both complexes.***? Even though impressive pre-
clinical results were observed, a phase I/ll clinical trial for NAMI-A unfortunately did
not meet the criteria for future expansion of the clinical trials.*® Initial phase | clinical
studies with KP1019 have shown limited adverse effects and therefore requires

larger studies before taken into consideration for clinical application.*+45

Due to the major complications of the current platinum and ruthenium complexes
with regard to their general effectiveness, tumor resistance and side-effects,
chemically and mechanistically different types of complexes are currently being
explored as alternatives in the treatment of cancer. This chapter will only further
explore redox active complexes of which the working involves the participation of
ROS and the disturbance of redox homeostasis, with a particular emphasis on

polypyridyl complexes of first row transition metals.

1.3 Reactive Oxygen Species

The term Reactive Oxygen Species (ROS) is a collective noun for a diverse range of
species, each with specific chemical properties, distinct reactivity and stability.*
Formation of all ROS generally starts with one-electron reduction of Oz to form
superoxide (O27). The dismutation product of superoxide, H202 can either form
spontaneously or via Superoxide Dismutases (SODs).*” These initial two species
generated by oxygen reduction are often known as primary ROS (pROS). Further
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Chapter 1

reactions can lead to other, more highly Reactive Oxygen Species (hROS).
Examples include: peroxynitrite (ONOO-), hypochlorous acid (HOCI), hydroxyl
radical ("OH), nitric oxide (NO) and nitric dioxide (NO2") (Figure 2).*8 In biological
systems, ROS can be formed via various different mechanisms. A major source of
ROS is mitochondrial respiration.*>* Approximately 2 % of the oxygen reduced by
the mitochondria forms Oz~ via electron leakage.’' Other mechanisms involve
ionizing and UV radiation,%> metabolism of (quinone type) drugs and xenobiotics,*
oxidation reactions by heme proteins54%® and redox cycling of transition metal ions.%®

Fezr 2 =

*NO

Figure 2. Schematic overview of the formation of ROS in cells, starting from molecular oxygen.
SOD=superoxide dismutase, MPO=myeloperoxidase

ROS are important components in many physiological processes in the living cell.
Initially, ROS were only recognized for their role in host defense during respiratory
burst of neutrophils.?-% Later however, the role of ROS as key signaling molecules
became apparent.’® In addition, ROS play a role in induction and inhibition of
apoptosis® and necrosis®' and are involved in cell proliferation.®? They are also

known to induce or suppress the expression of various genes.5?

Unfortunately, ROS also fulfill a role in pathology. Elevated concentrations of ROS
can cause oxidative stress which can severely impact the cellular function by
damaging important cellular components.5 Oxidative stress seems correlated to
many diseases in which ageing is a known risk factor, such as Alzheimer’s,
Parkinson’s and Huntington’s diseases®>% as well as cancer.?”® It may cause (epi-)
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genetic changes which can result in the conversion of healthy cells in to malignant
tumor cells.®® Cells have many lines of defense against oxidative damage.” An
imbalance of production and destruction of ROS, causing oxidative stress, can be
relieved by repair enzymes and targeted degradation.”" In extreme cases, various

signaling pathways can trigger cell death.™

1.4 Redox-active Copper Polypyridyl Complexes

The current trend in the synthesis of new Cu(ll)-based polypyridyl complexes for the
potential use as anti-tumor drugs is strongly directed towards their ability to bind and
cleave DNA.”*77 Copper complexes are sometimes regarded as interesting
alternatives to platinum drugs, since Cu(ll) ions are (contrary to platinum) naturally
occurring ions in cells”™ and play crucial roles in biomolecules such as superoxide
dismutase and tyrosinase.’®8' Cu(ll)-based polypyridyl complexes can be
subdivided by their DNA cleavage mechanism, which can be either hydrolytic or
oxidative.82-84 Only complexes with an oxidative mechanism will be discussed here.

Several design approaches have been explored. Pioneering work by Sigman et al.
provided the basis for most recent advances in this field.®% Their 2:1 1,10-
phenantroline-cuprous complex [(OP).Cu*] was able to cleave DNA with H20: as co-
reactant. The mechanism involves non-covalent reversible binding of [(OP)2Cu’] to
DNA and subsequent oxidation of the DNA-bound cuprous ion by H202. This results
in a hydroxyl radical coordinated to Cu(ll) which can attack the C-1 hydrogen of
deoxyribose in the minor groove. Kumbhar et al. reported the synthesis of Cu(ll)
doxycycline complexes (Figure 3a).%¢ Doxycycline is a semi-synthetic tetracycline
drug that has been investigated extensively for its anti-tumor properties.®-% Cu(ll) is
believed to be a necessary cofactor for its antibiotic activity.®*°" Cytotoxicity studies
however, did not reveal significant differences between the complexes and
doxycycline alone. In addition, only moderate DNA cleavage activities were observed
with concentrations of 220 uM in the presence of reducing agent. Tian et al. studied
the behavior of DNA binding by chiral enantiomerically pure Cu(ll)-complexes
compared to achiral variants and found that stronger cytotoxicity and DNA cleavage
activities were obtained with an enantiomerically pure complex (Figure 3b).” This
was ascribed to better intercalation into the DNA due to the geometry of the specific
enantiomer, as was reported previously by others.92° Even though relatively high
cytotoxicity values were found for most complexes (5-10 uM), DNA cleavage activity
is low and needs to be initiated with 250 uM H20:. This suggests that DNA cleavage
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Chapter 1

is not the major mode of activity, although the authors do not further comment on this.

A Cu(ll) complex containing a triphenylphosphine (TPP) targeting group has also
been reported (Figure 3c).** TPP is a well-known mitochondrion-targeting moiety,
used for various applications.®*'® The authors previously published a Cu(ll)-
terpyridine complex that was able to cleave DNA in presence of a reducing agent via
an oxidative mechanism. A study of the TPP derivative, [Cu(ttpy-tpp)Br2]Br (CTB),
shows a similar mechanism as for the Cu(ll)-terpyridine complex with additional
accumulation in the mitochondria and dissipation of the mitochondrial membrane
potential. The authors believe that the working of CTB can be ascribed to its
intercalative and electrostatic interactions with DNA and the involvement of ROS.

However, no direct evidence is given to support this hypothesis.

Costas et al. enhanced the DNA cleavage activity of the PyTACN and BPBP Cu(ll)-
complexes by conjugation to cationic tetrapeptides via an oxidative mechanism in
which mainly O2" is involved (Figure 3d)."" Interestingly, the conjugates did not show
any cytotoxicity to cancer cells (ICso >100 pM). Even though the authors ascribe this
to the conjugates not being able to reach the cell nucleus, one might wonder if these
complexes enter the cell at all. The naturally occuring ATCUN (amino terminal Cu(ll)
and Ni(ll)-binding) peptide motif was also reported as DNA cleaving agent in various
copper complexes.'® However, since the complex does not contain a polypyridyl
ligand, it will not be further discussed here. Photo-induced DNA cleavage has been
reported for Cu(ll) complexes containing either a 2,2-bipyridine (bpy) or 1,10-
phenanthroline (phen) ligand with a hydrazide derivative as ancillary ligand (Figure
3e).1931%4 DNA cleavage rates were enhanced up to 172-fold compared to non-
irradiated samples. Even though some complexes showed moderate to good
cytotoxicity values in cancer cells, ICso values with irradiated samples were not
reported. A few other complexes have been reported recently, but those will not be
treated in more detail.'%>-1%8
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Figure 3. Representative examples of Cu(ll)-complexes from articles discussed in the text.

(a)
[Cu(Hdoxycycline)(dpz)(H20)2](NO3). (b) [CulLg(acac)]lPFs (c) [Cu(ttpy-tpp)Brz]Br (d)
[Cu(OTf)(M2PyTACN)-LKKL-NH] (e) [Cu(hyd)(phen)](CIO,).

In addition to mononuclear Cu(ll) complexes, di- and trinuclear Cu(ll)-complexes
have also been reported, which show some interesting properties. Glaser et al.
revealed a rational design to target two neighboring phosphates of a DNA backbone
via molecular recognition (Figure 4a).'% The corresponding dinuclear Cu(ll) complex
shows irreversible binding to DNA and apparent blocking of DNA synthesis in a PCR
reaction, while additionally being cytotoxic to HelLa cervical cancer cells to a similar
extent as cisplatin. The group of Vilar compared the DNA cleaving potency of their
terpyridine based mono-, di- and tri-nuclear Cu(ll) complexes, (Figure 4b) and found
the tri-copper complex to be most efficient, even without the use of external
reductants.”® Even though the tri-copper complex is not selective against cancer
cells, it does show good cytotoxicities and good cellular uptake. Interestingly, it is the
only study in recent literature in which the observed DNA damage in cell-free
conditions is actually linked to DNA damage in cancer cells by immunoblotting
analysis. Clear increases in expression levels of proteins related to the DNA-damage
response pathways (yH2AX and cyclin D1) were observed.
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Figure 4. Representative examples of di- and tri-nuclear Cu(ll)-complexes. (a) Cuz(OAc), di-
nuclear Cu(ll) complex (b) Tri-nuclear Cu(ll) complex based on terpyridine.

1.5 Redox-active Manganese Complexes

Manganese (Mn) is an essential trace metal in cells. Various enzymes including
transferases, oxidoreductases and hydrolases use Mn as cofactor, although the
mitochondrially located Mn-SOD is arguably the most well-known example.*°
Interestingly, most Mn-containing drug candidates are used as SOD mimic, based
on their high antioxidative potential. Among the most promising and best investigated
SOD mimics are the Mn(lll)-porphyrin complexes, of which MNnTDE-2-ImP®*, MnTE-
2-PyP5* and MnTnHex-2-PyP%* are the most promising (Figure 5a) and are in or
approaching clinical trials.""""? In addition to their SOD activity, there mechanism of
action also includes reduction of other negatively charged ROS such as ONOO™ and
COs" and pro-oxidation by generation of H202 which plays a role in signaling proteins

containing cysteines. 0113

M40403

R = Et, MnTDE-2-ImP5* R = Et, MnTE-2-PyP5*
R = n-Hex, MnTnHex-2-PyP5*
c) d) (0] 5
O~
=N, N= _ o 6
Mn o 0 . o]
SN _P. Pamy
O c o N N Lo N
o O :
Qi Mg 7 N
/ 0" | JO N
EUK-8 [ _ 0 —]
N Y
(¢]
Mangafodipir

Figure 5. Structures of manganese complexes. (a) Mn(lll)-porphyrin complexes MnTDE-2-
ImP%*, MnTE-2-PyP%, MnTnHex-2-PyP%" (b) macrocyclic polyamine Mn(ll)-complex M40403 (c)
Mn(lll)-salen complex EUK-8 (d) Paramagnetic Mn(Il)-complex mangafodipir.
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A very similar mechanism of action has been reported for the macrocyclic polyamine
SOD mimetic M40403 (Figure 5b)."* It was approved by the FDA in 2008 as orphan
drug to prevent side-effects of radiation- and chemotherapy. Various Mn(lll) salen
(N,N-ethylenebis(salicylimine)) square pyramidal complexes, such as EUK-8 (Figure
5c), have been reported to have both SOD- and catalase-like activity."'*""7 However,
the activity of these complexes has been reported to be generally only ~0.1 % and
0.01 % of SOD and catalase, respectively,''®'20 which has been ascribed to its fairly
negative reduction potential (Mn(ll1)/Mn(ll) ~ -130 mV),""" low positive charge on the

121

complex'?' and the loss of Mn in the presence of other chelators.'2'-123

Mangafodipir (Figure 5d), a chelate of Mn(Il) and the vitamin Be derivative fodipir, is
a known paramagnetic contrasting agent for magnetic resonance imaging of the
liver.'?4125 More recently, it has also been shown to enhance the cytotoxicity of
anticancer agents paclitaxel, oxaliplatin and 5-fluorouracil, which simultaneously
resulted in decreased oxidative tissue damage and hematotoxicity.'?® Besides being
a good SOD mimetic, mangfodipir also has catalase- and glutathione reductase-like
properties, which suggests that it can interfere with the cancer cells redox
homeostasis in multiple ways. 014

1.6 Non-redox-active Zinc Complexes

Even though zinc is a non-redox active metal, it is worth mentioning that Zn(ll)
complexes are capable of causing nuclear DNA damage via a hydrolytic
mechanism'?® and are known to be cytotoxic to cells, often inducing apoptosis. The
group of Yan reported a group of dinuclear Zn(ll) polypyridyl complexes that
demonstrated partial DNA intercalation and ICso values approaching those of cis-
platin in the studied cell lines (Figure 6a).'?” However, very high concentrations were
used for cleavage of plasmid DNA (65 uM) and only little evidence was found for a
cytostatic effect and apoptosis. Interestingly, a recent report from the same group
revealed that mononuclear Zn(ll) complexes based on the same type of ligands
actually resulted in much better ICso values, even though little evidence for their
mechanism of action was reported (Figure 6b)."? A very potent group of Zn(ll)-bis-
benzimidazole derivatives have been reported by Chen et al. with ICso values down
to 2.9 uM for their best complex in MCF7 breast cancer cells and generally higher
cytotoxicity values than observed for cis-platin (Figure 6c¢). A deeper study into its
mechanism of action revealed DNA intercalation of the complex with inflicted nuclear
DNA damage as observed by phosphorylation of the histone H2AX and tumor
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suppressor gene p53.'%°
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Figure 6. Structure of Zn(ll) polypyridyl complexes. (a) dinuclear Zn(ll) complex
[Zn,LCl4)-(CH3CN), (b) mononuclear Zn(ll) complex [ZnLCly],-CH3OH (¢) mononuclear Zn(ll)
complex [Zn(bpbp)Cly].

1.7 Redox-active Iron Polypyridyl Complexes

1.7.1 Bleomycin
One of the most well-known natural iron complexes in nature are arguably the
bleomycins (BLMs). They are a family of natural antibiotics produced by
Streptomyces verticillus, first reported in 1966 by Umezawa and colleagues. 313!
BLMs are clinically used in combination with other chemotherapeutics against
squamous cell carcinomas,'®? non-Hodgkin lymphomas,'® testicular cancer'* and
ovarian cancer.'3® Out of the 200 closely related forms of BLM, the commercial drug
Blenoxane mainly consists of the Az (~ 60 %) and B2 (~30 %) variants (Figure 7).
Even though BLMs exhibit low myelo-'*" and immunosuppression,®® their
therapeutic efficacy is limited by dose-dependent pneumonitis that occurs in almost

50 % of all treated patients.'®
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Figure 7. Structure of BLM with its five subdomains. Drawing adapted from [136]
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The structure and function of the bleomycins have been extensively studied over a
long period of time and have been almost fully elucidated.%-'# Its structure can be
subdivided into five domains: the metal binding region, the linker region, the
bithiazole tail, a disaccharide unit and a positively charged tail (Figure 7). The metal
binding domain contains nitrogen atoms that can interact with transition metals to
form an octahedral complex. The oxidation chemistry of BLM has been studied
extensively.'*®'8 |n short, BLM can bind Fe(ll), which upon addition of Oz can give
a diamagnetic iron-dioxygen adduct. A one-electron reductant can subsequently
generate ‘activated’ BLM, which is known to catalyze the formation of single-stranded
(ss) and double-stranded (ds) DNA lesions, causing a similar type of DNA damage
as generated by ionizing radiation.’®'%° Various spectroscopic techniques have
characterized activated BLM as a low-spin Fe(lll) hydroperoxide species (BLM-
Fe(ll1)-OOH). The N3- and N4-amino groups of the pyrimidine moiety are involved in
specific DNA binding to a guanine nucleobase.'®"'5? In addition, the bithiazole tail is
also responsible for DNA binding via intercalation or interaction with the minor groove
by virtue of its positive charge.'®?'5* The flexibility of the linker region together with
the bithiazole tail is believed to be vital for ds cleavage of DNA.'2 The role of the
sugar moieties has long been unknown but has been recently elucidated by the group
of Hecht."*" They discovered that the disaccharides are responsible for tumor cell
targeting and cellular uptake and suspect the metabolic shift to glycolysis in cancer
cells to provide a vehicle for selective internalization.

Bleomycins are generally administered to patients in their metal-free form. Kanao et
al. have shown that BLMs can rapidly pick up Cu(ll), either from blood plasma or
directly after transport into the cell (Figure 8).'% Studies with gamma-emitting metal
radionuclide [¥’Co]-BLM have identified a receptor protein on the plasma membrane
that can bind BLMs which can subsequently enter the cells by receptor-mediated
endocytosis.®®'%” Binding of Cu(ll) to BLM is very strong and no metal exchange is
deemed possible at this stage.'®® After membrane transport, BLM-Cu(ll) can be
reduced to form BLM-Cu(l), which opens up two possibilities for the complex: (i) BLM-
Cu(l) can react with Oz to form Oz and regenerate BLM-Cu(ll). Subsequent
dismutation of Oz~ can then form H202 which again can react with another molecule
of Oz~ to result in formation of Oz, OH" and "OH."® Ehrenfeld et al. demonstrated that
this sequence of reactions can result in radical-mediated DNA cleavage.'® (ii)
Contrary to BLM-Cu(ll), metal exchange is possible from the BLM-Cu(l) complex.

The loss of Cu(l) and binding of Fe(ll) will therefore give access to ‘activated BLM’
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(BLM-Fe(ll1)-OOH). In summary, formation of both BLM-Cu(l) and BLM-Fe(ll)
complexes can result in significant cellular damage with a large role for ROS.

Blood plasma

Bleomycin-Cu(ll) Cell .,
cu(iny GUERS .
“ Bleomycin Reductant /,’ Nucleus™ ™ ™,
-7 ’ AT
§ Bleomycin- i AT \1

Bleomyc'ln}/ o\e BLM-Cu(1) Rosﬁ ;
H 2 \ E
an)//‘ Y(”) . Act. BL!J!/

i‘-._»BIeomycin—Zn(Il)
Bleomycin-Fe(Il)

e

Figure 8. Proposed mechanism of action of BLM in cells.

1.7.2 Fe(ll) Polypyridyl Complexes in Cell Studies
Various models for the metal binding site of BLM have been reported in order to
enhance the understanding of its iron-oxidation mechanism.'8'-72 Later, several of
these iron complexes were used as biomimetic non-heme containing oxidation
catalysts in organic synthesis.'”®'* Even though many of these complexes were
successful in oxidatively degrading plasmid DNA,62168171.172175-177 gy few iron

polypyridyl complexes have been reported for their use in cultured cells.

Che and co-workers reported two high spin 7-coordinate Fe(ll) complexes that,
based on their iron-binding characteristics, are not considered Fe(Il)-BLM mimics
(Figure 9a, 6a-b), as well was three derivatives of Fe(ll) low-spin 5Py-OMe
complexes (Figure 9b, 7a-c) with evidence of formation of a Fe(lll)-OOH complex
(upon addition of excess H202)'"® which resembles the low-spin Fe(lll) center of
activated BLM.'"®'80 Cleavage of pCR 2.1-TOPO plasmid DNA was induced by all
complexes in absence of reducing agent, albeit much less efficient than for Fe(BLM).
An MTT assay showed that increased substitution of both complexes resulted in
reduced cytotoxicity. Interestingly, a more elaborate study of the mechanism of action
of both type of compounds showed some interesting differences.'®® Whereas [Fe(H-
gpy)(CHsCN)2](ClOa4)2 (6a) showed a significant increase of ROS levels in HelLa cells,
no alteration in ROS levels was observed for [Fe(5Py-OH) (CH3CN)](CF3SQO3) (7a).

12
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In addition, complex 6a gave rise to cell cycle arrest in the S-phase, whereas 7a
resulted in Go/G1 cell cycle arrest. Furthermore, a Comet assay'' and yH2AX
assay'® showed that 7a induced far less nuclear DNA damage than 6a. In addition,
the mechanisms of action of both complexes involves the MAPK pathway even
though 7a seems to involve p53 as well, while this is not the case for 6a.

Me-pip

Figure 9. (a) High spin 7-coordinate Fe(ll) complexes 6a and 6b reported by Che and co-
workers %18 (b) Fe(Il) low-spin Py-OMe complexes 7a-c (c) Fe(ll) polypyridyl complexes based
on planar ligands.

Chen et al. studied a series of Fe(ll) polypyridyl complexes (Figure 9c¢) and showed
that an increase in planarity of the complexes enhanced their lipophilicity and cellular
uptake.'® Interestingly, the most hydrophilic complex containing bipyridine ligands
(bipy) could enter the cell nucleus and induce a small amount of S-phase cell cycle
arrest by triggering a DNA-damage mediated p53 pathway. This is in agreement with
general empirical rules regarding nucleus targeting.'® 8% The more hydrophobic
complexes on the other hand, displayed a higher cellular uptake and cytotoxicity, but
were unable to translocate to the nucleus and accumulated in the cytoplasm instead,
leading to Go/G1 cell cycle arrest through the AKT pathway.

1.7.3 N4Py
A collaboration between the groups of Feringa and Que in 1995, resulted in the
synthesis and characterization of the pentadentate ligand N4Py, a synthetic mimic of
the metal binding domain of BLM.'® N4Py consists of four pyridyl groups that are
connected to a central nitrogen atom (Figure 10a). N4Py can react with either
Fe(ClO4)s or Fe(ClO4)2 in mixtures of methanol/acetonitrile to give a red complex
identified as the low-spin Fe(ll) complex [(N4Py)Fe(II)(CH3CN)](CIO4)2 (8) (Figure
10b)."88-188 Treatment of this complex with H202 in methanol or acetone results in
formation of a low-spin Fe(lll)-OOH species (Figure 10c) with similar spectroscopic
characteristics as ‘activated BLM’,145187.18-191 Complex 8 in presence of H.0, was
shown to be capable of oxidizing numerous organic reactants under both aerobic as

13
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well as anaerobic conditions.'®? Due to its resemblance to BLM, the DNA cleavage
activity of complex 8 was determined. Efficient cleavage of plasmid DNA was
observed for 8 and some of its derivatives, even without the presence of added
reductants, albeit with slightly lower efficiency than BLM.'® Similar to all other
synthetic mimics of BLM (vide supra), only single-strand DNA cleavage was
observed.'* A finding that is in contrast to BLM, for which both single- and double-
strand DNA cleavage has been reported.'®'% Di-topic and tri-topic N4Py-based
ligands have later been synthesized and their corresponding Fe(ll) complexes
showed significantly enhanced double-strand cleavage activity for oxidative cleavage

of pUC18 plasmid DNA compared to the mono-topic N4Py complexes. 9519

a) X X b) / C) H
» » I o0
N N
N / N / N
N N /g';‘\f':e”\'N \ /,\NiFe'"\'N \
S S I |\NV% 0L RN
| _ ‘ P PN N AN N

N4Py [(N4Py)Fe(I1)(CH3CN)](CIO4),

Figure 10. (a) Ligand N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine (N4Py) (b)
[(N4Py)Fe(I1)(CH3CN)](CIO4). (8) (c) low-spin Fe(lll)-OOH species generated from 8.

Recently, our group presented the first example of efficient DNA cleavage activity of
a synthetic BLM mimic in cultured cells.'®” Interestingly, the tested N4Py-based
reagents induced cell death via different mechanistic pathways than BLM. A
comparison of the metabolic activity of Fe(Il)-N4Py (8) and Fe(ll)-BLM in an MTS
assay showed ICsp values for Fe(Il)-BLM in different cell lines ranging from 10-30 uM,
while Fe(l1)-N4Py gave values in the range of 3-10 uM (Figure 11a). This indicates
that, under these conditions, Fe(ll)-N4Py has a larger impact on the metabolic activity
than Fe(Il)-BLM. Interestingly, Fe(ll)-N4Py showed a sudden drop in metabolic
activity over a small concentration range. The reason for this observation still remains

unclear.
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Figure 11. (a) MTS assay of SKOV-3 cells treated for 48h with Fe(Il)-BLM (blue) and Fe(ll)-
N4Py (red). (b) Cell death observed with PI-FACS assay upon 48h treatment with 30 yM BLM
or Fe(ll)-N4Py (indicated as Fe(ll)-1) in presence or absence of caspase-dependent apoptosis
inhibitor zZVAD-FMK (20 uM). (c) dsDNA damage in non/early apoptotic cells based on a yH2AX
assay with SKOV-3 cells treated for 48h with 30 uM BLM or Fe(l1)-N4Py (indicated as Fe(ll)-1)
in presence or absence of caspase-dependent apoptosis inhibitor zZVAD-FMK (20 uM). * P <
0.05, ** P < 0.01, *** P < 0.001, according to one-way ANOVA. Images reproduced with
permission from [195] Copyright American Chemical Society.

MTS assays cannot distinguish between changes in metabolic activity due to
cytostatic or cytotoxic effects. A PI-FACS assay was therefore performed, which
stains only late apoptotic or necrotic cells PI positive. %1% Interestingly, no significant
cell death was observed for 30 yM BLM compared to solvent control, whereas
treatment with Fe(ll)-N4Py resulted in a large amount of cell death (77 + 4.2 %, p <
0.001) (Figure 11b). The contribution of caspase-dependent apoptosis was
addressed with a broad range caspase-inhibitor, carbobenzoxy-valyl-alanyl-aspartyl-
[O-methyl]-fluoromethyl-ketone (zZVAD-FMK).2%0201 Cells treated with 30 uM Fe(ll)-
N4Py and zVAD-FMK revealed a reduction in cell death of 48 £+ 9 % (p < 0.001),
indicating that roughly half of the induced cell death of 30 uM Fe(ll)-N4Py was the

result of apoptosis.

The induction of ds DNA breaks in nuclear DNA of non-/early apoptotic cells was
assessed by a yH2AX assay?°22% in SKOV-3 cells and the contribution of indirect
strand breaks by apoptosis was also addressed (Figure 11c). A significant number of
yH2AX positive cells were detected for cells treated with either 30 uM BLM for 48h
(79 + 9.0%) or Fe(ll)-N4Py (55 +2.5%) versus solvent control (0.9 +0.27%). No
significant difference in dsDNA damage was however observed between Fe(ll)-N4Py
and BLM. Treatment in the presence of caspase inhibitor zZVAD-FMK did not have

any effect on the percentage of yH2AX positive cells for BLM, while a significant
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reduction (51 £ 7.1 %, p <0.05) in yH2AX positive cells was observed for Fe(ll)-N4Py.
This is in line with the PI cytotoxicity results (Figure 11b) and shows that about half

of the observed dsDNA damage is the result of indirect damage via apoptosis.

In summary, BLM appears to be a cytostatic agent with efficient induction of dsDNA
cleavage which is the result of a direct effect, resulting in a G2/M-phase cell cycle
arrest. Contrary, Fe(ll)-N4Py appears to be a cytotoxic agent of which about half of
the dsDNA damage and cell death is sustained by indirect damage of cellular
components, ultimately leading to caspase-induced apoptosis (Figure 12).

100% 30 uM BLM 100% 30HM Fefll)-1
B No A NodsDNA |
dsDNA it | Total | breaks |/
breaks |+ ] healthy AT
faad cells breaks
Other
Total than
healthT Direct apoptosis
dsDNA
cells breaks effec:t: .| Total
S I .
death
Apoptosis
Total
cell B Other than | “a, :
0% death | I >N 0%

Figure 12. A summary of the differences observed between treatment of cells with 30 uyM BLM
(cytostatic) or 30 pM Fe(l1)-N4Py (indicated as Fe(ll)-1) (cytotoxic) based on the data described
in the text and shown in figure 11. Images reproduced with permission from [195] Copyright
American Chemical Society.

1.8 Aim and Outline of this Thesis

Despite the fact the initial cell studies performed with N4Py gave some valuable
information about its behavior in cells, there were still a lot of questions regarding its
mechanism of action. The aim of this research project was to determine the chemical
nature and localization of N4Py in living cells, as well as to further manipulate its
structure in order to enhance its favorable properties in a cellular environment, since
this could ultimately lead to a successful BLM mimic with good anticancer activity.

Chapter 2 describes the importance of considering intracellular metal exchange and
metal binding to the ligand N4Py in explaining its intracellular activities. In chapter 3,
N4Py is labeled with three different types of fluorophores in order to study its
intracellular localization. The results reveal that, depending on the fluorophore
conjugated to the structure of the ligand, the localization, mode of transport and
intracellular activity can change dramatically. Chapter 4 uses the folate receptor (FR)
16
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in order to selectively target folate-receptor expressing cancer cells with N4Py. The
synthesis of N4Py-folate conjugates is described and it is shown that these
conjugates are capable of selectively inducing oxidative stress in FR-positive cell
lines, while barely affecting FR-negative cells. Chapter 5 tries to make use of the
known photo-enhanced DNA cleavage ability of Fe(ll)-N4Py on ‘naked’ plasmid DNA
and to apply this same concept to cultured cells. Finally, in chapter 6 overall
conclusions from the work described in this thesis will be drawn and an outlook for

the future of N4Py in a cell biological context will be given.
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