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Abstract
Bleomycin (BLM) is a chemotherapeutic drug used to treat various tumor types.
By binding to a reduced transition metal, in combination with oxygen and a one‐
electron reductant, BLM can oxidatively cleave DNA (via the production of
reactive oxygen species, ROS), which is thought to be its main anti‐tumor activity.
As the metal‐binding domain is essential for BLM its anti‐cancer function, we
developed a synthetic mimic of this metal‐binding domain, called N,N‐bis(2‐
pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (N4Py). N4Py can catalyze the
conversion of primary ROS (O2‐ and H2O2) into highly reactive secondary ROS (e.g.
OH‐, Fe(III)OOH), and as such, possesses intracellular anti‐cancer activity. For BLM
it is known that the intracellular activity does not correlate well with the activity in
cell‐free systems. Moreover, the metal coordinated to BLM is an interesting
variable that can be changed, as it can modulate the host toxicity without
affecting the intracellular anti‐tumor activity. Here, we investigated how the
coordination of different metals can influence the activity of the N4Py molecule,
both in cell‐free and in vitro systems. We observed a clear difference in activity
between both systems; on plasmid DNA, only the iron‐N4Py complexes were
active, whereas intracellularly, all N4Py metal complexes showed activity to some
degree. By combining the knowledge obtained in cell‐free DNA cleavage and
competition studies with intracellular activity assays (cell growth/death, double‐
strand DNA breaks), this study could reveal that the intracellular activity of metal‐
coordinating compounds such as N4Py likely is explained by a combination of
intracellular metal exchange and chelation.
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Introduction
Bleomycin (BLM), a natural antibiotic produced by Streptomyces verticillus (1), is a
chemotherapeutic drug used to treat, among others, testicular, head and neck
and cervical tumors (2). “Activated” BLM is generated by a combination of a
reduced transition metal (Fe(II) or Cu(I)), oxygen and a one‐electron reductant (3).
Intracellularly, this active form can have a variety of effects, including the
peroxidation of lipids (4, 5), the hydrolysis of amide bonds of proteins (6), and the
cleavage of RNA (7, 8) and DNA molecules (9). The oxidative cleavage of DNA (via
the production of reactive oxygen species, ROS) is thought to be responsible for
BLM its main anti‐cancer activity (3, 10‐12).
In cell‐free systems, the activity of the metallo‐BLMs depends on the
metal that is coordinated (10, 12, 13). In these conditions, Fe(II)‐BLM shows the
highest DNA cleavage activity, whereas addition of Cu(II), Zn(II) or Co(II)
completely abolishes the activity of BLM (13, 14). In contrast, in vitro studies show
comparable levels of anti‐tumor activity between the different metallo‐BLMs
(Zn(II), Cu(II), Fe(II)/(III)) (15, 16). Interestingly, it was found in mice that without
affecting the in vivo anti‐tumor activity, Fe(III)‐BLM had the least effect on the
host toxicity (15). The comparable anti‐tumor activity of the different metallo‐
BLMs may hint towards a common metallo‐BLM that is generated intracellularly
by metal exchange and that explains the growth inhibition effects of BLM, or that
another mechanism of action, independent of the type of metal that is bound,
explains the cytotoxicity of BLM. However, since Co‐BLM hardly possesses any
activity in either cell‐free systems or intracellularly, the first option seems the
most likely one (15, 17).
Since the metal‐binding domain is essential for BLM’s anti‐cancer
function, we developed a synthetic mimic of this metal‐binding domain, called
N,N‐bis(2‐pyridylmethyl)‐N‐bis(2‐pyridyl)‐methylamine (N4Py) (18‐20). N4Py acts
as a transition metal catalyst that can convert primary ROS (O2‐ and H2O2) into
highly reactive secondary ROS (e.g. OH‐, Fe(III)OOH) (21). Previously, we have
shown that Fe(II)‐N4Py can be used to preferentially induce cell death in cancer
cells via the induction of direct or indirect (via apoptosis) DNA damage (22). As
such, N4Py may be an interesting anti‐cancer agent. As discussed before, the
coordinated metal of BLM can affect the activity and host toxicity of the drug, and
thus, in line with this, the activity of the N4Py molecule may also depend on the
metal it is bound to. Therefore, in this study, we investigated how the
coordination of different metals can influence the activity of the N4Py molecule,
both in cell‐free systems and intracellularly.
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Results
Synthesis and characterization of the N4Py complexes
Metal complexes from N4Py herein studied were synthesized following reported
procedures (Supplementary info). The different complexes were isolated as
perchlorate salts, with the 5 nitrogen of the ligand binding the metal, and a
solvent molecule in the sixth position. In the case of Fe(III)‐N4Py complex, the
axial ligand is a methanoate group, while with the other metals an acetonitrile is
coordinated (Fig. 1). The binding of acetonitrile to Fe(III) would result in its
reduction to Fe(II), as previously described (23).

Figure 1. Structure of the ligand N4Py and its metal complexes.

DNA cleavage
DNA cleavage activities of the N4Py complexes were determined by using
supercoiled pUC18 plasmid DNA at 37 °C in the presence of DTT. Gel analysis after
30 min incubation showed almost complete disappearance of supercoiled DNA in
the presence of Fe(II)‐ and Fe(III)‐N4Py, while the other complexes did not show
any significant amount of cleavage (Fig. 2A). The average number of single‐strand
cuts per DNA molecule (n) were calculated from the amount of nicked and linear
DNA formed (Fig. 2B, for equations see Supplementary info). Clearly, the Fe(II)
and Fe(III) complexes caused the largest amounts of single‐strand cuts, with
almost all supercoiled DNA consumed within 30 min. This is not a surprising
finding, given the fact that Fe(II)‐N4Py has proven itself to be a potent structural
and functional model of Fe(II)‐BLM and Fe(III) is likely to become fully reduced to
Fe(II) under the experimental conditions used (18, 24). Strikingly, in the case of
Mn(II), Cu(II) and Zn(II), very little cleavage activity was observed. The amount of
single strand cuts produced after 30 min remained even lower than after just one
minute of cleavage by Fe(II)‐N4Py. This clearly indicates that in cell‐free systems,
the activity of the Mn(II), Cu(II) and Zn(II) is almost negligible.
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Figure 2. DNA cleavage by N4Py metal complexes. (a) Cleavage of supercoiled DNA (Form
I) to give nicked DNA (Form II) and linear DNA (III) in Tris‐HCl (pH 8.0) at 37 °C after 30 min.
Concentrations used: 1.0 μM complex, 0.1 μg μl‐1 pUC18 plasmid DNA (300 μM in base
pairs) and 1.0 mM DTT; lane 1, 3 after 1 min; lane 2, 3 after 5 min; lane 3, 3 after 30 min;
lane 4, 6; lane 5, 4; lane 6, 5; lane 7, 2; lane 8, N4Py (1). (b) Average number of single‐
strand cuts per DNA molecule (n). Error bars represent the uncertainty limits of the data,
based on a Monte Carlo simulation, taking into account a standard deviation σ of 0.03 of
the individual DNA fractions. A correction factor of 1.31 was used to compensate for the
reduced ethidium bromide uptake capacity of supercoiled DNA.

Fe(II) exchange by metals
The DNA cleavage experiments (Fig. 2) suggested that the Fe(II) complex is the
only complex that can efficiently induce DNA cleavage. In view of a cellular
environment, it is important to know if exchange of Fe(II) with other biologically
available metals could take place if the Fe(II)‐N4Py complex would be present in a
cell. The conversion of Fe(II)‐N4Py into another N4Py metal complex was
therefore measured as a function of the decreased metal to ligand charge transfer
(1MLCT) band signal at 457 nm (25). The kinetic curves show that in the presence
of Mn(II), Fe(III) or Zn(II), no metal exchange occurred, since the absorbance does
not change over time (Fig. 3). Therefore, this indicates that, once the Fe(II)‐N4Py
complex is formed, it is favored over the Mn(II), Fe(III) or Zn(II) complexes. At the
contrary, in the presence of Cu(II) a conversion of 70 % Fe(II)‐N4Py to Cu(II)‐N4Py
occurred, albeit slowly compared to Cu(II) binding to N4Py (t1/2 = 2.5 min, k =
0.0051, Table 1). This result suggests that Fe(II)‐N4Py is kinetically the favorable
product, whereas thermodynamically, Cu(II)‐N4Py is the favorable product.
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Figure 3. Evolution on time of the MLCT at 457 nm in the presence of different metals.
Table 1. Conversion of FeII‐N4Py complex into the corresponding metal complexes, half‐
time conversion and rate constants
Metal salt
Conversion to
t1/2
k (s‐1)
metal complex
MnII
0%
‐
FeIII
0%
‐
CuII
70 %
2.5 min 0.0051
0%
‐
ZnII

Metal exchange by Fe(II)
Although the formation of Fe(II)‐N4Py seems kinetically most favorable, other
metal complexes may also be formed upon incubation with N4Py. We thus
studied the ability of Fe(II) to exchange with the different metals coordinated to
N4Py (Fig. 4). The addition of Fe(II) to a solution of Fe(III)‐N4Py resulted in fast and
complete conversion to the Fe(II) complex, once more suggesting that the Fe(II)
complex is favored over its Fe(III) analogue. However, note that the conversion
might be ascribed to electron transfer, as opposed to actual physical exchange of
metal ions. In the case of Mn(II)–N4Py, a majority of Mn(II) is exchanged by Fe(II)
at a relatively high rate (t1/2 = 57 s, k = 0.12 s‐1, Table 2). A significant conversion of
the Cu(II)‐complex was also observed, albeit with much slower kinetics than for
Mn(II). Importantly, however, conversion of Cu(II)‐N4Py to Fe(II)‐N4Py was about
five times faster than the opposite scenario. This indicates that even though the
Fe(II) complex is kinetically favored, a thermodynamic mixture of both complexes
will most likely be present in cells. The Zn(II)‐complex seems quite stable under
the indicated conditions. Even though almost half of the complex becomes
converted to the Fe(II) complex, the kinetics are very slow (t1/2 = 10 min, k =
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0.00084 s‐1). This suggests that the Zn(II) complex is relatively stable under
physiological conditions.
In general, once N4Py coordinates to a bioavailable metal other than
Fe(II), it is able to exchange its coordinated metal with Fe(II) in the order: Fe(III) >
Mn(II) > Zn(II) > Cu(II). Summarized, this data together shows that various metals
can bind to N4Py under simulated physiological conditions, but only the iron N4Py
complexes were able to oxidatively cleave DNA in these conditions.

Figure 4. Evolution on time of the MLCT at 457 nm after addition of FeII to metal
complexes solutions.
Table 2. Conversion into FeII‐N4Py from different metal complexes, half‐time conversion
and rate constants
Metal exchange by Fe(ClO4)2 for different N4Py complexes:
Addition of metal Conversion to FeII‐N4Py: t1/2
k (s‐1)
salt:
(%)
MnII‐N4Py
57 %
57 s
0.12
FeIII‐N4Py
100 %
10 s
0.24
CuII‐N4Py
39 %
33 s
0.028
44 %
10 min 0.00084
ZnII‐N4Py

Modulation of cell viability by the N4Py metal complexes
Our next step, was to gain a first insight into the intracellular effects of the
different N4P‐metals. For this purpose, a (3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐
carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium) (MTS) assay was
performed. MTS is a tetrazolium salt that is reduced to a purple formazan when
mitochondrial reductase enzymes are active (26, 27). This assay measures the
mitochondrial metabolic activity, and as such gives a crude measure of the cell
proliferation and cell viability.
The metabolic activity was determined in A2780 (human ovarian
adenocarcinoma), SKOV3 (human ovarian adenocarcinoma) and OSE‐C2
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(conditionally immortalized normal ovarian surface epithelium) cells treated for
24 h with different concentrations (1, 3, 10, 30, 50 μM) of N4Py and its metal
complexes (Mn(II), Fe(II), Fe(III), Cu(II), Zn(II)). As shown in Fig. 5, for all cell lines,
the IC50 values of N4Py, Mn(II)‐N4Py, Fe(II)‐N4Py and Fe(III)‐N4Py are in the range
of 5‐10 μM. Notably, an unexplained, sudden transition from good to almost no
cell viability was observed for these compounds within this concentration range.
These observations were in agreement with the cell viability as assessed under a
light microscope. The only exception is the N4Py ligand, for which the cell viability,
as observed under the light microscope, appears to be almost zero from 10 μM
onwards, whereas the formazan formation in the A2780 and SKOV3 cell lines
appears to stagnate around 40 %. Although not further studied, this might
indicate some direct interference with the reduction of the tetrazolium salt, i.e.
the readout of the MTS assay. The IC50 values for Cu(II)‐N4Py lie around the 50 μM
and therefore, on first sight, this metal complex appears to be less cytotoxic than
the manganese and iron compounds. Moreover, treatment with Zn(II)‐N4Py
resulted in hardly any cellular damage, with IC50 values far exceeding the 50 μM.
B
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Figure 5. Metabolic activity upon treatment with N4Py metal complexes (see previous
page). Cells were treated for 24h with 1, 3, 10, 30, 50 μM N4Py and N4Py metal
complexes. Metabolic activity of A2780 (A), SKOV3 (B) and non‐cancerous OSE‐C2 (C) cells
treated with N4Py ( ), Mn(II)‐N4Py ( ), Fe(II)‐N4Py ( ), Fe(III)‐N4Py ( ), Cu(II)‐N4Py ( ) and
Zn(II)‐N4Py ( ). Experiments were conducted three times. Within each treatment, each
treatment was measured three times. Data are presented as the mean ± SEM.
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Cytotoxicity induced by the N4Py metal complexes
The MTS assay does not always correlate well with the light microscopy
observations (e.g. N4Py – Fig. 5), and does not provide any insight in the reason
for the decline in metabolic activity (being either cell death, cell growth inhibition
or chemical interference with the tetrazolium salt reduction). Therefore, to gain
insight into the contribution of cell death caused by the N4Py metal complexes, a
propidium iodide (PI) FACS assay was performed. PI is a membrane impermeable
stain that nonspecifically intercalates into DNA. Cells will therefore only stain PI
positive once the cell membrane becomes permeable, i.e. when cells are late
apoptotic or necrotic. The PI assay was performed by treating cells for 24h with
10 μM of the metal complexes, as this was the lowest concentration were clear
differences between the different metal complexes became visible (Fig. 5).
In line with the MTS assay, both Cu(II)‐ and Zn(II)‐N4Py did not induce,
whereas Mn(II)‐, Fe(II)‐, Fe(III)‐N4Py did induce significant amounts of cell death
compared to solvent control in all three cell lines (Fig. 6). In contrast to the data
obtained in the MTS assay, the N4Py ligand was the most toxic compound in all
three cell lines with cell death levels varying from almost 80% in A2780 up to
more than 95% in OSE‐C2 cells. Furthermore, the manganese complex induced
more cell death than both iron complexes in A2780 cells, but not in SKOV3 or OSE‐
C2 cells.
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Figure 6. Cytotoxicity upon treatment with N4Py metal complexes (see previous page).
Cell death was determined in A2780, SKOV3 and OSE‐C2 cells treated for 24h with 10 μM
N4Py and its metal complexes (Mn(II), Fe(II), Fe(III), Cu(II), Zn(II)). Cells were stained by
propidium iodide and the percentage of late apoptotic/necrotic cells was analyzed by
FACS. Data are presented as the mean ± SEM from three independent experiments. *** P
< 0.001; ** P < 0.01; * P < 0.05.

Oxidative Damage induced by the N4Py metal complexes
Previously reported plasmid DNA cleavage activity of Fe(II)‐N4Py complexes have
been postulated to involve the formation of N4Py‐Fe(III)‐OOH by reaction with
reactive oxygen species (ROS) such as O2•‐ and H2O2 (22, 23, 28‐30). Additionally,
N4Py‐Cu‐OOH (31), N4Py‐Mn(III)‐O2 (31, 32) and N4Py‐Mn(IV)=O (33, 34) species
have been reported. Since the cleavage of plasmid DNA with Fe(II)‐N4Py occurs
via an oxidative cleavage pathway resulting in highly reactive oxygen species
(hROS) such as OH• and (N4Py)FeIV=O (28), it is plausible that intracellularly a
similar mechanism is active.
In order to detect hROS formation in A2780 cells treated with the N4Py
ligand and its metal complexes, the ROS probe APF was selected. APF is a 4‐
aminophenyl‐fluorescein reporter developed by Nagano and co‐workers, that
responds to OH•, ‐OCl, ONOO‐ and other hROS (35). As shown in Fig. 7, the N4Py
ligand and all metal complexes, except Zn(II), generate hROS. The hROS formation
is comparable for all complexes (varying from 1.9x to 2.3x more hROS formation
versus 0.1% DMSO), except for the manganese complex that produces about half
of the hROS produced by the other complexes (1.6x hROS formation versus 0.1%
DMSO). To verify that APF indeed detects the formation of ROS produced by the
N4Py metal complexes, cells were co‐treated with the antioxidant precursor N‐
acetylcysteine (NAC). NAC is an aminothiol and synthetic precursor of intracellular
cysteine and reduced glutathione (GSH). It is generally believed that NAC protects
cells both directly, as a scavenger of free radicals, as well as indirectly, as a
precursor for GSH (36‐38). Upon co‐treatment with NAC, the hROS production of
N4Py and all its metal complexes was abolished, except for Cu(II)‐N4Py.
Remarkably, the hROS formation was almost doubled from 1.9x to 3.3x versus
0.1% DMSO upon co‐treatment of Cu(II)‐N4Py with NAC.
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Figure 7. hROS formation upon treatment with N4Py metal complexes. A2780 cells were
treated for 24h with the N4Py ligand, its metal complexes, or solvent control. The dashed
columns represent the results obtained by co‐treating with 5 μM of the antioxidant
precursor N‐acetylcysteine (NAC). hROS formation was detected by the ROS probe APF.
Flow cytometric analysis of APF emission was used to obtain the mean fluorescent
intensity (MFI) for each condition. The MFI was normalized to solvent control (green).
Every experiment was carried out three times. Each bar shows the mean ± SEM. *** P <
0.001; ** P < 0.01; * P < 0.05; ns, not significant.

Fig. 7 clearly revealed the increase of hROS in A2780 cells treated with
N4Py and its metal complexes. In order to know whether the cytotoxicity as
observed in Fig. 6 can be contributed to the increase in intracellular hROS levels,
we repeated these experiments with the addition of two different (precursor)
antioxidants: 5 μM NAC or 173 μM L‐ascorbic acid 2‐phosphate (AA2P) (Fig. 8).
Since dehydro‐ascorbate is known to be very unstable and rapidly oxidizes to 2,3‐
diketo‐L‐gulonic acid under cellular conditions (39), AA2P was used instead. The
phosphate group is known to protect the molecule from intracellular breakdown,
hence providing a stable concentration of ascorbic acid in the system (40, 41).
The level of cell death induced in the different cell lines (A2780, SKOV3,
OSE‐C2) was quite similar for each (co‐)treatment. Interestingly, the presence of
NAC or AA2P does not seem to impact the amount of cell death when cells are
treated with N4Py or Mn(II)‐N4Py. Contrary, the co‐treatment with NAC
completely abolished the cell death induced by the iron N4Py complexes, whereas
AA2P reduced cell death by about half. Furthermore, in line with the hROS
production, the presence of NAC in the Cu(II)‐N4Py treated cells resulted in an
extreme increase in cell death (up to even 100% in A2780) in all tested cell lines.
However, this increase in cell death in the Cu(II)‐N4Py treated cells seems NAC‐
dependent, as no cell death was observed during AA2P co‐treatment. Lastly, as
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would be expected from the lack of hROS production (Fig. 7), Zn(II)‐N4Py treated
cells showed no significant response to the co‐treatment with either NAC or AA2P.
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Figure 8. The effect of (precursor) antioxidants on the N4Py metal complex‐induced
cytotoxicity. Cell death was determined in A2780, SKOV3 and OSE‐C2 cells treated for 24h
with 10 μM N4Py and its metal complexes (Mn(II), Fe(II), Fe(III), Cu(II), Zn(II)). Dashed and
squared columns show cells co‐treated with 5 μM N‐acetyl cysteine (NAC) or 16h pre‐
treated and co‐treated with 173 μM L‐ascorbic acid 2‐phosphate (AA2P), respectively.
Cells were stained by propidium iodide and the percentage of late apoptotic/necrotic cells
was analyzed by FACS. Data are presented as the mean ± SEM from three independent
experiments. *** P < 0.001; ** P < 0.01; * P < 0.05.

N4Py metal complexes and their mode of action in the cell
Nuclear DNA damage induced by the N4Py metal complexes
In cell‐free systems (Fig. 2) and in vitro (22), the iron N4Py complexes are known
to mediate oxidative DNA cleavage. However, the N4Py ligand itself and its other
metal complexes (Mn(II), Cu(II) and Zn(II)) did not show any activity on plasmid
DNA (Fig. 2). To determine whether these complexes can generate oxidative DNA
damage in living cells, the extent of double strand DNA break (DSB) formation was
determined using flow cytometric detection of phosphorylated histone H2AX
(γH2AX) (42). The histone protein H2AX forms a key component in DNA repair,
since it becomes rapidly phosphorylated at serine 139 and accumulates at
emerging DSB sites (43, 44).
Upon a 24h treatment with 30 μM of N4Py or its metal complexes, the
percentage of γH2AX positive cells was determined in SKOV3 cells (Fig. 9).
Interestingly, all reagents show significantly higher γH2AX levels compared to the
solvent controls (P < 0.001), which indicates that at this concentration nuclear
DNA damage is induced by treatment with all complexes. The Fe(II) complex
appears to produce slightly more dsDNA damage compared to the five other
reagents (P < 0.001 against Mn(II)‐, Cu(II)‐, and Zn(II)‐N4Py; P < 0.01 against N4Py
and Fe(III)‐N4Py). Summarized, the induction of dsDNA breaks from high to low:
Fe(II)‐N4Py > N4Py ≈ Mn(II)‐N4Py ≈ Fe(III)‐N4Py > Cu(II)‐N4Py ≈ Zn(II)‐N4Py.
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Figure 9. Double strand DNA damage (γH2AX) in non/early apoptotic cells induced by
the N4Py metal complexes (see previous page). SKOV3 cells were treated for 24 h with 30
μM N4Py and its metal complexes. FACS analysis of γH2AX was used in combination with
propidium iodide (marker for DNA content), to exclude late apoptotic cells (subG1 peak)
from analysis. Co‐treatment with 20 μM of the pan‐caspase inhibitor zVAD‐FMK could
reveal the contribution of apoptosis to the total dsDNA break induction. The gate for
γH2AX positive cells in solvent control was set at 5 %. Each value represents mean ± SEM
from three independent experiments. ***P < 0.001; **P < 0.01; ns, not significant.

DSBs can be caused by various factors. Some reagents create DSBs
directly, such as BLM and doxorubicin (42, 44), while other factors such as ROS
formation, metabolic processes, deficient DNA repair mechanisms, telomere
erosion and programmed cell death, such as apoptosis, can also play a significant
role (45). In order to address the contribution of apoptosis in the induction of
DSBs by N4Py and the metal N4Py complexes, SKOV3 cells were treated with the
broad range caspase‐inhibitor carbobenzoxy‐valyl‐alanyl‐aspartyl‐[O‐methyl]‐
fluoromethyl‐ketone (zVAD‐FMK). Fluoromethylketones (FMKs) are irreversible
inhibitors of cysteine proteases such as those of the caspase family by means of
alkylation of the active‐site thiol (46). Upon addition of ZVAD‐FMK, a significant
reduction in γH2AX levels was observed for all reagents except Zn(II)‐N4Py (Fig. 9).
The relative reduction in γH2AX levels as a result of ZVAD‐FMK were all within the
range of 46% (for Mn(II)‐N4Py) to 57% (for Fe(II)‐N4Py). Hence, about half of the
observed dsDNA damage was the result of apoptosis, under the used conditions.
Nevertheless, even after inhibition of the caspase‐dependent apoptosis pathway,
the amount of observed dsDNA damage was still significant for all reagents (P <
0.05 for Cu(II)‐N4Py, P < 0.001 for N4Py, Mn(II)‐, Fe(II)‐, Fe(III)‐ and Zn(II)‐N4Py).
Cellular Uptake of N4Py and Fe(II)‐N4Py
To gain insight into the mode of transport of N4Py and Fe(II)‐N4Py, A2780 cells
were treated for 24h with 10 μM or 30 μM compound, or 0.1% DMSO control.
During treatment, cells were either incubated at 37°C and 4°C. At 4°C, active
transport cannot take place anymore. Therefore, at 4°C, any effect on cell
morphology compared to 0.1% DMSO, is indicative for the passive transport of
the compound. As shown in Fig. 10A, cells treated with N4Py or Fe(II)‐N4Py and
incubated at 37°C, clearly showed signs of cell death. N4Py seems to be either
taken up faster, or induce more cell death, as these N4Py treated cells
deteriorated at a faster pace compared to Fe(II)‐N4Py treated cells (compare 10
μM N4Py vs 10 μM Fe(II)‐N4Py). Similarly, compared to 0.1% DMSO treated cells,
the N4Py or Fe(II)‐N4Py treated cells showed increased cell swelling and rounding,
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indications of apoptosis, when cells are incubated at 4°C (Fig. 10B). From this it
can be concluded that both the ligand as well as the metal complex seem to be
able to passively diffuse through the cell membrane. However, higher
temperature does seem to accelerate the rate of cellular damage.

3

Figure 10. Influence of temperature (4°C vs 37°C) on the cellular uptake of N4Py and
Fe(II)‐N4Py. A2780 cells were incubated at 37°C (A) or 4°C (B) during a 24h treatment with
0.1 % DMSO solvent control (left), 10 μM Fe(II)‐N4Py (top, middle) or N4Py (bottom,
middle), or 30 μM Fe(II)‐N4Py (top, right) or N4Py (bottom, right). After 24h light
microscopy images were taken.
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Table 4. Summary of the inherent versus intracellular activity of the N4Py‐conjugates.
Metal
(1) No metal
(2) Mn(II)
(3) Fe(II)
(4) Fe(III)
(5) Cu(II)
(6) Zn(II)

DNA cleavage (cell
free)
‐
‐
+
+ ( reduction to
Fe(II))
‐
‐

Cytotoxicity
(MTS/PI)
+ (IC50: 5‐10 μM)
+ (IC50: 5‐10 μM)
+ (IC50: 5‐10 μM)
+ (IC50: 5‐10 μM)

hROS production
(APF FACS)
+
+‐
+
+

dsDNA breaks
(γH2AX FACS)
+
+
++
+

‐ (IC50: ~50 μM)
‐‐ (IC50: >> 50 μM)

+
‐

+
+

Activity of the iron complex of N4Py (Fe(II)‐N4Py) was set as (+). All other N4Py metal
complexes were compared to the activity of the iron complex.

Discussion
In this study, we described how different metals can affect the intracellular
properties of the synthetic BLM‐mimic N4Py (as summarized in Table 3). In cell‐
free systems, Fe(II)‐N4Py is the only complex that possesses oxidative DNA
cleavage activity. In contrast, in vitro, all N4Py metal complexes can generate
DSBs, albeit with different efficiencies; at one end of the scale we have Fe(II)‐N4Py
being the most efficient, and on the other end, we have Cu(II)‐N4Py and Zn(II)‐
N4Py being the least efficient. We show that at least part of these DSBs are
directly generated by the N4Py metal complex itself, whereas the remaining is
indirectly generated, i.e. via the induction of apoptosis. This is in line with our
previous in vitro observations for the Fe(II)‐N4Py complex (22).
Intracellular metal exchange contributes to the in vitro effect of the N4Py metal
complexes
These intriguing differences in activity in the cell‐free versus the in vitro setting,
might be partly explained by the complexity of a whole cell. Moreover, we
propose that the exchange of metals within the cellular environment may
contribute to these different outcomes. This may have resulted in the active
complex being different from the one that was initially added to the cell culture
medium. The combination of the coordination chemistry of N4Py, the performed
metal exchange experiments and oxidative DNA cleavage experiments of each
complex, could largely explain the observed intracellular activity of each complex.
The high kinetic stability of the Zn(II)‐N4Py complex seems to account for
its low cytotoxicity in the cell. Exchange with Fe(II) is possible, albeit very slowly.
In addition, Zn(II) is not redox active under biological conditions (47). In line with
this, no hROS formation was observed upon treatment with Zn(II)‐N4Py. The slight
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increase in DSBs may be accounted for by the slow exchange with Fe(II) in the
N4Py complex.
Cu(II)‐N4Py seems to be the thermodynamically preferred complex under
physiological conditions, even though presence of Fe(II) can result in relatively fast
formation of the Fe(II)‐N4Py complex as a significant, albeit minor, species. Its lack
of pUC18 plasmid DNA cleavage activity reveals the low oxidizing power of the
Cu(II) complex. Even though formation of an N4Py Cu–OOH species has been
reported (31), it was found to be a sluggish oxidant. Generally, the cell studies
with Cu(II)‐N4Py seem to result in little cytotoxicity to the cells at low
concentrations. However, at higher concentrations, formation of the Fe(II)
complex may become more evident. Conversion to the Fe(II) complex might be
facilitated by reports that iron concentrations in cultured cells are often higher
than copper concentrations (48, 49). A noteworthy abnormality is the very high
cytotoxicity and related high hROS value detected for Cu(II)‐N4Py in the presence
of NAC. This seems to be a direct result of Cu(II) interaction and complex
formation with GSH to form a Cu(I)‐(GSH)2, resulting in strongly elevated ROS
levels (50‐53).
Cell studies for Mn(II)‐N4Py indicated that the complex is very active
under cellular conditions, even though it is not able to cleave DNA. Many Mn‐oxo
complexes show much less reactivity in oxidation reactions than their Fe‐oxo
counterparts (54). Since coordination of Mn(II) to N4Py does not seem favorable
and Mn(II) can be readily exchanged for Fe(II), it is likely that mainly metal
exchange, forming the Fe(II)‐N4Py complex, is responsible for the observed
intracellular activity.
Both iron complexes are very active in cleavage of supercoiled pUC18
plasmid DNA. The similarity in cleavage activity is expected since the presence of a
large excess of DTT will force the ferric complex into a ferrous complex. Similarly,
the reducing conditions in the cell will convert the Fe(III) complex into Fe(II)
complex and, therefore, essentially give the same biologically active complex with
a clear oxidative mechanism of action (55, 56). It is proposed that the observed
oxidative damage can be in part ascribed to direct oxidation via Fe–oxo species of
the iron N4Py complexes, which seems to be the only oxo species of N4Py that is
strong enough for oxidation of cellular components, such as DNA. The cytotoxicity
of all N4Py metal complexes in living cells can therefore principally be ascribed to
the Fe(II)‐N4Py complex.

65

3

Chapter 3
Intracellular chelation may contribute to the intracellular effect of the N4Py
molecule
In addition to the effect of the N4Py metal complex itself, the intracellular
chelation of different metals may contribute to the cytotoxicity observed for
N4Py. From our competition experiments and the association/dissociation
constants for the different metals as found in literature, it can be deduced that
the N4Py ligand may act as a Zn(II) (57), Cu(II), and Fe(II) chelator (58). In the
human body, several metals are present in such an amount that they might
coordinate to N4Py. The relative abundance of the investigated transition metals
in the human body is iron > zinc > copper > manganese (59). Metals often act as a
co‐factor in enzymatic reactions, but can also be part of a protein complex (e.g.
heme proteins, iron‐sulfur proteins and zinc finger proteins) (59‐61). As such, they
can contribute to many different cellular functions, among which apoptosis,
metabolism and redox‐sensing (59). Therefore, by chelating metals, N4Py may
influence many different cellular processes. For example, Zuo et al. have shown
that Zn(II) chelation by N4Py is associated with the inhibition of the X‐linked
inhibitor of apoptosis (XIAP) protein (57). XIAP is a protein involved in the
inhibition of apoptosis and requires Zn(II) as a co‐factor for its activity (62). So, by
chelating Zn(II), N4Py may induce apoptosis (57). In another case, N4Py was
shown to successfully mobilize iron from ferritin (in 5h, 5% of the total iron from
ferritin is liberated) (58), the main intracellular iron storage protein (63). This is in
contrast to BLM, for which it was shown that it is unable to exchange metals with
the iron storage proteins transferrin and ferritin (64). These examples clearly
indicate that it is feasible for N4Py to chelate or exchange metals within the
human body, and as such may contribute to the intracellular activity of the
compound. Moreover, this can explain the observed intracellular differences
between N4Py and Fe(II)‐N4Py.
Modulation of intracellular metal pools by N4Py may interfere with
tumorigenesis
Interestingly, several transition metals, including iron and copper, are required for
the regulation of essential signaling pathways in cancer cells. As such, these
metals are involved in all processes of tumorigenesis, from tumor initiation (65,
66) and growth (67‐69) to modulation of the tumor microenvironment and
metastasis (70, 71). Moreover, for their survival, tumors seem to be more
dependent on these metals compared to normal cells, since depleting the
intracellular metal pool has been shown to preferentially kill cancer cells (72, 73).
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However, in our study, N4Py treatment did not induce more cell death in the
cancerous (SKOV3, A2780) versus the normal cells (OSE‐C2). Possibly,
immortalization and cell culture conditions may have already induced adaptations
in the OSE‐C2 cells that made them more dependent on these metals. In contrast,
previously, we did find that a N4Py ligand with a covalently attached 1,8‐
naphthalimide moiety, potentially contributing to DNA binding, did show
preferential induction of cell death in the cancer cell lines MDA‐MB231 and
SKOV3 versus the normal HK2 kidney cell line (22). However, no direct comparison
can be made, as the N4Py ligand without the naphthalimide moiety was not
investigated in that study. Currently, several molecules that reduce the
intracellular metal pool are under preclinical and clinical investigation as anti‐
cancer drugs (70, 74). Similarly, the chelation of metals by N4Py may provide an
interesting opportunity to interfere with tumorigenesis. Indeed, we could show
that the N4Py ligand possesses the greatest anti‐tumor activity, despite being not
the most effective inducer of DSBs. Possibly, the combination of metal chelation
and iron‐mediated DNA cleavage explains that the non‐metal bound N4Py ligand
is the most efficient anti‐cancer compound.
Host toxicity may be modulated by the different N4Py metal complexes
Besides the anti‐tumorigenic properties of the N4Py molecule, also host toxicity
may be modulated by the metal N4Py is coordinating with. For BLM it was shown
that without affecting the anti‐tumorigenic properties of BLM, the Fe(III)‐BLM
complex induced the least toxicity for the host (15). So without compromising on
anti‐cancer activity, changing metal complexation of the N4Py molecule may
provide a valuable tool to modulate host toxicity. Therefore, future studies should
map how the different N4Py complexes affect this.
Conclusion
In summary, our study clearly shows that it is important to realize that the
intracellularly active complex of a metal‐coordinating compound does not always
correspond to the one the cells are treated with. This highlights the importance of
in vitro studies, in addition to cell‐free studies, in the process of understanding the
mechanism of action of a drug. Regarding this discrepancy, all sorts of factors
have to be taken into account, including the intracellular exchange between
different metals and the metal chelation by the ligand itself. Most likely it is a
combination of such factors that explains the intracellular mechanism of action of
such compounds. Therefore, great care has to be taken into the interpretation of
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the data and the conclusion that can be drawn from such studies. So, in order to
gain full understanding of the intracellular mode of action of coordination
complexes, it is essential to combine the knowledge obtained from both
chemistry and biology.
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Supplementary info
Materials and methods
Materials and Instrumentation
Solvents and chemicals were of reagent grade or higher and were used without
any further purification. High purity water from a Millipore Milli Q purification
apparatus containing a 0.22 μm filter was used. High‐resolution mass
spectrometry was performed on a LTQ Orbitrap XL spectrometer. NMR spectra
were recorded on a Varian VXR‐300, Varian Mercury Plus 400 and Agilent 400‐MR
at 298K. Chemical shifts in 1H spectra were internally referenced to solvent signals
(1H NMR: CD3CN at δ = 1.94 ppm) Data are reported as follows: chemical shifts (δ),
multiplicity (s = singlet, d = doublet, td = triplet of doublets, m = multiplet),
integration, and coupling constants (J = (Hz)).
Synthesis
The ligand N4Py (19, 75), Fe(II)‐N4Py (19, 75) and Fe(III)‐N4Py (23) were
synthesized according to previously reported procedures. Complexation of N4Py
to Mn(II), Cu(II) and Zn(II) was performed following the procedure for Fe(II)‐N4Py:
N4Py was added to a solution of Fe(ClO4)2∙6H2O in methanol/acetonitrile 1/1.
After mixing overnight, crystals suitable for X‐ray crystallography were obtained
by slow vapor diffusion of ethyl acetate in the methanol/acetonitrile mixture (vide
infra). Crystals were filtered and dried on paper, and characterized by elemental
analysis, absorption spectroscopy, 1H‐NMR and electrospray ionization mass
spectrometry (ESI‐MS) (Supplementary Fig. 1, 2).
[(N4Py)Mn(CH3CN)](ClO4)2.2H2O (N4Py‐Mn(II)):
The complex was synthesized according to previously reported procedures (76)
(for complex with triflate counterion: (32, 77)). The complex was isolated as a
white crystal after recrystallization by slow vapor diffusion of ether in a
methanol/acetonitrile solution (19 %): Anal. calcd for C23H25Cl2MnN5O10: C 42.03,
H 3.83, N 10.65; found: C 42.29, H 3.45, N 10.64. UV‐Vis (MeOH): λmax 258 nm (ε =
13,000 M‐1cm‐1). HRMS: [N4PyMnClO4]+ calcd 521.066, found: 521.066;
[N4PyMnHCO2]+ calcd 467.116, found: 467.115; [N4PyMnH]+ calcd 423.125, found
423.125; N4Py fragments: 360.078, 328.052.
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[(N4Py)Cu(CH3CN)](ClO4)2.H2O (N4Py‐Cu(II)):
The complex was synthesized according to previously reported procedures (for
complex with triflate counterion: (31)). The complex was isolated as an azure blue
crystal after recrystallization by slow vapor diffusion of ether in a
methanol/acetonitrile solution (71 %): Anal. calcd for C25H26Cl2CuN6O9: C 43.58, H
3.80, N 12.20; found: C 43.54, H 3.56, N 12.07. UV‐Vis (MeOH). HRMS:
[N4PyCuClO4]+ calcd 529.058, found: 529.057; [N4PyCu]+ calcd 430.109, found:
430.108; N4Py fragments: 337.051, 262.022.
[(N4Py)Zn(CH3CN)](ClO4)2.2H2O (N4Py‐Zn(II)):
The complex was synthesized according to previously reported procedures (for
complex with axially coordinated MeOH: (78)). The complex was isolated as a pale
yellow crystal after recrystallization by slow vapor diffusion of ether in a
methanol/acetonitrile solution (64 %): 1H NMR (400 MHz, CD3CN) δ 4.19 (d, 2H, J =
18 Hz), 4.33 (d, 2H, J = 18 Hz), 6.02 (s, 1H), 7.18 (d, 2H, J = 8 Hz), 7.38‐7.44 (m, 4H),
7.72‐7.80 (m, 4H), 7.93 (td, 2H, J = 7.8 Hz, J = 1.7 Hz), 8.51 (d, 2H, J = 5.2 Hz), 8.70
(d, 2H, J = 5.2 Hz). Anal. calcd for C23H25Cl2ZnN5O10: C 41.37, H 3.77, N 10.49;
found: C 41.08, H 3.56, N 10.58. UV‐Vis (MeOH): λmax 263 nm (ε = 11,500 M‐1 cm‐1).
HRMS: [N4PyZnClO4]+ calcd 530.057, found: 530.056; [N4PyZn]+ calcd 432.116,
found: 432.116; N4Py fragments: 339.058, 273.113, 262.032.
Metal binding to N4Py in cell‐free conditions
The rate by which a metal was coordinated to N4Py was calculated using the
following equation:
L M → ML
vf k metal ligand
kL
(2nd order reaction, 1st order when 100 eq excess L or M)
+ k.t (k in M‐1 s‐1)
If the 2nd order reaction did not provide a linear curve, it was fit to the 1st order
reaction: A Ao e .
DNA cleavage experiments
Materials, instrumentation and plasmid isolation
pUC18 plasmid DNA, isolated from E. coli XL1 Blue, was purified using a QIAGEN
maxi kit. Ethidium bromide (10 mg/mL in water, bioreagent) was purchased from
Sigma‐Aldrich. Agarose for gel electrophoresis was obtained from Sigma‐Aldrich
(bioreagent grade). DNA gel loading dye (6x concentrated) was purchased from
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Thermo Fisher Scientific. Agarose gel pictures were taken with a UVIdoc HD2
imaging system from UVITEC Cambridge. Quantification of the agarose gel bands
was
performed
using
GelQuant.NET
software
provided
by
biochemlabsolutions.com. Statistical calculations were performed using
Mathematica version 9.0.0.0.
DNA cleavage experiments
Stock solutions of N4Py metal complexes (10 mM) were made in pure DMSO
(BioReagent, Sigma‐Aldrich) and diluted with Milli Q water to a final working
concentration of 1 μM. The metal complexes were subsequently added to a
buffered solution (Tris‐HCl, 10 mM, pH 8.0) in the presence of dithiolthreitol (DTT)
and supercoiled pUC18 plasmid DNA in 1.5 mL Eppendorf tubes incubated at 37°C.
The final reaction mixture contained a final concentration of 1.0 μM N4Py metal
complex with 0.1 μg/μL DNA and 1.0 mM DTT in a total volume of 50 μL.
Samples (2 μL) were taken from the reaction solutions at t = 0 and 30 min,
which were directly quenched by addition to a 15 μL NaCN solution (1 mg/mL)
with 3 μL loading buffer (consisting of 0.03 % bromophenol blue, 0.03 % xylene
cyanol FF, 60 % glycerol, 60 mM EDTA, 6x concentrated), and immediately frozen
in liquid nitrogen. The samples were run on 1.2 % agarose gels in a 1x
concentrated TAE buffer for 90 minutes at 70 V. Gels were subsequently stained
in an ethidium bromide bath (1.0 μg/mL) for 45 min and washed with gel running
buffer. Images of the agarose gels were taken for quantification purposes and a
correction factor of 1.31 was used for reduced uptake efficiency of ethidium
bromide in supercoiled plasmid pUC18 DNA (20). Results were obtained from
experiments that were performed at least in triplicate.
The average number of single strand cuts per DNA molecule were
calculated using Eqn. 1 (when no linear DNA is observed) or Eqn. 2 (when linear
DNA is observed) (79, 80). Uncertainty values for n were calculated by a Monte‐
Carlo simulation as described previously (20, 81).
e
(1)
f
(2)
f
f
1 n 2h 1 /2L /
In vitro experiments
Cell culture
The human ovarian carcinoma cells A2780 and SKOV‐3 were obtained from the
ATCC (Manassas, VA). The temperature‐sensitive, conditionally immortalized
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human ovarian surface epithelial cells (OSE‐C2) were kindly provided by Dr.

Richard Edmondson (Newcastle University, UK) (82). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Verviers, Belgium)
supplemented with 10% FCS (Perbio Hyclone, Etten‐Leur, The Netherlands), 50
μg/mL gentamycine sulfate (Invitrogen, Breda, The Netherlands), 2 mM L‐
glutamine (Lonza). A2780 and SKOV3 cells were incubated at 37 °C, and OSE‐C2
cells at 33 °C in a humidified 5% CO2 incubator.
In vitro cytotoxicity
Cell viability was measured using the MTS assay, as described previously (22). In
short, 6400 cells were seeded in 96‐well plates. The next day, cells were treated
with the different N4Py metal complexes, or 0.1% DMSO as a control. After 24 h,
20 μL of CellTiter 96 Aqueous One Solution (Promega, Madison, WI) was added
and incubated for 3 h. The absorbance at 490 nm was measured using a Varioskan
plate reader (Thermo Electron Corp., Breda, The Netherlands) and subtracted with
the absorbance of cell‐free medium containing reagents. Every experiment was
conducted three times, and for each experiment treatments were performed in
triplicate.
Cell death
Cells were treated for 24h with the different N4Py metal complexes with or
without the addition of 20 μM of the pan‐caspase inhibitor zVAD‐FMK. After
treatment, both floating and adherent cells were harvested and stained with 5
μg/mL PI (Sigma‐Aldrich)/PBS. After a 10 min incubation at 4 °C in the dark,
fluorescence was measured using the FL‐2 channel of a FACScalibur flow
cytometer (Beckton Dickenson Biosciences, San Jose, CA). Each experiment was
performed three times. The percentage PI positive cells was determined with
Kaluza 1.2 (Beckman Coulter) software.
dsDNA breaks
The percentage of γH2AX positive cells (dsDNA breaks) in the healthy/early
apoptotic population (subG1 population) was determined by flow cytometry as
described before (22). In short, cells were treated for 24h after and subsequently,
were fixed (4% formaldehyde for 10 min at 37 °C) and permeabilized (90%
methanol for 30 min on ice). Cells were stained for 30 minutes at RT with a 1:50
dilution of phospho‐histone H2A.X (γH2AX) (ser139) (20E3) antibody conjugated
to Alexa fluor 647 (Cell Signaling, Leiden, The Netherlands). After γH2AX staining,
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cells were washed with PBS and stained with 5 μg/mL PI. After a 10 min
incubation at 4 °C in the dark, PI fluorescence was determined in the FL2 channel,
and γH2AX fluorescence was determined in the FL4 channel of a FACScalibur flow
cytometer.
Cells in the subG1 population were excluded from analysis of dsDNA
breaks in early/non‐apoptotic cells (83, 84). The cutoff for a γH2AX positive cell
was set based on a level of ∼5% positivity in the solvent control. Each experiment
was carried out three times. Data was analyzed with Kaluza 1.2 (Beckman Coulter)
software.
ROS detection
After a 24h treatment with the different N4Py compounds, cells were treated with
5 µM APF (Molecular Probes) and 100 µM H2O2 for 30 min at 37⁰C. Cells were
washed with PBS and collected. APF fluorescence was detected in the FL1 channel
of a flow cytometer (BD FACSCalibur, BD Biosciences). Data was analyzed with
Kaluza 1.2 (Beckman Coulter) software.
Cellular uptake
24h after treatment, cells were visualized using a Leica DM IL microscope (Hi PLAN
I 20X/0.30 PH1 lens). Photos were taken using the LAS V4.5 software (Leica
Microsystems, Switzerland).
Statistics
Statistical analysis was performed using Graphpad Prism 5 software. Single group
and multiple group comparisons were performed with the student’s t‐test or one‐
way ANOVA followed by Dunnett’s post hoc test, respectively. A p‐value of 0.05 or
less was considered statistically significant.
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Supporting figures
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Supplementary Figure 1. HRMS (ESI+) of N4Py metal complexes.
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1

H‐NMR (CD3CN): N4Py‐Zn(II)

3

Supplementary Figure 2. 1H‐NMR (CD3CN) of N4Py‐Zn(II).
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