7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Redox-active N4Py-metal complexes in human cell cultures
Geersing, Arjan

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Geersing, A. (2017). Redox-active N4Py-metal complexes in human cell cultures. Rijksuniversiteit
Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 12-10-2022


https://research.rug.nl/en/publications/e3772de9-f79d-436e-b74d-25e6568f1b48

Chapter 3

Biological Activity of N4APy-fluorophore Conjugates

Conjugation of different types of molecular fluorophores to the ligand N4Py
turned out to have major consequences for the behavior of the conjugates in
living cells. Interesting differences in cellular influx as well as the cellular
localization were found, which had a large impact on their cytotoxicity
towards cancer cells.
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Chapter 3

3.1 Introduction

The bleomycins (BLMs) are a large family of glycopeptide-derived antitumor
antibiotics that were first isolated from Steptomyces verticillus.'? They are clinically
used in the treatment of various cancers and their antitumor activity is believed to
result from their ability to oxidatively cleave 5’-GC-3’ and 5’-GT-3’ sequences in DNA
selectively.>’ Various models for the metal binding site of BLM have been reported
that have been used to broaden the understanding of its DNA oxidation mechanism,8-
20 and many of them proved to be efficient compounds for oxidative cleavage of
plasmid DNA.%1216.19-22 |nterestingly, only very few of them have been reported to be
effective in cultured cells.?>-?° In addition to BLM mimics, other complexes based on
Cu(I),25-37 Zn(11)*4° and Fe(l1)?*% that were able to cleave DNA have also been
reported. Even though some biological studies have been performed to understand
the biological cell signaling pathways that are involved in the cellular working for
some of these complexes, little attention has generally been given to their cellular
localization and proper localization studies by means of fluorescence microscopy
have generally not been reported. However, understanding the cellular localization
of a compound is important to understand its biology in the cell and vice versa.*'*2

Previous reports by our group have shown that the Fe(ll) complex of the
pentadentate ligand N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine (N4Py),
is an excellent structural*** and functional*®-5> mimic of Fe(ll)-BLM. More recently,
the cellular responses to treatment with N4Py-based reagents have been compared
to those of BLM.%® Interestingly, the cellular behavior for Fe(ll)-N4Py differs
considerably from BLM: whereas BLM induces cell cycle arrest, that ultimately results
in mitotic catastrophe,® Fe(ll)-N4Py was shown to be cytotoxic to cells and the
observed double strand breaks were believed to be caused partially by the induction
of apoptosis as well as indirect effects such as oxidative damage to other cellular
components. Nevertheless, Fe(ll)-N4Py was shown to induce nuclear DNA cleavage
in living cells as efficiently as BLM.

Knowing the intracellular localization of N4Py will be essential to understand the
biology behind the intracellular effects. This knowledge, together with previous
mechanistic studies on N4Py and its ease of synthesis, may ultimately result in N4Py;,
or possibly an N4Py derivative, becoming an interesting anti-cancer agent. In order
to gain more insight into the localization of N4Py in cancer cells, we synthesized

N4Py-fluorophore conjugates based on Rhodamine B, Cy5 and Fluorescein. The
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Biological Activity of N4Py-fluorophore Conjugates

work described in here will demonstrate that conjugation of a fluorophore to the
ligand N4Py can have tremendous effects on the intracellular localization, the
biological activity, as well as its mode of transport into the cell. In addition, this work
illustrates that great care should be taken in extrapolating conclusions from data

obtained with fluorescent conjugates to the parent compounds.

3.2 Results

3.2.1 Synthesis and Spectroscopic Properties of N4Py-fluorophores

Our design for conjugation of N4Py to the fluorophores relies on functionalization of
one of its pyridine rings with an amino linker via amide bond formation, to form N4Py-
propylamine (Scheme S1). The selected fluorophore derivatives of Rhodamine B (1),
Cyanine 5 (Cy5, 2), Fluorescein (3a) and (a less polar) methylated version of
fluorescein (3b), were conjugated to N4Py-propylamine using carbodiimide amide
bond formation chemistry (Scheme 1, Schemes S2-4). The products were analyzed
by LC-MS as well as "H-NMR, which showed clear changes in chemical shifts for the
signals of the methine singlet and the two pairs of methylene singlets of the N4Py
moiety after conjugation to the fluorophores. The compounds were subsequently
purified by preparative reversed-phase HPLC and their identities were confirmed by
High Resolution Mass Spectrometry (HRMS).

The N4Py-fluorophore conjugates were evaluated under simulated physiological
conditions (PBS buffer, pH 7.4). UV/Vis absorption spectroscopy showed a marked
bathochromic shift of the absorption bands in the visible region for all N4Py-
conjugates compared to their parent fluorophores (Table S1, Figure S1). In addition,
all N4Py-conjugates show a diminished molar absorptivity at Amax (Table S1), which
is most substantial for N4Py-Fluorescein (68.8:10% +0.4:10® M cm™ to 38.6:10°
+1.4-10° M' cm™). The general shapes of the fluorophore charge transfer bands
remained the same for all compounds, except N4Py-Fluorescein-Me. This result is
clearly a consequence of methylation of the phenolic alcohol which effectively
changes the total charge of the molecule from anionic to neutral, which causes the
shape of the spectrum to change.5®% This also explains the much lower molar
absorptivity and hypsochromic peak shifts compared to Fluorescein at pH 7.4.
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Scheme 1. Synthesis of N4Py-fluorophore conjugates. Reagents and conditions: (a) N4Py-
Rhodamine B (N4Py-Rhodamine B) — pyridine, RT, o/n; (b) N4Py-Cyanine 5 (N4Py-Cy5) — N,N-
diisopropylcarbodiimide (DIC), OxymaPure, DIPEA, DMF, rt, 20 h; (c) N4Py-Fluorescein (R =
H) and N4Py-methyl-Fluorescein (N4Py-Fluorescein-Me; R = Me) — DIC, OxymaPure, DIPEA,
DMF, rt, 20 h.

Emission spectra of the N4Py-conjugates showed similar emission bands compared
to the parent fluorophores (Figure S2). The conjugates do however display smaller
Stokes shifts compared to the parent dyes, with the exception of N4Py-Fluorescein-
Me (Table S1). Since cell studies require relatively long incubation times (at least 24
h), the N4Py-conjugates were tested for their photostability over a period of 3 days
and the photofading was compared to the parent fluorophores (Figure S3). Under
typical physiological conditions (aerated PBS, pH 7.4, ambient light) the conjugates
typically showed a limited decrease in emission intensities of roughly 5 %, which is
similar to the decrease observed for the parent dyes (Figure S3). In order to test the
photostability to irradiation, the conjugates were irradiated for 1 h at their excitation
wavelengths and their decrease in emission was followed in time (Figure S4). The
N4Py-conjugates were at least as stable under the indicated conditions as the parent
fluorophores. The limited degree of photofading of the N4Py-conjugates over time
and during irradiation therefore makes them suitable for practical applications.

3.2.2 DNA Cleavage
The iron(ll)-complexes of the N4Py-conjugates were generated in situ by
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Biological Activity of N4Py-fluorophore Conjugates

complexation to (NH4)2Fe(I1)(SOa)2-:6H20 prior to use and the DNA cleavage activities
of these N4Py-complexes were subsequently studied using supercoiled pUC18
plasmid at 37°C, pH 8.0. The experiments were carried out in the presence of 1 mM
dithiothreitol (DTT) as a reductant to increase the rate of DNA cleavage. The final
concentration of the complexes corresponds to 1 uM, with a stoichiometry of 1:150
with regard to DNA base pairs. DNA cleavage activities for the Fe(ll)-N4Py-
conjugates were determined within 60 min (Figure S5). This data clearly shows that,
under these conditions, extensive DNA cleavage was observed for all N4Py-

conjugates.

The number of single- and double-strand cuts per DNA molecule were determined
for each compound using statistical analysis and plotted as the number of double-
strand breaks (m) against the number of single-strand breaks (n) (Figure S6).
Evidently, all compounds seem to follow the Freifelder-Trumbo relationship quite well,
which describes a purely single-strand cleavage pathway.5” Double-strand breaks
are therefore not caused directly, but are instead the result of extensive nicking of
supercoiled DNA. This is in full agreement with the behavior of the parent complex
(Fe(I)-N4Py).4®

The average amount of single-strand cuts per DNA molecule can be calculated and
plotted against time for all Fe(Il)-N4Py-conjugates (Figure 1a). The pseudo-first-order
rate constants (kobs) Were obtained from the linear fit of these plots. The apparent
pseudo-first-order rate constants (k), taking into account the concentrations of DNA
and iron complex, were subsequently used to describe the DNA cleavage efficiency
of the Fe(ll) complexes and their turnover frequencies (TOF) are presented in Figure
1b. Small differences in TOF were observed, with a slightly higher value for N4Py-
Rhodamine B and slightly lower values for all other N4Py-conjugates compared to
Fe(I1)-N4Py.

The combined results indicate that the intrinsic oxidation chemistry of the N4Py
moiety is retained in all conjugates, with DNA cleavage rates that are within close
range of Fe(ll)-N4Py and a cleavage mechanism that is clearly that of a single strand
cutting agent for all investigated compounds. The differences in DNA cleavage
efficiency are small and likely the result of differences in noncovalent interactions of
the Fe(ll)-N4Py-conjugates with DNA.
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Figure 1. Quantification of single-strand cuts per DNA molecule induced by iron complexes of
N4Py-conjugates. (a) Number of single-strand cuts per DNA molecule (n) as a function of time.
Conditions: Tris-HCI buffer (pH 8.0) at 37°C, 1.0 uM complex, 0.1 pug/uL pUC18 plasmid DNA
(150 puM in base pairs), 1.0 mM DTT. Error bars represent the uncertainty limits of n and m,
based on Monte-Carlo simulations, taking into account a standard deviation o of 0.03 for each
individual data point. (b) Turnover frequencies (TOF, turnover number per second) of single
strand cuts in presence of DTT for Fe(ll)-N4Py, Fe(ll)-N4Py-Rhodamine B, Fe(ll)-N4Py-
Fluorescein, Fe(ll)-N4Py-Fluorescein-Me and Fe(ll)-N4Py-Cy5.

3.2.3 Cell Studies

Since the above results show that the inherent DNA cutting activity of the N4Py
moiety did not change significantly upon conjugation of the different fluorophores, the
cellular response toward all N4Py-conjugates was determined in SKOV3 ovarian
cancer cells using an MTS assay. The MTS assay measures the metabolic activity
and, as such, provides a rough indication of putative cytotoxic or cytostatic effects. It
is expected that the N4Py-conjugates are able to coordinate iron in the cells, as
explained for N4Py in chapter 2. As shown in Figure 2, N4Py-Cy5 shows comparable
behavior to Fe(Il)-N4Py. In contrast, NAPy-Rhodamine B shows only about one-third
of the activity of Fe(ll)-N4Py, whereas conjugation to Fluorescein or methyl-
Fluorescein results in a complete loss of activity in living cells.
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Figure 2. Metabolic activity upon treatment with N4Py-conjugates (MTS assay). Metabolic
activity of SKOV3 cells treated for 24 h with 1, 3, 10, 30, 50 uM of Fe(Il)-N4Py, N4Py-Rhodamine
B, N4Py-Cy5, N4Py-Fluorescein and N4Py-Me-Fluorescein. For each experiment, every
treatment was performed in triplicate and the experiment was carried out in triplo. Data are
presented as the mean +SEM.

To determine whether the effect on metabolic activity can be explained by a cytotoxic
effect, SKOV3 cells were treated with 10 uM (only N4Py-Cy5 and Fe(ll)-N4Py) and
30 pM of the N4Py-conjugates. Subsequently, the percentage of late
apoptotic/necrotic cells was determined using a propidium iodide (PI)/FACS assay
(Figure 3).3%8-80 |n Jine with the MTS assay, N4Py-Fluorescein and N4Py-
Fluorescein-Me were found not to induce any cell death. Interestingly, N4Py-
Rhodamine B did not induce any cell death either. This points to a possible cytostatic
effect of NAPy-Rhodamine B. On the other hand, N4Py-Cy5 induced similar (at 10
pM) or even increased (at 30 uM) levels of cell death compared to Fe(ll)-N4Py.

To reveal whether the observed cell death was a result of apoptosis, cells were co-
treated with the N4Py-conjugates and the pan-caspase inhibitor zVAD-FMK.®'
Strikingly, in contrast to Fe(I1)-N4Py,* the cell death induced by N4Py-Cy5 could not
be inhibited by zZVAD-FMK (Figure 3). This suggests that the mechanism of cell death
induced by N4Py-Cy5 is caspase-independent.
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Figure 3. Percentage of necrotic/late apoptotic cells upon treatment with N4Py-conjugates.
FACS analysis of propidium iodide (Pl) as a marker for necrotic/late apoptotic cells was used to
determine the level of cell death upon a 24h treatment of SKOV3 cells with 10 yM and 30 pM of
N4Py-conjugates. To determine the contribution of caspase-dependent apoptosis to the total
cell death, cells were treated in the presence or absence of the apoptosis-inhibitor zZVAD-FMK
(20 pM). To prevent fluorescent interference between the N4Py-conjugates and PI signal, Pl
was either measured in the FL2 (left graph) or FL3 (right graph) channel. Pl non-treated cells
were used as background control for each separate N4Py-conjugate. As a positive control,
Fe(l)-N4Py was measured in both channels. Data are presented as the mean + SEM from three
independent experiments. *** P < 0.001; ** P < 0.01; * P < 0.05; ns, not significant.

Since the inherent DNA cleavage activity of Fe(ll)-N4Py compounds can be
explained by their ability to generate highly reactive oxygen species (hROS),*3-4862 jt
was determined whether this ability remained active in living cells. hROS production
in cells treated with the N4Py-conjugates was measured using the APF ROS probe.%®
N4Py-Fluorescein treated cells could not be measured, due to spectral overlap with
APF fluorescence. As shown in Figure 4, all measured N4Py-conjugates retained
their ability to produce hROS. However, hROS production was less efficient for N4Py-
Rhodamine B compared to Fe(ll)-N4Py treated cells, even at a three times higher
concentration of N4Py-Rhodamine B compared to Fe(ll)-N4Py. Detection of hROS
via APF probe clearly shows an increase in mean fluorescent intensity (MFI) for Fe-
N4Py, N4Py-Cy5 and N4Py-Rhodamine B compared to DMSO control, suggesting
that the mechanism of action is oxidative for the N4Py-conjugates and therefore
comparable to that of Fe(ll)-N4Py.5°
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Normalized MFI APF
{vs 0.1% DMSO)

Figure 4. hROS production upon treatment with N4Py-conjugates. The normalized APF ROS
probe mean fluorescence intensity (MFI) was measured upon treatment of SKOV3 cells with
the N4Py-conjugates. To determine possible interference between the fluorophores and APF
fluorescence, each of the N4Py-fluorophore treated cells were measured without the addition of
APF (control conditions). Each bar shows the mean + SEM of three independent experiments.
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

Since the N4Py-conjugates clearly showed oxidative DNA cleavage activity on
‘naked’ DNA (Figures 1 and S7), and they conserved their ability to induce hROS in
living cells (Figure 4), it was investigated whether the ability to induce nuclear DNA
damage remained as well. As marker for dsDNA breaks, phosphorylation of serine
139 of histone 2 AX (yH2AX) was used. To minimize the contribution of apoptosis in
dsDNA cleavage, flow cytometric analysis of yH2AX was combined with Pl (Figure
5). In contrast to figure 3, we used Pl here to determine the total cellular DNA content,
as this reflects the cell cycle phase of the cells.5®% The cells that harbor less DNA
than cells in the G1 phase of the cell cycle (the subG1 peak), reflect the (late)
apoptotic cell population. These cells were removed from the analysis in order to gain
a better estimation of the direct DNA damage induced by the N4Py-conjugates.>® The
N4Py-Fluoresceins were excluded from this analysis, as neither metabolic activity

nor cell death were affected by these compounds.

As observed in Figure 5, both N4Py-Rhodamine B and N4Py-Cy5 showed an
increase in the number of dsDNA breaks compared to solvent control. However, a
clear difference in the number of yH2AX positive cells was observed: treatment with
N4Py-Rhodamine B showed only a small amount of yH2AX positive cells (12.6% *
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1.2) compared to Fe(ll)-N4Py (32.0 % + 3.3 FI-2; 27.4 % + 4.1), whereas a much
higher value for N4Py-Cy5 treated cells was found (51.1 % % 3.0).

yYH2AX Fluorophores

% yH2AX positive of Pl normal cells

Figure 5. dsDNA damage in non/early apoptotic cells upon treatment with N4Py-conjugates.
SKOV3 cells were treated for 24 h with 30 uM N4Py-Rhodamine B and N4Py-Cy5. dsDNA
damage was assessed by yH2AX-Alexa 647 (for N4Py-Rhodamine B) or yH2AX-Alexa 488 (for
N4Py-Cy5). To minimize the contribution of apoptosis-induced dsDNA damage, apoptotic cells
(in the subG1 peak), stained by PI, were excluded from the analysis. The gate for yH2AX
positive cells in solvent control was set at 5 %. Each value represents mean + SEM from three
independent experiments.

All cell culture experiments performed so far, clearly indicate a different behavior of
the different N4Py-fluorophores (Figures 2-5), despite showing comparable inherent
properties for oxidative DNA cleavage under cell-free conditions (Figures 1, S7 and
S8). To explain this observation, the cellular localization of the N4Py-conjugates was
determined using confocal microscopy. The absence of cellular activity of N4Py-
Fluorescein could be explained by its inability to enter the cell (Figure S7a).
Furthermore, the influx properties of N4Py-Fluorescein could not be completely
attributed to its negative charge, as methylation of the alcohol group did not improve
cellular influx (Figures S7b,c).5

Both N4Py-Rhodamine B and N4Py-Cy5 could enter the cell (Figures S7d,e). To
reveal their cellular localization, cells treated with both N4Py-fluorophores were co-
stained with Mitotracker and Lysotracker, staining the mitochondria and lysosomes,
respectively. These studies showed that the cellular distribution between N4Py-
Rhodamine B and N4Py-Cy5 was very different; 24h treatment with N4Py-

Rhodamine B showed a predominant lysosomal localization (Figure 6b), whereas
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N4Py-Cy5 preferentially localized to the mitochondria (Figure 7a). Notably, over time,
the localization of N4Py-Cy5 toward the lysosomes increased (Figures 7b, 7d and 8).
In case of N4Py-Rhodamine B, the localization of the N4Py-conjugate (Figures 6a
and 6b) differed from the parental Rhodamine B fluorophore (Figures 6¢ and 6d),

whereas the parental Cy5 fluorophore behaved similarly as the N4Py conjugate.

Figure 6. Localization of N4Py-Rhodamine B and Rhodamine B. Confocal microscopy images
of N4Py-Rhodamine B and Rhodamine B, with (from left to right): (a) N4Py-Rhodamine B,
Mitotracker Deep Red, channel overlay, 24h treatment; (b) N4Py-Rhodamine B, Lysotracker
Deep Red, channel overlay, 24h treatment; (¢) Rhodamine B, Mitotracker Deep Red, channel
overlay, 1h treatment; (d) Rhodamine B, Lysotracker Deep Red, channel overlay, 1h treatment.
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Figure 7. (previous page) Localization of N4Py-Cy5 and Cy5-COOH. Confocal microscopy
images of N4Py-Cy5 and Cy5-COOH, with (from left to right): (a) N4Py-Cy5, Mitotracker Green,
channel overlay, 24h treatment; (b) N4Py-Cy5, Lysotracker Green, channel overlay, 24h
treatment; (c) N4Py-Cy5, Mitotracker Green, channel overlay, 1h treatment; (d) N4Py-Cy5,
Lysotracker Green, channel overlay, 1h treatment; (e) Cy5-COOH, Mitotracker Green, channel
overlay, 1h treatment; (f) Cy5-COOH, Lysotracker Green, channel overlay, 1h treatment.

Quantification of colocalization was performed using Pearson’s Correlation
Coefficient (PCC) (Figure 8).%% As a positive control for co-localization, cells were co-
stained with Mitotracker Green and Deep Red, whereas a 90 degree rotation of the
Mitotracker Green image was used as a negative control (Figure 8). 1 h treatment of
cells with N4Py-Cy5 showed very similar behavior compared to the parent Cy5-
COONH fluorophore, with high localization in the mitochondria (PCC = 0.86 vs 0.73)
and low localization in the lysosomes (PCC = 0.14 vs 0.20). Longer exposure of cells
to N4Py-Cy5 (1h vs 24h treatment) significantly increased lysosomal localization
(PCC = 0.14 vs 0.58) while slightly decreasing mitochondrial presence (PCC = 0.86
vs 0.75). Contrary to N4Py-Cy5, 1 h treatment with N4Py-Rhodamine B did not show
any detectable uptake in the cells, suggesting slow uptake (vide infra, Figure 8). 24
h treatment with N4APy-Rhodamine B revealed mainly lysosomal localization with little
presence in the mitochondria (PCC = 0.71 vs 0.23), a result contrary to the parent
Rhodamine B fluorophore (PCC = 0.46 vs 0.77).
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Figure 8. (previous page) Pearson Correlation Coefficients (PCC) for colocalization studies of
N4Py-conjugates and parent fluorophores. SKOV3 cells were treated for the indicated times
with the N4Py-conjugates or their parent fluorophores. For each treatment, the level of
colocalization with either the Mitotracker or Lysotracker dye was calculated using PCCs. The
positive control represents the colocalization of Mitotracker Green and Deep Red, whereas the
negative control represents a 90 degree rotation of the Mitotracker Green image. Each bar
shows the mean + SEM.

The differences in localization between the parental fluorophores and the N4Py-
conjugates, and between both N4Py-conjugates, may be explained by their mode of
transport into the cell. To determine whether the mode of transport is active or passive,
SKOV3 cells were treated for 24h with N4Py-Rhodamine B and N4Py-Cy5 at different
temperatures. In contrast to passive transport, active transport decreases
tremendously with decreased temperature, and is completely shut down at 4 °C.%6-68
The effect of temperature on active versus passive transport is clearly shown in
Figure 9; the cellular influx of N4Py-Rhodamine B is completely shut down at 4°C,
and decreased at 25.8°C, whereas the cellular influx of N4Py-Cy5 seems hardly
affected by temperature. This suggests an active mode of transport for N4Py-
Rhodamine B and a passive mode of transport for N4Py-Cy5. The transport
mechanism of N4Py-Cy5 therefore seems to be similar to that of the parent N4Py
ligand and Fe(ll)-N4Py complex (Figure S8).

N4Py-Rhodamine B N4Py-Cy5
37°C 258°C 25.8°C 37°C

Active transport Passive transport

Figure 9. The effect of temperature (T = 37°C, 25.8°C and 4°C) on the localization of N4Py-
Rhodamine B and N4Py-Cy5.
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Since N4Py-Cy5 predominantly accumulates in the mitochondria (Figures 7 and 8)
and generates hROS (Figure 4), it may damage the mitochondria and its DNA.%°
Indeed, gPCR revealed that 40 £ 7.7 % of the mtDNA was degraded in the cells
threated with N4Py-Cy5, but not with the other N4Py conjugates or Cy5-COOH
(Figure 10). As a result of all this, the damaged mitochondria can become
dysfunctional, and this could lead to electron leakage from the electron transport
chain and the generation of mitochondrial superoxide.”® The mitochondrial
superoxide production was therefore determined with the fluorescent probe
MitoSOX.”""® As shown in Figure 11, mitochondrial superoxide production was
increased specifically in cells treated with N4Py-Cy5 and not with the other N4Py-
conjugates. However, this finding seems to be only partly dependent on N4Py, since
Cy5-COOH itself already induced mitochondrial superoxide production, albeit at
slightly lower levels than N4Py-Cy5. Nevertheless, when taken into account the
reduced number of mitochondria (Figure 10), the mitochondrial superoxide
production per mitochondrion did increase at least two-fold more in the N4Py-Cy5
treated compared to the Cy5-COOH treated cells.

1.5

0.5

normalized
mtDNA/nDNA ratio

Figure 10. Mitochondrial DNA copy number upon treatment with N4Py-fluorophores. The
normalized mitochondrial DNA copy number was determined upon treatment of SKOV3 cells
with Fe(Il)-N4Py, N4Py-Rhodamine B, N4Py-Cy5 and Cy5-COOH. Each bar represents the
mean + SEM of at least three independent experiments. *p < 0.05.
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Normalized MFI
MitoSox (vs 0.1% DMSO)

Figure 11. Mitochondrial superoxide production upon treatment with N4Py-conjugates. The
normalized MitoSox Red mean fluorescent intensity (MFI) was determined upon treatment of
SKOV3 cells with Fe(ll)-N4Py, N4Py-Rhodamine B, N4Py-Cy5 and Cy5-COOH. To determine
possible interference between the fluorophores and MitoSox Red fluorescence, N4Py-
fluorophore treated cells were measured without the addition of MitoSox Red. Data values are
mean + SEM of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not
significant.

Mitochondrial dysfunction is detrimental for cells and is linked to a wide variety of
diseases and aging.”* Therefore, proper removal of dysfunctional mitochondria is
essential for cell survival. Cells can do this by non-selective autophagy (“self-eating”)
and by mitophagy, a mitochondria-specific type of autophagy.”® Such a survival
mechanism has been described for cells exposed to various stressors, including
oxidative stress.”® However, in our study, no evidence for mitophagy has been found
upon treatment with N4Py-Cy5; co-localization studies in 0.1% DMSO control versus
N4Py-Cy5 treated cells using Mitotracker Green and Lysobrite Red stainings’”
revealed that there is no increase in co-localization between the mitochondria
(Mitotracker Green) and the lysosomes (Lysobrite Red) upon treatment with N4Py-
Cy5 (Figure 12).
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Figure 12. Co-localization studies with N4Py-Cy5, Mitotracker Green and Lysobrite Red.
Confocal images of SKOV3 cells treated for 24h with 0.1% DMSO (a, b) or 10 uM N4Py-Cy5 (c,
d, e): (a) Lysobrite Red with Lysotracker Deep Red (positive control); (b) Mitotracker Green with
Lysobrite Red (negative control); (c) N4Py-Cy5 with Mitotracker Green; (d) N4Py-Cy5 with
Lysobrite Red; (e) Mitotracker Green with Lysobrite Red; (f) Pearson correlation coefficient
(PCC) for all co-localization experiments (a-e).

3.3 Discussion

In this study, we described the effect of fluorescent-labeling on the mode of transport,
cellular localization and biological activity of the BLM-mimic N4Py. Even though
conjugation of fluorophores had only a slight effect on the intrinsic DNA cleavage
activity of the N4Py moiety, its intracellular behavior was greatly affected. This is
attributed to a change in mode of transport and localization of the N4Py molecule
upon conjugation with the different fluorophores: N4Py-Fluorescein was unable to
pass through the cell membrane, resulting in a lack of cellular activity. In contrast,
N4Py-Rhodamine B and N4Py-Cy5 could both enter the cell, but localized to different

compartments.

Whereas N4Py-Cy5 passively entered the cell and predominantly localized in the
mitochondria, N4Py-Rhodamine B was actively transported into the cell and
remained trapped in the lysosomes. As a result, N4Py-Rhodamine B remained
largely inactive in the cell. In addition, the mitochondrial localization of N4Py-Cy5
seemed to improve the cytotoxicity of the molecule in comparison to N4Py.
Interestingly, the mitochondrial localization also changed the mode of cell death

compared to the parental molecule.

In line with previous observations, Fe(ll)-N4Py predominantly induced caspase-

dependent apoptosis,> whereas the cell death induced by N4Py-Cy5 was caspase-
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independent. Since N4Py-Cy5 did not localize to the nucleus, we can exclude the
direct induction of dsDNA breaks (yH2AX positive cells) by N4Py-Cy5 itself.
Alternatively, dsDNA breaks can be induced indirectly via programmed cell death. As
caspase-dependent programmed cell death (apoptosis) did not take place upon
treatment with N4Py-Cy5, it is proposed that caspase-independent cell death
indirectly induced the increase in yH2AX. In addition to apoptosis (caspase-
dependent, yH2AX positive) and necrosis (caspase-independent, yH2AX negative),
many other forms of cell death exist that may explain the N4Py-Cy5 induced cell
death (caspase-independent, yH2AX positive).”®

One such mode of cell death that may explain the N4Py-Cy5 induced cell death is
programmed necrosis, more specifically parthanatos.” This form of cell death
induces the sequential activation of poly ADP ribose polymerase-1, calpains, Bax,
and eventually the translocation of apoptosis-inducing factor from the mitochondria
to the nucleus.®® This event will, via the phosphorylation of yH2AX, contribute to
chromatinolysis and cell death.?! This type of cell death can be induced by a variety
of stressors, including DNA alkylating agents®' and ROS-induced mitochondrial
dysfunction.®? Since treatment with N4Py-Cy5 induced mitochondrial dysfunction
(increased mtROS production, decreased mtDNA copy number), parthanatos could

be a plausible mode of cell death induced by N4Py-Cy5.

Many tumors are or will become resistant to apoptosis during therapy, for example,
by overexpressing anti-apoptotic or suppressing pro-apoptotic proteins.® Therefore,
induction of cell death via an alternative route, as was shown for N4Py-Cy5, may be
a promising strategy to induce cell death in apoptosis-resistant tumors. SKOV3 cells
have been shown to exhibit some resistance to apoptosis,® and therefore, N4Py-
Cy5 may improve the cytotoxicity of the parental molecule. Indeed, our data shows
increased induction of cell death and dsDNA breaks upon treatment with N4Py-Cy5

compared to the parental molecule.

The high polarity of Fluorescein is known to often result in low cell permeability, which
is especially attributed to the dianionic charge state at physiological pH.5%88¢ As such,
the inability of N4Py-Fluorescein to enter the cell was not completely unexpected.
The absence of cellular influx can explain the fact that metabolic activity was
unaltered upon treatment with this compound. Moreover, the unaltered metabolic
activity strongly suggests that lipid/membrane oxidation by N4Py is not a major
contributor to its cellular cytotoxicity.
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Improved cell permeability can be obtained by protection of Fluorescein as its
diester.®” However, this chemical modification requires intracellular esterases to
unmask the fluorophore and, most importantly, the acetyl ester moieties are
reportedly unstable.®® For that reason, N4Py-Fluorescein-Me was synthesized as an
alternative, which contains a stable methoxy group instead of an unstable acetate
functionality. Methylated Fluorescein is reported to be eight times more stable than
Fluorescein with much less variable emission due to pH changes and is expected to
be less polar compared to Fluorescein.® Conjugation to N4Py did however not result
in better cellular influx compared to N4Py-Fluorescein. It does, however, provide
further evidence that N4Py does have to enter the cell in order to cause cellular
damage.

Conjugation of Rhodamine B to N4Py shows mainly localization in the lysosomes
without any significant accumulation in the mitochondria, which seems to be
explained by the cellular influx: whereas Rhodamine B enters the cell passively and
localizes in the mitochondria,®® N4Py-Rhodamine B enters the cell via active
transport, thus making an endocytic membrane trafficking pathway with subsequent
delivery of N4Py-Rhodamine B to the lysosomes very likely.?>®! The difference in the
mode of transport might, at least in part, be explained by the change in lipophilicity
due to conjugation of Rhodamine B to N4Py.

Analogously, Cy5-COOH was shown to selectively target the mitochondria,
suggesting that its structural properties closely resemble that of Rhodamine B.
Contrary to N4Py-Rhodamine B, conjugation of Cy5 to N4Py initially shows
significant localization in the mitochondria, with an increased localization in the
lysosomes over time. This indicates that, initially, the intrinsic properties of Cy5 seem
to control the behavior of the entire conjugate with the localization of N4Py-Cy5 likely
being membrane-potential driven. However, over time, other factors seem to
successfully compete with this membrane-potential driven behavior, as lysosomal
localization increased during prolonged incubation times.

A note of caution on the general use of fluorophores in cell studies might be
appropriate here, since in addition to changing the behavior of the parent molecule,
fluorophores themselves can already affect cellular function.®? This is displayed by
the increase in mitochondrial superoxide production upon treatment of SKOV3 cells
with Cy5-COOH, which is presumably caused by photooxidation of Cy5-COOH itself,
as has been reported previously.%-%¢
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In general, conjugation of a fluorescent group to a small molecule can generally be
beneficial for tracking the fluorescent analog during biological assays. However, one
should always take into account that the structural differences between the conjugate
and the parent compound can result in changes in influx, mechanism of transport
and cellular localization of the compounds, which in turn can all contribute to a
change in the biological activity of the compound. Assuming that the biological activity
of the fluorophore conjugate is largely in line with that of the parent (non-fluorescent)
molecule can be inaccurate and therefore, result in false conclusions regarding the
parent compound. Even though some studies have shown that the fluorophore
conjugate can behave quite similar to the parent compound in terms of catalytic
efficiency,®” chemical activity®®® or localization,'® these examples seem to provide
the exceptions rather than the rule. Various studies reported reduced binding
affinities,'®"1%2 reduced chemical activities'®'* or increased aspecificity'® by

introduction of a fluorophore.

3.4 Conclusions

The data described in this study shows that conjugation of a fluorophore to the ligand
N4Py has large effects on the intracellular localization, mode of transport into the cell
as well as biological activity. Conjugation of Fluorescein to N4Py showed that lipid
oxidation by N4Py is not a major contributor to its cellular cytotoxicity, since the lack
of cellular influx resulted in unaltered metabolic activity of the cancer cells upon
treatment with N4Py-Fluorescein and N4Py-Fluorescein-Me. Localization of N4Py-
Rhodamine B in the lysosomes as a result of active transport through the cell
membrane results in reduced biological activity in comparison to N4Py and
contrasting localization compared to Rhodamine B. In contrast, localization of N4Py-
Cy5 in the mitochondria and passive cellular uptake results in enhanced cytotoxicity
and nuclear DNA damage in comparison to N4Py at a concentration of 30 uM, with
a change in cell death mechanism and increased lysosomal localization upon
increased treatment times.

Our work illustrates that great care should be taken in extrapolating conclusions from
data obtained with fluorescent conjugates to the parent compounds of interest. We
therefore suggest that, in addition to fluorescent labeling, other techniques should be
used in order to confirm a hypothesis about cellular localization of biologically active

compounds.
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3.5 Experimental Section

3.5.1 Materials and Instrumentation
Reagents for synthesis were used as purchased without further purification unless
noted otherwise. Cyanine 5 carboxylic acid (Cy5-COOH) and Cyanine 5 NHS ester
(Cy5-NHS) were purchased from Lumiprobe. All solvents were reagent grade and
dry solvents were taken from an MBraun solvent purification system (SPS-800) when
necessary. Moisture sensitive reactions were performed under a nitrogen
atmosphere using oven dried glassware and using standard Schlenk techniques.
High purity water from a Millipore Milli Q purification apparatus containing a 0.22 ym
filter was used when necessary for synthetic purposes. Reaction temperatures refer
to the temperature of the oil bath. Column chromatography was performed on silica
gel (Silica-P flash silica gel from Silicycle, size 40-63 ym (230-400 mesh)). TLC was
performed on silica gel 60/Kieselguhr F2s4 purchased from Merck. Compounds were
visible by the naked eye or were visualized with a UV lamp (254 nm). Melting points
were recorded on a Buchi B-545 melting point apparatus. NMR spectra were
recorded on a Varian VXR-300, Varian Mercury Plus 400 and Agilent 400-MR at 298K.
Chemical shifts in 'H and "*C NMR spectra were internally referenced to solvent
signals ('"H NMR: CDCls at & = 7.26 ppm, (CD3)2SO at & = 2.50 ppm, CD3O0D at & =
3.31 ppm, CD3sCN at & = 1.94 ppm, (CD3)2CO at & = 2.05 ppm; *C NMR: CDCls at &
= 77.16 ppm, (CD3)2SO at 6 = 39.52 ppm, CD30OD at & = 49.00 ppm, CDsCN at 6 =
1.32 ppm, (CDz3)2CO at & = 29.84 ppm) Data are reported as follows: chemical shifts
(), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = double doublet,
m = multiplet, broad = broad band, app. = apparent), coupling constants (J (Hz), and
integration. High-resolution mass spectrometry was performed on a LTQ Orbitrap XL
spectrometer (ESI+, ESI- and APCI). LC-MS analysis were performed on an Acquity
H-Class UPLC with Xevo G2 TOF mass detector for HRMS (ESI+) and Acquity UPLC
with TQD mass detector for LRMS (ESI+), both manufactured by Waters. All analysis
were performed at 35 °C using a reversed-phase UPLC column (Waters Acquity
UPLC BEH C8, 130 A, 1.7 ym, 2.1 mm x 50 mm). UPLC grade water and acetonitrile
(CH3CN) were used as eluents with addition of 0.1% formic acid (FA) to both. The
following inlet method was used: (water/ CH3CN) 95:5 for 5 min, to 40:60 at 12 min,
40:60 for 3 min, to 95:5 in 1 min, at 95:1 for 5 min. Total run time: 21 min. UV
absorbance was monitored at 254 nm in combination with the total ion current (TIC).
Reversed phase HPLC analysis were performed on a Shimadzu HPLC system
equipped with two LC-20AD solvent delivery systems, a DGU-20A3 degasser, a SIL-
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20A auto injector, a SPD-M20A diode array detector, a CTO-20A column oven, a
CBM-20A system controller and FRC-10A fraction collector. Analysis were performed
with a Waters Xterra MS C18 column (3.0 x 150 mm, particle size 3.5 ym) using a
gradient of HPLC grade MeOH and double distilled water with addition of 0.1 % TFA
to both; gradient A: (MeOH/water) 10:90 for 10 min, to 70:30 at 40 min, 70:30 for 25
min, to 10:90 at 70 min, 10:90 for 10 min (total run time: 80 min); gradient B:
(MeOH/water) 10:90 for 10 min, to 70:30 at 25 min, 70:30 for 20 min, to 10:90 at 55
min, 10:90 for 5 min (total run time: 60 min). Flow: 0.5 mL/min at 40°C. Preparative
HPLC was performed with a Waters Xterra MS C18 column (7.8 x 150 mm, particle
size 10 ym); gradient Aor B. Flow: 1 mL/min at 40°C. UV-Vis absorption spectra were
recorded at 37°C using a 1 cm path-length quartz cell on a Jasco V-660
spectrophotometer. Absorption maxima are 2 nm. Molar absorptivities were
determined by determination of Amax for at least 6 different concentrations in triplicate.
Corrected fluorescence emission spectra were recorded at 37°C using a 1 cm path-
length quartz cell with a 100 uL (10 x 2 mm) or 1400 yL chamber volume on a Jasco
FP-6200, containing a 150W Xenon lamp contained within a sealed housing.
Emission maxima are £3 nm.

3.5.2 Synthesis of N4Py-fluorophore Conjugates and Intermediate
Compounds
N4Py*347 and N4Py-propylamine*® (Scheme S1) were synthesized according to
established procedures. Rhodamine B'% and Fluorescein® derivatives were

synthesized according to literature procedures and all data are in agreement with
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Scheme S1. Synthesis of N4Py-propylamine from di-2-pyridyl ketoxime and methyl 6-
methylpyridine-3-carboxylate.
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For the synthesis of NAPy-Rhodamine B, a procedure from the literature'® was
adapted as follows (Scheme S2): to an oven dried 5 mL round bottom flask under a
N2 atmosphere was added N,N’-disuccinimidyl carbonate (DSC) (64 mg, 0.25 mmol),
Rhodamine B-Alcohol (57 mg, 0.10 mmol) and 0.75 mL of dry pyridine. After stirring
at room temperature for 4h, additional DSC (38 mg, 0.15 mmol) was added to the
flask. After another 3 h, excess DSC was quenched by addition of water (14.8 mg,
0.82 mmol). To this solution, N4Py-propylamine (75 mg, 0.16 mmol) in 0.75 mL dry
pyridine was added. The resulting dark purple solution was stirred at room
temperature overnight. The solution was subsequently partitioned between 4:1
CH:zClo/'PrOH and water. After isolation of the organic layer, the aqueous layer was
extracted 3 more times with 4:1 CH2Cl2//PrOH. The combined organic layers were
dried over Na2SOQy, filtered and concentrated under reduced pressure to yield N4Py-
Rhodamine B as a dark purple solid (0.9 mg, 83 %): LC-MS TQD: M* calcd 1062.57,
found 1062.70 ret. time t = 8.95 min. A high purity sample suitable for cell studies
was obtained by preparative HPLC using gradient B. Ret. time: 31.99 min HRMS:
M* calecd 1062.571, found: 1062.567.
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Scheme S2. Synthesis of N4Py-Rhodamine B from Rhodamine B base.

N4Py-Fluorescein (Scheme S3): To an oven dried 10 mL round bottom flask under
a N2 atmosphere was added Fluorescein-COOH (10 mg, 0.023 mmol), N,N'-
Diisopropylcarbodiimide (DIC) (7.0 pL, 0.045 mmol),
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Ethyl(hydroxyimino)cyanoacetate (OxymaPure) (6.4 mg, 0.045 mmol) and 4 mL of
dry N,N-Dimethylformamide (DMF). After stirring at room temperature for 20 min,
N4Py-propylamine (11.6 mg, 0.025 mmol) was added to the flask and the deep
orange solution was stirred for another 20h at room temperature. The solution was
subsequently diluted by addition of DCM (x 25 mL) and washed with sat. NaHCO3 (6
x 25 mL). The organic layer was dried over Na>SQq, filtered and concentrated under
reduced pressure to yield crude N4Py-Fluorescein as an orange solid: LC-MS TQD:
M* calcd 893.38, found 893.43 ret. time t = 8.83 min; [M+Na+K]* calcd 954.32, found
954.37 ret. time t = 8.61 min. A high purity sample suitable for cell studies was
obtained by preparative HPLC using gradient B. Ret. time: 31.56 min HRMS: M*
calcd 893.377, found: 893.377.

N4Py-Fluorescein-Me (Scheme S3): To an oven dried 10 mL round bottom flask
under a N2 atmosphere was added Fluorescein-Me-COOH (10 mg, 0.022 mmol),
N,N'-Diisopropylcarbodiimide (DIC) (6.8 uL, 0.044 mmol),
Ethyl(hydroxyimino)cyanoacetate (OxymaPure) (6.2 mg, 0.044 mmol), N,N-
Diisopropylethylamine (DIPEA) (7.6 pL, 0.044 mmol) and 5 mL of dry N,N-
Dimethylformamide (DMF). After stirring at room temperature for 20 min, N4Py-
propylamine (13.3 mg, 0.028 mmol) was added to the flask and the deep orange
solution was stirred for another 20 h at room temperature. The solution was
subsequently diluted by addition of DCM (+ 25 mL) and washed with sat. NaHCO3
(6 x 25 mL). The organic layer was dried over NaxSOQq, filtered and concentrated
under reduced pressure to yield crude N4Py-Fluorescein-Me as an orange solid: LC-
MS TQD: [M+H]* calcd 907.39, found 907.38 ret. time t = 9.17 min. A high purity
sample suitable for cell studies was obtained by preparative HPLC using gradient B.
Ret. time: 24.71 min HRMS: M* calcd 907.393, found: 907.392.
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Scheme S3. Synthesis of N4Py-Fluorescein and N4Py-Fluorescein-Me from Fluorescein
sodium salt.

N4Py-Cy5 (Scheme S4): To an oven dried 10 mL round bottom flask under a N2
atmosphere was added Cy5-NHS (10 mg, 0.016 mmol), N,N'-
Diisopropylcarbodiimide (DIC) (101 uL, 0.065 mmol),
Ethyl(hydroxyimino)cyanoacetate (OxymaPure) (9.3 mg, 0.065 mmol), N,N-
Diisopropylethylamine (DIPEA) (11.3 pL, 0.065 mmol) and 3 mL of dry N,N-
Dimethylformamide (DMF). After stirring at room temperature for 5 min, N4Py-
propylamine (9.1 mg, 0.019 mmol) was added to the flask and the deep blue solution
was stirred for another 20h at room temperature. The solution was subsequently
diluted by addition of DCM (z 25 mL) and washed with sat. NaHCO3 (4 x 25 mL) and
sat Na2COs (2 x 25mL). The organic layer was dried over Na>SOu, filtered and
concentrated under reduced pressure to yield crude N4Py-Cy5 as a dark blue solid:
LC-MS TQD: M* calcd 932.53, found 932.58 ret. time t = 10.09 min. A high purity
sample suitable for cell studies was obtained by preparative HPLC using gradient B.
Ret. time: 28.07 min HRMS: M* calcd 932.534, found: 932.534.
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Scheme S4. Synthesis of N4Py-Cy5 from commercially obtained Cyanine 5 NHS ester.

3.5.3 Stability Studies of N4Py-Fluorophore Conjugates

Table S1. Comparison of absorbance Amax, £max, €MiSsion Amax and Stokes shifts between N4Py-
conjugates and their parent fluorophores as obtained by UV-Vis absorbance and emission

spectra.

N4Py-Cy5 Fluorescein N4Py-

Fluorescein

Amax (NM) 639 643 491 502
€max £ SD (M 12.9-10* 11.9-10* 68.8:10° 38.6:10°
cm™) (0.30-10)  (0.43-10%)  (0.4-10%) (1.4-10%)
Aemission,max 659 661 515 521
(nm)
Stokes (cm™) 475 424 949 726

Table S1 continued.

N4Py-Fluorescein-Me N4Py-
Rhodamine B
Amax (nm) 460 (483) 554 568
Emax £SD (M 17.0-10% (0.07-10%) 68.0-10° 61.5-10°
cm™) £483= 15.3-10° (0.08-10%)  (0.3-10°%) (1.0-10%)
)\emission,max (nm) 522 (549) 587 592
Stokes (cm™) 1547 1015 713
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Normalized Absorbance Spectra
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Figure S1. Normalized UV-Vis absorbance spectra of N4Py-conjugates and parent
fluorophores in PBS buffer (pH 7.4, 37°C).

Normalized Emission Spectra
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Figure S2. Normalized emission spectra of N4Py-fluorophores and parent fluorophores in PBS
buffer (pH 7.4, 37°C).
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Decrease: 4 %

N4Py-Fluorescein, 10ul, 3d, rt, daylight N4Py-Fluorescein-he, 10 uM, 3d, rt, daylight Fluorescein, SuM, 2d, rt, daylight
—t = t=3 days t=0 t=3 days t=0 t=3days
10 1.0 £
208 2038 208
g 8 3
506 506 S 06
2 2 2
4 il 2
4] 5 S
204 S04 304
i ™ [
2oz Zo2 £oz
0.0 0.0 0.0
510 560 610 460 560 660 510 560 €10
A (nm) A{nm) A(nm)
Decrease: 4 % Decrease: 4 %
N4Py-Rhodamine B, 10uM, 2d, t, daylight Rhodamine B. 10 uM, 3d, rt, daylight
—1 = t=3days —1 =0 t=3 days
1.0 1.0 l/-\
Zos8 =¥
@ o
i S
e 2
508 £ 06
z g
S04 S 04
o [
g 02 2oz

o
=
o
=)

580 830 680 580 630 680
A(nm) A (nm)
Decrease: 4 % Decrease: 4 %
N4Py-Cy5, 1 uM, 3d, rt, daylight Cy5-COOH, 1uM, 3d, rt, daylight
—t =0 t=3days ' =0 t=3days
1.0
Eos E
@ ©
Qo [5]
506 H]
]
504 E]
e [
Zoz z
0.0 -
800 580 630 680
A (nm)

Figure S3. Relative fluorescence intensities for N4Py-conjugates after 3 days at ambient
conditions in PBS buffer, pH 7.4.

Photostability studies were performed with concentrations of the fluorophores for
which the absorbance did not exceed Amax = 0.15 (generally 1-10 uM) in PBS buffer
at pH 7.4 (in order to mimic physiological conditions). Compounds were continuously
irradiated in the spectrofluorimeter at the indicated maximum excitation wavelength
of the fluorophore and spectra were recorded att =0, 1, 2, 3, 4, 10, 15, 30, 45, 60
min. The indicated decay (%) is taken over the total of 60 min.

The stability of the fluorophores over a period of 3 days was tested by recording a
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spectrum at t = 0 days and t = 3 days, during which the samples were left in broad
daylight on a lab bench at room temperature in PSB buffer pH 7.4 (in order to mimic
physiological conditions). The indicated decay is taken over the total period of 3 days
(%).

Continuous Irradiation, 1h, PBS pH 7.4, 37 °C Continuous Irradiation, 1 h, PBS pH 7.4, 37 °C
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Figure S4. Relative fluorescence intensities for N4Py-conjugates during a 1 h irradiation at
excitation wavelength in PBS buffer, pH 7.4 at 37°C.

3.5.4 DNA Cleavage Experiments

3.5.4.1 Materials, Instrumentation and Plasmid Isolation
pUC18 plasmid DNA was isolated from Escherichia coli XL1 Blue and purified using
a QIAGEN maxi kit. Concentrations were determined by UV-Vis spectrometry at 260
nm using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). DNA
ladder (SmartLadder 200-10000 bp) was purchased from Eurogentec. Agarose for
gel electrophoresis was purchased from Sigma-Aldrich (bioreagent grade). Ethidium
bromide (10 mg/mL in water, bioreagent) was purchased from Sigma-Aldrich. DNA
gel loading dye (6x concentrated) was purchased from Thermo Fisher Scientific.
Pictures from the agarose gels were taken with a UVIdoc HD2 camera 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.

3.5.4.2 DNA Cleavage Experiments
Stock solutions (10 mM) of N4Py and N4Py conjugates were made in pure DMSO
(BioReagent, Sigma-Aldrich) and diluted with Milli Q water to a final working
concentration of 1 yM. 1 equiv. of (NH4)2Fe(l1)(SO4)2:6H20 was added to the N4Py

89



Chapter 3

ligands in water to form the Fe(ll)-complexes in situ. The respective solutions of
Fe(ll)-complexes were added to a buffered solution (Tris-HCI, 10 mM, pH 8.0) in the
presence of supercoiled pUC18 plasmid DNA and dithiolthreitol (DTT) in 1.5 mL
Eppendorf tubes incubated at 37 °C. The final reaction volume of 50 L contained a
final concentration of 1.0 uM Fe(ll)-complex, 0.1 ug/uL DNA and 1.0 mM DTT.

Samples (2 pL) were taken from the reaction solutions att=0, 1, 2.5, 5, 7.5, 10, 15,
20, 30, 40, 50, 60 min and were directly quenched in a 18 pyL quenching solution,
containing 15 yL NaCN solution (1 mg/mL) and 3 pL loading buffer (consisting of
0.03 % bromophenol blue, 0.03 % xylene cyanol FF, 60 % glycerol, 60 mM EDTA, 6x
concentrated), after which each sample was directly frozen in liquid nitrogen. The
samples were run on 1.2 % agarose gels in TAE buffer for 90 minutes at 70 V. Gels
were post stained in an ethidium bromide bath (1.0 ug/mL) for 45 min and washed
with TAE buffer. Pictures 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.5' Results were obtained from
experiments that were performed at least in triplicate.
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Figure S5. DNA cleavage by iron complexes of N4Py-conjugates. Cleavage of supercoiled DNA
(form |, @) to give nicked (form Il, m) and linear DNA (form Ill, A). Time profile for cleavage
with: (top, from left to right) Fe(I)-N4Py, Fe(ll)-N4Py-Rhodamine B, (bottom, from left to right)
Fe(ll)-N4Py-Fluorescein, Fe(ll)-N4Py-Fluorescein-Me, Fe(ll)-N4Py-Cy5. Conditions: Tris-HCI
buffer (pH 8.0) at 37°C, 1.0 uM complex, 0.1 ug/uL pUC18 plasmid DNA (150 uM in base pairs),
1.0 mM DTT. Error bars represent the root mean square based on at least three runs. A
correction factor was used to compensate for the reduced ethidium bromide uptake capacity of
supercoiled DNA.
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3.5.4.3 Calculation of Amounts of Single Strand Cuts (ssc) and Double
Strand Cuts (dsc)
The average number of single- (n) and double-strand cuts (m) of a DNA molecule
were calculated with Eqn. (1) and (2), in which fiy and fi are the fractions of linear
DNA and supercoiled DNA, respectively.'®” Eqn. (3) describes the Freifelder-Trumbo
relationship,%” in which h is the maximum distance in base pairs between nicks of
opposite strands to generate a double strand cut (i.e. 16), L is the total number of
base pairs of the DNA molecule used (2686 bp for pUC18 plasmid DNA). Uncertainty
values for m and n were calculated by a Monte-Carlo simulation as described
previously.5!52

(1) fyy=m-e™

(2) fI — e—(m+n)

2
(3) m= n“(2h+1)
4L

06

—— Freifelder-Trumbo

05 A ® N4Py
B N4Py-Rhodamine B
4 N4Py-Fluorescein
0.4 N4Py-Fluorescein-Me
4 N4Py-Cy5
£ 03 4

Figure S6. Quantification of the number of double-strand cuts (m) as a function of single-strand
cuts (n) per DNA molecule for each of the N4Py-conjugates. Error bars represent the uncertainty
limits of n and m, based on Monte-Carlo simulations, taking into account a standard deviation o
of 0.03 for each individual data point. The solid black line describes a pure single strand
cleavage pathway, as described by the Freifelder-Trumbo relationship.

3.5.4.4 Calculation of Cleavage Rates
The average number of single strand cuts per DNA molecule for a single strand DNA
cutting agent can be calculated using Eqn. 4 (when no linear DNA is observed) or

Eqn. 5 (when linear DNA is observed).'%1% Uncertainty values for n were calculated
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by a Monte-Carlo simulation. The rate constant (kobs) of single-strand DNA cleavage
can be determined from the linear fit of the calculated values of n as a function of
time. In order to take into account the [DNA] (0.1 ug/pL) and [Fe(ll)-complexes] (1.0
uM), kobs is corrected into k" by Eqn. 6.

(4) fi=e™m
(5) f,+fy = [1—n(2h+ 1)/2L]"2

__[DNA]
[complex]

(6) k™ =Kkobs

3.5.5 Cell Experiments

3.5.5.1 Cell Culture
SKOV3 cells (human ovarian carcinoma) were obtained from the ATCC (Manassas,
VA). 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 pg/mL gentamycine sulfate (Invitrogen, Breda, The Netherlands), 2
mM L-glutamine (Lonza) and incubated at 37°C in a humidified 5% CO:incubator.

3.5.5.2 In Vitro Cytotoxicity
The viability of cells in the presence and absence of reagents was determined by the
MTS assay, as described previously.5® In short, 6400 cells were seeded in 96-well
plates. The following day cells were treated with the fluorophore conjugated N4Py
molecules, or 0.1% DMSO as a control. After 24 h, 20 uL 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. For each experiment, every treatment was

performed three times, and the experiment was carried out in triplo.

3.5.5.3 Cell Death Analysis

Cells were treated with the fluorophore conjugated N4Py ligands with or without 20
MM of the pan-caspase inhibitor zZVAD-FMK. 24h after treatment, both floating and
adherent cells were harvested and stained with 5 ug/mL Pl (Sigma-Aldrich)/PBS.
After a 10 min incubation at 4°C in the dark, fluorescence was measured using the
FL-2 (Cy5) or FL-3 (Fluorescein, Rhodamine B) channel of a FACScalibur flow
cytometer (Beckton Dickenson Biosciences, San Jose, CA). Background
fluorescence was determined by measuring the N4Py-fluorophores alone.
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Experiments were conducted in triplicate. The percentage PI positive cells was
determined with Kaluza 1.2 (Beckman Coulter) software.

3.5.5.4 dsDNA Breaks

The induction of dsDNA damage in the healthy/early apoptotic population (subG1
population) was determined using FACS analysis of intracellular yH2AX as described
before.®® After 24h treatment with N4Py-fluorophores, cells were fixed in 4%
formaldehyde for 10 min at 37 °C and permeabilized in 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 (yH2AX) (ser139) (20E3) antibody conjugated to Alexa fluor 488 or 647 (Cell
Signaling, Leiden, The Netherlands), for the N4Py-Cy5 or N4Py-Rhodamine B
conjugate respectively. After yH2AX staining, cells were washed with PBS and
stained with 5 ug/mL PI. After a 10 min incubation at 4°C in the dark, PI fluorescence
was determined in the FL2 channel, and yH2AX fluorescence was determined in the
FL1 (Alexa 488 conjugate) or FL4 channel (Alexa 647 conjugate) of a FACScalibur
flow cytometer. Cells in the subG1 population were excluded from analysis of dsSDNA
breaks in early/non-apoptotic cells. The cutoff for a yH2AX positive cell was set based
on a level of ~5% positivity in the solvent control. Each experiment was carried out
three times. MFIl and PI low cells were determined with Kaluza 1.2 (Beckman Coulter)
software.

3.5.5.5 ROS Detection

After 24 h treatment with the different N4Py variants, cells were treated with either 5
MM APF (Molecular Probes) and 100 pM H202 or 5 yM MitoSOX Red (Molecular
Probes) for 30 min at 37°C. After loading the cells with the ROS probe, cells were
washed with PBS and collected. For the detection of secondary ROS, APF signal
was detected in the FL1 channel of a flow cytometer (BD FACSCalibur, BD
Biosciences). For the detection of mitochondrial Oz, the Mitosox Red signal was
detected by flow cytometry (BD LSR-II, BD Biosciences) using a 355 nm UV-laser in
combination with a 575/26 nm filter.”

3.5.5.6 Confocal Microscopy
Temperature-dependent cellular influx of the N4Py conjugates, N4Py and Fe(ll)-
N4Py was determined during a 24 h treatment at different temperatures (4 °C,
25.8 °C, 37°C). Necrotic/late apoptotic cells were stained using Pl (10 min. incubation,
5 pg/mL PI). Localization and cytotoxicity were visualized using confocal fluorescent
microscopy (Leica SP8, HC PL APO CS 10x/0.30 lens, HC PL APO CS2 40x/1,3).
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Colocalization of the N4Py conjugates with lysosomes or mitochondria was
visualized using confocal fluorescent microscopy (Leica SP8, HC PL APO CS2
63x/1.4 lens). Lysosomes were stained by treating cells with 1x Lysobrite Red
solution (AAT Bioquest), 50 nM Lysotracker Green (Molecular Probes) or 100 nM
Lysotracker Deep Red (Molecular Probes) for 1h at 37 °C. Mitochondria were stained
by treating cells with 200 nM Mitotracker Green (Molecular Probes) or 100 nM
Mitotracker Deep Red FM (Molecular Probes) for 30 min at 37 °C. Lysotracker Green,
Mitotracker Green and N4Py-Fluorescein were excited using a 488 nm laser light,
Lysobrite Red and N4Py-Rhodamine were excited using a 552 nm laser light and
Mitotracker Deep Red, Lysotracker Deep Red and N4Py-Cy5 were excited using a
633 nm laser light.

Colocalization studies were performed according to the guidelines of K. W. Dunn et
al.'"% Images were first analyzed with Leica Application Suite AF Lite software v.
3.2.0.9652 from Leica microsystems and subsequently loaded into Imaged v. 1.50f
as 8-bit black & white images with a 2048x2048 resolution. Whenever possible,
signal saturation was avoided and saturated pixels were omitted from quantification.
Colocalization Finder plugin for Imaged v.1.2 (C. Laummonerie, J. Mutterer, Institute
de Biologie Moleculaire des Plantes, Strasbourg, France) was used to obtain a
composite and mask image and cytofluorogram scatterplot. Colocalization was
quantified using Pearson’s Correlation Coefficient (PCC)®® for at least 12
independent Regions Of Interest (ROI) using Coloc 2 plugin (D. J. White, T. Kazimiers,
J. Schindelin) from Fiji ImageJ plugin package."' Statistical significance of
colocalization was analyzed for entire pictures with JACoP plugin v.2.1.1 for
ImageJ'? using Costes’s randomization method"'® with xy blocksize of 20 pixels and
1000 randomization rounds. Statistical significance with ROls was analyzed similarly
in Coloc 2.
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c)

Figure S7. Localization of N4Py-conjugates. SKOV3 cells were treated for 24 h with 10 uM (a)
N4Py-Fluorescein, (b, ¢) N4Py-Me-Fluorescein, (d) N4Py-Rhodamine B or (e) N4Py-Cy5.
Confocal images were taken before (a, b) or after (c, d, e) washing the cells with PBS. After
washing the cells with PBS, all emission was lost for the N4Py-Fluorescein conjugates (only
N4Py-Me-Fluorescein data shown in c).

a) 37 °C DMSQO Control  b) 37 °C Fe(ll}-N4Py c) 37 °C N4Py

-.."“ £k

d) 4 °C DMSO Control ) 4 °C Fe(ll)-N4Py

Figure S8. The effect of temperature (T = 37 °C and 4 °C) on the parental N4Py molecule.
SKOV3 cells were treated for 24 h at 37 °C (a-c) or 4 °C (d-f) with 0.1 % DMSO (a, d), 30 yM
Fe(l1)-N4Py (b, e) or 30 uM N4Py ligand (c, f). Necrotic/late apoptotic cells were stained with
propidium iodide (green fluorescence).
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3.5.5.7 DNA Isolation
Cell were lysed O/N at 55 °C in TNE lysis buffer (10 mM Tris/HCI, pH 7.5; 150 mM
NaCl; 10 mM EDTA; 1% SDS) supplemented with 100 pg proteinase K. Total cellular
DNA (genomic and mitochondrial DNA) was extracted using chloroform/isoamyl
alcohol (24 : 1), including a 1 h RNase A (Thermo Scientific) treatment at 37 °C, and
precipitated using isopropanol.

3.5.5.8 Mitochondrial DNA (mtDNA) Copy Number
10 ng of total cellular DNA was used as input of the gPCR. Primers amplifying a
single-copy nDNA region (B-actin) and an mtDNA region (D-loop) were used (Table
S2). The mtDNA copy number was calculated with Eqn. 7.

(Ct nDNA * primer efficiency — Ct mtDNA * primer efficiency)

(7) 2

Table S2. Primer sequences
Target Fw primer sequence (5’-3’) Rv primer sequence (5’-3’)

mtDNA  D-loop TCACCCTATTAACCACTCACGG ATACTGCGACATAGGGTGCTC

ratio

nDNA B-actin TGAGTGGCCCGCTACCTCTT CGGCAGAAGAGAGAACCAGTGA

ratio

3.5.5.9 Statistics
All data are presented as the mean + SEM and were evaluated by a one-way ANOVA
followed by Dunnett’s post-hoc test. Data was considered statistically significant with
a p value < 0.05.
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