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ABSTRACT: In vitro viability assays against a representative panel of human cancer cell lines revealed that polyamines L1a
and L5a displayed remarkable activity with ICs, values in the micromolar range. Preliminary research indicated that both
compounds promoted G1 cell cycle arrest followed by cellular senescence and apoptosis. The induction of apoptotic cell death
involved loss of mitochondrial outer membrane permeability and activation of caspases 3/7. Interestingly, L1a and L5a failed
to activate cellular DNA damage response. High intracellular zinc chelating capacity of both compounds, deduced from the
metal specific Zinquin assay and ZnL?* stability constant values in solution strongly support their cytotoxicity. These data
along with quantum mechanical studies have enabled to establish a precise Structure-Activity Relationship. Moreover, L1a
and L5a showed appropriate drug-likeness by in silico methods. Based on these promising results, L1a and L5a should be

considered a new class of zinc-chelating anticancer agents that deserve further development.

INTRODUCTION

Cancer is a major public health problem and represents
the second leading cause of death worldwide.! According to
WHO estimates, it accounted for over 9.6 million deaths in
2018. Moreover, the number of new cases is expected to rise
by about 70% over the next two decades with over 20
million new cancer cases annually (particularly in low- and
middle-income countries).? These considerations have led
to increased research in order to provide effective
anticancer therapies. Clinical treatments include various
therapeutic modalities such as surgery, radiotherapy, and
chemotherapy. Despite overwhelming advances in cancer
research and clinical oncology, the need to provide more
effective treatments encourages the search for New
Molecular Entities (NMEs) including small molecule- and
biologic-based drugs.? Many chemotherapeutic agents have
been developed and the number of NMEs targeting cancer
has grown impressively since the 1990s; unfortunately, the
clinical use is still associated with severe adverse reactions
and the rapid development of resistance. Therefore, the
search for highly effective and safer anticancer drugs is an

essential and urgent need and continues to be a formidable
challenge.

The enormous structural diversity of Natural Products
(NPs) and their medicinal significance have led researchers
to establish NPs as lead compounds. As a result, a significant
number of natural product-based drugs have been
introduced into the market over the years. At present, more
than 100 new products are in clinical development,
particularly as anticancer and anti-infective agents.*
Recently, a great deal of attention has been focused on the
naturally occurring and biologically active polyamines, e.g.
Spermidine (Spd), Spermine (Spm) and their 1,4-
diaminobutane precursor Putrescine (Put). These natural
polyamines are involved in a large number of fundamental
biological processes and play an important role in
eukaryotic cell proliferation, differentiation, and death.
Moreover, polyamine homeostasis has long been known to
be dysregulated in various pathological conditions, most
notably in cancer. High levels of polyamines have been
observed in breast, colon, prostate and skin cancers. In
addition, anomalous levels of biosynthetic and catabolic
rate-limiting enzymes of polyamine metabolism have been
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detected. > Consequently, polyamines represent a universal
template due to their many physiological and/or
pathological roles.® It is well-known that polyamine
analogues exhibit considerable potential as cytotoxic agents
for cancer chemotherapy. Recent studies have focused on
the discovery of compounds that produce cellular effects
that are either independent, or in addition to the polyamine
metabolic enzymes.>»7

Another group of compounds extensively used in cancer
research are metal-sequestering agents.? Metals including
iron, copper and zinc are essential for physiological
processes.8s° Remarkably, Zn?* plays a vital role in
numerous cellular processes such as survival, proliferation,
and apoptosis, both in normal and in cancer cells.?
Moreover, many reports have shown that both increase and
decrease in Zn?* levels are associated with cancer
development. Thus, depletion of cellular zinc by chelating
agents has been proposed as a strategy for treatment of
cancers.!1! On the other hand, polyamines are suitable
ligands for metal ions such as Pd?*, Pt?*, Fe(*/3%), Cu(1*/2*) or
Zn?*. Numerous studies have reported that polyamines
yield polynuclear chelates with antiproliferative
activities.”>?412 Recently, it has been demonstrated that the
polyamine N,N,N’N “tetrakis(2-
pyridilmethyl)ethylenediamine (TPEN), a membrane-
permeable zinc chelator, shows pro-apoptotic effects on
human acute promyelocytic leukemic cells in addition to
solid tumor cells, indicating that Zn?* depletion can be a
potential strategy for cancer treatment.!3

Given the aforementioned findings, in our search for new
anticancer agents,'* we synthesized a small library of
polyamine derivatives through a pharmacomodulation
design strategy based on the natural polyamine Spermidine
and performed a first evaluation of their biological activity.
Our design concept was based on modifying the chain
length of the Spd core framework with the substitution of
the three/four methylene chains of spermidine backbone
by ethylene groups and the insertion of appropriate
substituents on the terminal and central amino groups
(Figure 1). In this paper, we report the synthesis of a series
of polyamine analogues considering our design strategy,
and the evaluation of their potential anticancer activity
against a broad panel of human cancer cells. The cellular
effects on cell cycle progression, senescence, apoptosis and
DNA damage-inducing capability of the most active
compounds are analyzed. In addition, intracellular zinc
chelating ability of selected polyamines as a potential
mechanism of action and, their zinc binding affinity and
coordination mode are investigated. Finally, the Structure
Activity Relationship (SAR) is explored to define which
features are necessary for the anticancer activity, and the
drug-likeness properties of the most active compounds is
evaluated in order to design new lead anticancer drug
candidates for future synthesis and biological testing.

RESULTS AND DISCUSSION

Chemistry. With the goal to develop an inexpensive and
straightforward synthetic strategy to prepare our library of
polyamine compounds, we based the synthesis on the
commercially available 1,4,7-triazaheptane (DIEN). In
order to introduce structural diversity in the library, we
combined two structural domains D1 and D2 on DIEN
scaffold. Thus, we explored both the functionalization of
central (D1) and terminal amino groups (D2) by insertion

of the building blocks R; and R,. According to the
functionalization of the central nitrogen (R;), we classified
the compounds in
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Figure 1. Library of synthesized polyamine compounds.

five series L1-L5, and depending on the functionalization
of the terminal amino groups (R;) as a-d (Figure 2).

Considering the design pattern, we obtained eleven
polyamine derivatives in high yields (Figure 1). The target
compounds were synthesized as outlined in Scheme 1 and
Scheme 2 following a four-step route starting from the
commercial DIEN (L), according to previously reported
procedures': 1) Protection of L terminal amino groups with
an excess of phthalic anhydride (2.2 equiv) to afford the
protected amine L-ft; 2) L-ft central nitrogen alkylation or
sulfonylation by nucleophilic attack of the corresponding
alkyl or arylsulfonyl halides to give 3-N-substituted
diphthalimides L-(1-4)-ft, and 3) removal of the protecting
groups with hydrazine in ethanol to give the free alkylated
polyamines L1-L4 (Scheme 1).

The last step is shown in Scheme 2. Compounds L1-L4 as
well as the commercial polyamine 4-methyl-1,4,7-
triazaheptane L5 were reacted with
pyridinecarboxaldehydes a-c (1:2 ratio), and the
corresponding imines were subsequently reduced in situ
with NaBH, to afford compounds L1a-c, L2a,b, L3a, L4a
and L5a,c. In addition, we synthesized two carboxamide
derivatives L1d and L2d by reacting polyamines L1 and L2
with methyl picolinate d, as illustrated in Scheme 2. All the
compounds were fully characterized by 1D (H, 3C, DEPT)
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and 2D (COSY, HSQC) NMR spectroscopy, HR-MS and
elemental analysis. The spectra of compounds not
previously described are provided in the
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Figure 2. Design strategy and structural diversity domains
D1 and D2 on polyamine skeleton.

Scheme 1. Synthesis of amines L1-L4.2

HQN\/\N/\/NHQ —-
H \/\N/\/
m)
H;N SN NH,
R \/\N/\/

L1 R = CH,-2-Naphthyl
L2 R = Dansyl L-(1-4)ft
L3 R = S0,-1-Naphthyl
L4 R = SO,-8-Quinolyl

aReagents and conditions: i) Phthalic anhydride (2.2 equiv),
CH3COOH, reflux, 1.5 h; ii) 2-NaphthylCH,Br or R;SO,Cl (R, =
Dansyl, Naphthyl, 8-Quinolyl), K,COs3 (1.6 equiv), CH3CN, reflux,
24 h; iii) N,Hy, EtOH, reflux, 24 h.

Electronic Supplementary Information (ESI, Figures S1.1-
S1.42).

Biological activities. Antiproliferative activities. The
inhibitory activity of polyamine derivatives L1-L5 was first
investigated in vitro using a panel of representative human
cancer cell lines, including cells from both hematological
malignancies, such as leukemia (Jurkat) and lymphoma
(Jeko-1) and solid tumors (LN229, U87MG). Cell viability
was evaluated after 48 h upon 10 pM treatment with
polyamines L1-L5 by using a luminescent-based ATP assay.
The results showed that out of the eleven tested
polyamines, two compounds Lla and L5a displayed a
significant antiproliferative activity across the panel (ES]I,
Figure S3).

Based on the positive results obtained with compounds
L1a and L5a, we tested them against additional cell lines,
including Granta-519, Z-138, JMV-2, UPN-2, SP53, SKMG-3,
PC3, MCF-7, SW480 and SW620 human cancer cell lines.
The analysis of the antiproliferative activity indicated that
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both compounds had high cytotoxic profiles. Interestingly
compound L5a exhibited higher efficacy than compound
L1la (Figure 3A). In agreement with their effects on cell
viability, phase-contrast microscopy indicated that
treatment with L1a and L5a reduced LN229 and PC-3 cell
proliferation and provoked morphological changes
consistent with the induction of cell death. Thus, cells
treated with Lla or L5a exhibited several apoptosis-
specific features such as loss of cellular adherence, cell
rounding and shrinkage, followed by moderate and rather
random membrane blebbing,

Scheme 2. Functionalization of terminal amino groups
of polyamines L1-L5.2
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aReagents and conditions: i) MeOH, reflux, 48 h; ii) EtOH, rt,
4 h; iii) NaBH,4 (6 equiv), EtOH, rt, 24 h.

in comparison with the compact rounded nucleus of
vehicle-treated cells (Figure 3B). In addition, dose-response
experiments indicated that compounds L1a and L5a were
capable of inducing a pharmacologically relevant
antiproliferative activity in the low micromolar range with
ICso values ranging from 1.99 uM (Jurkat) to 11 pM (PC3)
after a 48 h drug exposure. Moreover, we have also tested
the cytotoxic effects of polyamines Lla and L5a on
fibroblast cells from individuals. A significantly higher
sensitivity of the cancerous cells as compared to non-
cancerous cells was observed, highlighting the potential
selectivity of L1a and L5a (Figure 3C).

Cell Cycle Perturbations and Senescence Induction.
Many anticancer drugs promote cancer cell growth arrest
or cell death. To gain insight into the mechanisms through
which polyamines L1a and L5a reduce cell viability, we next
proceeded to characterize their cellular effects.

In order to analyze the impact of polyamines L1a and L5a
on cell cycle progression, flow cytometric analysis upon
propidium iodide staining after 24 and 48 h treatment
periods was performed in LN229, UB7MG, PC-3 and Jurkat
cells. The results showed that both compounds induced a
remarkable increase in the GO/G1 population of the cell
cycle
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Figure 3. Inhibitory effect on cell viability of L1a and L5a in a tumor cell line panel. (A) The indicated cell lines were treated for 48
h with 10 pM L1a and L5a. The mean + SD values from three independent experiments each conducted in triplicate are shown in the
graph, representing the percentage of viable cells relative to untreated conditions. (B) Representative phase-contrast
photomicrographs of LN229 and PC3 cells after the indicated time-points exposure with 10 pM L1a and L5a. (C) ICso mean values £
SD for the indicated cell lines, obtained from three independent experiments, each conducted in triplicate. *Fibroblast cells derived

from individuals.

along with a slight compensatory decrease in the G2 phase
in all the tested cell lines (Figure 4A). Moreover, we also
observed hypodiploid sub-G1 cells consistent with
induction of apoptosis after 48 h treatment in PC-3 cells
(Figure 4B).

We next analyzed the induction of cellular senescence
upon Lla and L5a treatment performing a standard
senescence assay based on the quantification of p-
galactosidase positivity!¢  (Figures 4C-D). Whereas
untreated LN229 and PC-3 cells were f-gal negative,
treatment with L1a and L5a both led to a clear increase in
the proportion of -gal positive cells after 24 h treatment.
Interestingly, despite the observation that both cell lines
showed a similar ICs value for both compounds (Figure 3C),
the percentage of senescent cells was significantly higher
upon treatment with L1a, since this compound promoted
up to a 90% of senescence in LN229 cells and a 50% in PC-
3 cells (Figure 4C). Phase-contrast photomicrographs of
LN229 and PC-3 cells after 24 h treatment with 10 uM L1a

and L5a showed characteristic morphological changes
associated with the induction of cellular senescence such as
flattened, wider and irregular cell shapes, larger volumes
and increased nuclear size, especially in L1a-treated LN229
cells (Figure 4D).

Overall, these data indicate that the prolonged cell cycle
arrest induced by compounds L1a and L5a also leads to the
induction of the cellular senescence program.

Induction of Apoptosis. We next assessed whether
polyamines L1a and L5a were able to promote cellular
death. For this purpose, we investigated the ability of L1a
and L5a to induce apoptosis by performing a combined
approach including measurements of executioner caspases
activation, Mitochondrial Membrane Potential (MMP, A¥,,)
and Annexin V-FITC/PI staining (Figure 5).

Caspases 3/7 are key proteases in apoptosis and are
considered the main executioner caspases in which both the
intrinsic and extrinsic apoptotic pathways converge. We
thus monitored caspase 3/7 activity in a panel of human
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cancer cell lines upon cell treatment with L1a and L5a (10 The
uM for 48 h) using the Caspase-Glo 3/7 luminescence assay.
A B 24h 48 h
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Figure 4. Polyamines L1a and L5a induce G1 cell cycle arrest and promote the accumulation of senescent cells. (A) and (B) Cell cycle
analysis. The indicated cell lines were left untreated or were treated for 24 h and 48 h with 10 uM L1a and L5a. Cells were harvested
and their DNA content analyzed by flow cytometry as described in the Experimental Section. (A) The graph summarizes the
percentage of cells at each phase of the cell cycle in control and L1a-L5a-treated conditions (24 h). (B) Representative histograms
from three independent experiments are shown for each experimental condition. (C) and (D) senescence associated (3-galactosidase
(SA-f-gal) staining. (C) Quantitation of positively stained cells. LN229 and PC-3 cells were left untreated or treated for 24 h with 10
puM L1a and L5a and stained for f-galactosidase as indicated in the Experimental Section. The graphs show the percentage of SA-f-
gal-positive cells related to untreated conditions as measured from ten different fields from four independent experiments. Bars
represent mean * SD. Statistical significance was determined by Student’s t-test (**p<0.01; ***p<0.001; ****p<0.0001). (D)
Representative phase-contrast photomicrographs of LN229 and PC-3 cells after 24 h exposure with 10 uM L1a and L5a (original
magnification x100).

results revealed that treatment with both compounds
induced a detectable increase in the activity of executioner
caspases 3/7. Importantly, caspase activation inversely
correlated with the reduction of cell viability induced by
Lla and L5a treatment in most cell lines (Figure 5A).
Mitochondrial membrane permeabilization constitutes an

essential step of the intrinsic pathway leading to apoptosis,
and the loss of MMP may be an early apoptotic event.!”

Therefore, we investigated by flow cytometry the
mitochondrial membrane potential of LN229 cells treated
with polyamines L1a and L5a and stained with JC-1 dye. JC-
1, a mitochondria selective aggregate dye, is a well-
established marker to detect mitochondrial membrane
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potential disruption during apoptosis.'® The fluorescence both
variations of JC-1 in L1a and L5a treated cells implied that
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Figure 5. L1a and L5a activate the executioner caspases, disrupt the MMP and induce apoptosis. (A) Correlation between caspases
3/7 activity (line chart associated with the left y-axis) and cell viability (bar chart associated with the right y-axis). The indicated cell
lines were left untreated (control) or were treated for 48 h with 10 uM L1a and L5a. Caspase 3/7 was measured as indicated in the
Experimental Section. The data show the mean *+ SD values from three independent experiments, each conducted in triplicate,
representing the fold induction in caspase activity and percentage of viable cells, both relative to untreated conditions. Pearson’s
correlation coefficient (r) and p-values were calculated for each analysis (*p<0.05) (B) Time course of Mitochondrial Membrane
Potential (MMP). LN229 cells were left untreated (control) or were treated with 10 uM L1a and L5a for the indicated time-points,
stained with JC-1 and analyzed by flow cytometry as described in the Experimental Section. Bar chart represents the percentage of
JC-1 aggregates and monomers (left y-axis) and the line chart summarizes the mitochondrial depolarization as JC-1 aggregate (red)
/JC-1 monomer (green) fluorescence ratio (Repi3/rL1), Tight y-axis). Data are presented as the mean * SD of the ratio from three
independent determinations. (C) Quantitative analysis of apoptosis assay data. LN229 and PC-3 cells were left untreated or were
treated for the indicated time-points with 10 uM L1a and L5a. Cells were harvested, stained with Annexin V-FITC/Propidium Iodide
and analyzed by flow cytometry as described in the Experimental Section. The graph represents the fold increase in apoptotic (early
(AV*, PI") and late (AV*, PI*)) cells relative to untreated cells at the indicated time-points. Data represent mean * SD for three
independent experiments. Statistical significance between treatment conditions was determined by two-way ANOVA (*p<0.05;
***+%p<0.0001). (D) Representative flow cytometry results obtained in PC3 cell line at the indicated time-points.

compounds markedly altered the mitochondrial membrane membrane of apoptotic cells. Flow cytometry analysis
potential (Figure 5B). The induction of apoptosis was finally indicated a significant shift of the PC-3 cellular population
confirmed wusing flow cytometry wupon Annexin to the early and late apoptotic quadrant after 72 h
V/propidium iodide double staining. Annexin V is treatment, reaching up to a 30 fold-increase in apoptosis in
commonly used as an apoptosis marker due to its ability to treated cells relative to untreated cells (Figures 5C, 5D).
detect phosphatidylserine externalization occurring on the Altogether, these results collectively suggest that the broad
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profile-anticancer activity of L1a and L5a is related to the
induction of cellular senescence followed by caspase-
dependent apoptotic cell death.

Interestingly, although the effect of both compounds in
terms of ICsy values across the panel of cell lines is very
similar, the magnitude of each of these two molecular
events is cell line dependent. For instance, the predominant
response in LN229 cells is the induction of senescence
whereas in PC3 cells the most robust response is the
induction of apoptosis.

DNA damage analysis. Polyamine-based compounds are
well-known to interact strongly with anionic molecules
such as DNA/RNA mainly due to the electrostatic
interactions between their positively charge amino groups
and nucleic acids backbone at physiological pH.'* This
interaction plays a pivotal role in DNA condensation and
aggregation, which could lead to DNA damage under
particular conditions.?® Therefore, in order to assess
whether cellular DNA damage is also involved in the
cytotoxic effect of compounds L1a and L5a, we evaluated
their ability to induce DNA Double Strand Breaks (DNA-
DSBs). We then monitored the levels of the DSB sensor y-
H2AX and performed clonogenic assays in response to
treatment with L1a and L5a (Figure 6).

H2A.X phosphorylation represents an early event in the
DNA Damage Response (DDR) against DSB. We used flow
cytometry to measure the accumulation of histone H2A.X
phosphorylated at Ser-139 (termed y-H2AX), a well-
established readout for the detection of DSBs, since H2A.X
becomes rapidly phosphorylated on this residue upon DNA-
DSBs.2! Quantification of y-H2AX staining after treatment
for 4 h with compounds L1a (10 uM) and L5a (10 pM)
revealed that these compounds did not increase H2A.X
phosphorylation neither in LN229 cells nor in the more
sensitive Z-138 cells, in contrast to the well-established
chemotherapeutic agent doxorubicin (Figure 6A,B).

We next investigated whether Lla and L5a could
promote the long-term growth-inhibitory effects elicited by
DNA-damaging agents, performing clonogenic assays upon
a short exposure to L1a and L5a. To this end, LN229 and
PC-3 cells were treated with L1a and L5a (10 uM for 4 h)
and seeded at low density to follow-up colony formation.
The clonogenicity of L1a,L5a-treated cells was very similar
to that of untreated cells, whereas treatment with a
standard genotoxic agent such as etoposide dramatically
reduced colony formation (Figure 6 C,D).

The absence of H2A.X phosphorylation along with the
lack of observed effects in clonogenic assays clearly rule out
these compounds as genotoxic agents and thus indicate that
Lla and L5a do not elicit their anticancer effects by
promoting cellular DNA damage.

Intracellular zinc measurements: Zinquin
fluorescence assay. With the goal of better understanding
the mechanism of action of L1a and L5a, we reasoned that
these compounds fit with the well-known apoptosis-
inducing ability and metal affinity of chelating agents,
among which is included the structural class of
polyamines.®?11-1213b Thus, to assess whether the biological
effect of L1a and L5a was due to their chelating properties,
we treated LN229 and PC3 cells with compounds L1a and
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L5a in the absence or presence of supplemented Zn?*, Cu?*,
Fe?* and Fe?®* ions in culture medium. As depicted in Figure
7A, addition of exogenous Zn?* and Cu?* ions almost
completely counteracted the cellular effect of compounds
L1aand L5abothin LN229 and PC3 cells, whereas the effect
ofiron resulted in only partial cell growth inhibition (Figure
7A). These observations are in agreement with the
hypothesis that zinc chelation, and possibly copper, could
be a probable mechanism of Lla and L5a-induced
cytotoxicity. Nevertheless, the results obtained by adding
metal ions to cells do not represent a real cellular
environment and therefore L1a and L5a intracellular metal
chelation properties. Accordingly, to find out whether L1a
and L5a affect the endogenous levels of metals, a metal-
specific assay could be undertaken, specifically the Zinquin
probe, used to detect and quantify labile intracellular Zn?*,
Intracellular “labile” pools of Zn?* include free or loosely
bound pools and may even more tightly bound Zn?*
populations that are still sensitive to chelation. In contrast,
the fixed pools of Zn?* are those that are tightly bound in
complexes with high affinity ligands such as in
metalloproteins.?? Regarding intracellular labile copper
chelation, it is reasonable to think we could preclude in vivo
Lla and L5a-Cu?* interaction as free ionic cytoplasmic
copper concentration is extremely low in cells (estimated at
<1 ion per cell). Certainly, labile copper concentration is
much lower than that of Zn?*, and it is not present to a
significant extent.??2?3 Zn?* is the second most abundant
transition metal and the relationship between depletion of
labile zinc and the activation of caspase-3 is well described.
In addition, zinc depletion is implicated in mitochondrial
injury and apoptosis as we observed for Lla and L5a
treatments.10-11.12c24

On the other hand, the metal chelator N,N,N’',N’-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN),
structurally related to the N,N’-bis(2-pyridylmethyl)
polyamines L1la and L5a, has been reported to induce
apoptosis in cancer cells.11212¢12d13b222a TPEN has been
shown to trigger cell killing through varied mechanisms
attributed to the diverse roles that metals chelated by TPEN
play in physiological processes. Furthermore, TPEN has
been used mainly as a selective Zn*? chelator, despite the
fact that it has a significantly higher affinity for Cu*2.°®> Thus,
Lla and L5a might behave as pentadentate ligands for
transition metal ions through their five nitrogen donor
atoms, analogously to TPEN, in which all nitrogen atoms
coordinate to zinc.’® In addition, the cytotoxicity of TPEN on
fibroblasts was compared with that of L1a and L5a under
the same conditions. TPEN ICs, value (6.70 + 2.03 uM) was
significantly lower in comparison to L1a and L5a (29.69 +
3.92 uM and 20.47 * 6.08 uM). This result highlights the
potential advantage of polyamines L1a and L5a.

Consequently, in order to assess whether zinc chelation
played a role in the observed LN229 and PC-3 cell growth
inhibition, we estimated the intracellular labile zinc levels
in LN229 glioma cells treated with selected polyamines by
fluorescence in vitro studies with the membrane-permeant
zinc-specific chelator fluorophore Zinquin, ethyl (2-methyl-
8-p-toluenesulphonamido-6-quinolyloxy)acetate  (Figure
7B-D). Zinquin forms two Zinquin:Zn?* complexes with
binding constants of 2.7x10° (1:1 complex) and 11.7x10°
(2:1 complex). These relatively low affinities for Zn?* ensure
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that Zinquin preferentially reacts with the most labile Zn?*
pools and exclude it from interacting with the tightly bound

a previously published method.??» A decrease of emitted
fluorescence by Zinquin-Zn?* complex formation was
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structural Zn?* in metalloenzymes in a range of cell types.??2 observed

The Zinquin fluorescence assay was performed according to
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Figure 6. L1a and L5a do not induce DNA damage. (A) Quantitative analysis of y-H2AX phosphorylation levels. Z-138 and LN229
cells were left untreated or were treated with L1a (10 pM), L5a (10 pM) and DOXO (Doxorubicin 1 pM as positive control). After 4
h, the cells were harvested, stained with anti-pS139H2A.X and analyzed by flow cytometry as indicated in the Experimental Section.
The graph summarizes the flow cytometry data obtained in all tested cell lines, representing the fold increase in YH2AX positive
fluorescence relative to untreated cells (control). The results are expressed as mean *+ SD of three independent experiments.
Difference from control is sustained by Student’s t test (**p<0.01; ***p<0.001). (B) Representative histogram profiles corresponding
to the above treatments. (C) Clonogenic assay. LN229 and PC-3 cells were left untreated (control) or were treated for 4 h with L1a
(10 uM ), L5a (10 puM) and Etop (Etoposide 30 uM as positive control) and plated at low density to measure their clonogenic potential
as indicated in the Experimental Section. The graph represents the percentage of viable colonies, relative to control. The results are
expressed as mean * SD from four independent experiments each conducted in duplicate. Difference from control is sustained by
Student’s t test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). (D) Representative colony formation images corresponding to the

above treatments.

in L1a and L5a-treated cells, indicating that L1a and L5a do
reduce the intracellular concentration of labile zinc ions in
LN229 cells in contrast with inactive compounds (Figure
7B). Additionally, the observed intracellular zinc depletion
occurred in a dose-dependent manner (Figure 7C).
Multiphoton fluorescence microscopy, a well-established
imagining technique, confirmed the same marked decrease
in fluorescence. Thus, L1a-L5a treated cells showed a
minimal perinuclear speckled staining pattern in
comparison with the densely fluorescence in untreated
cells, where the characteristic starry-sky appearance over
the whole cytoplasmatic region was observed (Figure 7D).
Overall, these results indicate that compounds L1a and L5a
are endowed with a high intracellular zinc chelating
capacity in clear correlation with their ability to promote
caspase-dependent apoptosis, thus suggesting that L1a and
L5a-mediated cell growth inhibition is mainly associated
with the reduction of intracellular zinc levels.

Zinc coordination: potentiometric and quantum
mechanical studies. Taking into account the biological

results that indicated intracellular Zn?* complex formation
as a potential mechanism of L1a and L5a cytotoxic effect,
we evaluated the chelating ability of selected polyamines
towards

Zn?* in solution, by studying the coordination mode and the
stability constants of Zn?* metal complexes. Metal chelating
effect of a ligand requires understanding metal-proton
competition for the available basic sites on the ligand as
well as the stoichiometry of the complexes formed.
Therefore, the potentiometric analysis of polyamines L1a-
¢, L2a, L3a, L5a and L5c¢ was performed to determine both
their speciation at different pH values, and the stability
constants of the corresponding Zn?* metal complexes. The
selection of polyamines under study was carried out to
illustrate the main features of structural diversity according
to ligand’s functionalization as well as pyridinic nitrogen
positions. Protonation and complex formation equilibrium
studies were carried out under the same conditions
described in previous publications.!52>
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Prior to studying Zn?*-polyamine complexation, the HYPERQUAD program,?® and the protonation constants and
1 protonation constants were calculated by potentiometric the distribution diagrams are reported in ESI (Table S4.1
2 measurements in the pH range 2.0-11.5 at 298.1 Kwith 0.15 and Figures $4.1-54.6).
3 M NaCl ionic strength. The data were processed using the
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46 Figure 7. Metal chelating properties of L1a and L5a. (A) The indicated cell lines were treated for 48 h with 10 uM L1a or L5a, with
47 the corresponding chloride (15 puM): ZnCl, (Zn?*), CuCl, (Cu?*), FeCl, (Fe?*), FeCls (Fe3*), or with their association. The mean + SD
48 values from three independent experiments each conducted in triplicate are shown in the graph, representing the percentage of
49 viable cells relative to untreated conditions. Statistical significance between treatment conditions was determined by one-way
50 ANOVA (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). (B), (C) and (D) Detection of intracellular labile zinc by Zinquin assay. LN229
51 cell line was left untreated (control) or was treated with L1a and L5a for 12 h. Zinquin assay was performed as indicated in the
52 Experimental Section. Fluorescence signal in each sample was normalized according to its own cell number, and signal from
53 untreated cells was set to 100. Data represent mean * SD for four independent experiments. (B) and (C) Emission fluorescence
54 qqantificatio.n at 475 nm in treated LN229 cells with the selectec.i compoupds. (D) Representative Zn-dependent Zinquin multiphoton

microscope images in LN229 cells. Upper panel show the obtained raw images and the lower panel shows pseudo-colored images
55 for better visualization. Scale bar = 10 pm.
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Subsequently, the complex formation equilibrium
between Zn2+ and L1a-c, L2a, L3a, L5a and L5c¢ was studied
potentiometrically. The stability constant values are
reported in Table 1 and the distribution diagrams in Figure
8 and the ESI (Figures S5.1- S5.2). Potentiometric studies of
the binary Zn?*-L systems showed the formation of 1:1

complex for all the compounds. We observed the formation
of mononuclear [ZnL]?* species for L1a, L5a and L5c. In
addition, variously protonated 1:1 [ZnH,L]#*7* complexes
withr =1 - 0 for L1b and L1c and r = 2 - 0 for L2a were
characterized. We also detected one monohydroxylated
species

Table 1. Logarithms of the stability constants for the formation of Zn?* complexes determined at 298.1 Kin 0.15 M
NaCl. Determined in 0.15 NaCl at 298.1 + 0.1 K in aqueous solutions for L1b, L1c, L2b and L3a, or hydroalcoholic

solutions (H,0:EtOH 70:30) for L5a and L5c.

Log K
Reactionl?
L1al! L1b L1cld L2ald! L3a L5a L5c
Zn +L + 2H 5 ZnH,L 17.49(6)
Zn+L+H S ZnHL 1666  1412(3) 12.99(6)
In+L S Znl 13.01(2)  604(3)  472(1)  838(4)  753(1) 1340(2)  657(1)
In+L+H,0 SZnL(OH)+H  225(3)  -256(2) -422(2) -117(5) -148(1) 281(4)  -2.6(3)
—
pnrloezibo s ZnL(OH), + 42102) -12.89(1) -1154(4) -11.77(1) 1228(2)
InL+H,0 SZnL(OH)+H  -10.76(3) -8.60(2) -899(2) -9.55(4) -10.01(1) -10.59(4) -9.17(3)
—
ZnlL(OH) + o= ZnlL(OH), + 9542) -867(2) -1037(5) -10.29(1) -9.68(3)
ZnHL + H 5 ZnH,L 4.50(6)
ZnL + H 5 ZnHL 3.65(3) 461(2)
2L +7n + 2H S5 ZnH,L, 2431(3)

[AICharges omitted. ITaken from ref. 25b. [ITaken from ref. 15. [dTaken from ref. 25a. [{lValues in parentheses are standard

deviations in the last significant figure.

[ZnL(OH)]** for all the compounds and even
dihydroxylated species [ZnL(OH),]? for L1b, L1c, L2a, L3a
and L5c. We then analyzed the stability constants of Zn?*
complexes (Table 1). It is important to note significant
differences in the complex formation equilibria. Thus, the
stability constants of the mononuclear equilibrium (Zn%* +
L = ZnL?*) for compounds containing 2-pycolyl substituents
are higher than the ones containing 3- and 4-pycolyl
moieties, i.e. L1a in comparison with L1b and L1c. Within
this series of compounds, the stability constant for the
ZnL1a?* complex is 13.01 logarithmic units while for L1b
and L1c the values are 6.04 and 4.72 respectively, which
implies a decrease of the constant values more than 7
orders of magnitude.

Similarly, when we compared L5a and L5c constant
values, a stability constant of 13.4 was obtained for L5a,
while a lower value of 6.57 was determined for L5c. Taking
into account these values, the higher affinity of L1a and L5a
could be attributed to the effective chelating contribution of
the pyridine ring nitrogens at orto position to form a Zn?*
coordinate bonds that enables the ligands to stabilize the
Zn?* complexes. Therefore, it can be suggested that metal
coordination in ZnL?* 2-pyridyl substituted L1a and L5a
species involves the three nitrogen atoms of the polyamine
chain along with the heterocyclic nitrogen atoms. While, the
binding of the two secondary amino groups of the

polyaminic chain is exclusively involved in 3- and 4-pycolyl
substituted ZnL1b?*, ZnL1c?* and ZnL5c?* species. With
regard to the other 2-pycolyl derivatives L2a and L3a, we
observed lower stability constants (log K 8.38 and 7.53,
respectively) in comparison with L1a and L5a, probably
due to the electron-withdrawing character of the sulfonyl
moiety that decreases the coordination ability of the central
amino group.

These results were further confirmed by quantum
mechanical (QM) studies (Figure 8 and Figures S6.1-S6.7).
The minimum energy conformations of ZnLla?*and
ZnL5a?* complexes indicated Zn?* coordination through the
nitrogen atoms of the polyamine chain along with the
pyridine nitrogens. However, the Zn?* coordination sphere
in L1b and L1c involves exclusively the aliphatic nitrogen
atoms completed with solvent molecules (Figure 8).
Concerning to L1d, we could not detect by potentiometry
the formation of any Zn?* complex in the studied pH range,
although QM studies indicated a Zn?* coordination sphere in
which all the nitrogen atoms coordinate the metal similarly
to the structural analogue L1a. Nevertheless, in comparison
with L1a, the poor donor character of the amide nitrogens
in L1d is observed by the lengthening of Zn-N2 and Zn-N4
distances, increased from 2.255 to 3.025 A and from 2.205
to 2.299 A, respectively (Figure S6.1 and Figure $6.5). In
addition, a similar coordination sphere of the metal has
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been previously described for analogous compounds to
L1d.? Lengthening of the metal bonding is also observed in
the ZnL2a?* complex by QM studies. Thus, the minimum
energy ZnL2a?* conformer showed, in comparison to L1a,
an increasing in the distance Zn-N3 from 2.314 to 3.096 A
caused by the substitution of the naphthylmethyl moiety by
the sulfonyl scaffold (Figure S6.6).
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Additionally, we can observe in Figure 8 that L1a and
L5a, compounds containing the 2-pyridyl substitution,
showed fully Zn?* complexation (>99%) at physiological pH

o

Zn ZnL

>~ =
f

% Formation relative to Zn
=

% Formation relative to Zn
s

Figure 8. Distribution diagrams of Zn?*-L (A: L1a; B: L5a; C: L1b; D: L1c) complex formation and QM models of their optimized

geometry.

7.4, whereas the percentage of complexed metal was lower
for the 3- and 4-pyridyl substituted compounds L1b and
L1c (63.4% and 60.7%, respectively).

SAR analysis. In accordance with the biological and
metal coordination results of polyamines L1-L5, a precise
Structure-Activity Relationship (SAR) could be defined as
shown in Figure 9.

i) Sulfonamide and carboxamide linkages resulted in
complete abolition of the antiproliferative efficacy. Thus,
the biological activity is completely dependent on the
architecture of the polyamine backbone, since the
replacement of the two inner amine functions of polyamine
L1ainto carboxamide moieties affording the corresponding

polyamine L1d, altered dramatically the cytotoxicity.
Analogously the substitution of the naphthylmethyl group
or methyl group by an arylsulfonyl moiety resulted in a
complete loss of cytotoxicity. Indeed, polyamines Lla
(naphthylmethyl) and L5a (methyl) showed higher
antiproliferative activities than their sulfonylated
counterparts L2a, L3a or L4a. Thus, the introduction of
carbonyl and/or sulfonyl groups hampers the nitrogen to
participate in metal coordination at neutral pH, and
consequently the antiproliferative effect is depleted,
confirming the involvement of the amines in zinc
coordination and cytotoxicity.
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ii) Concerning the nitrogen atom position onto the
pyridine ring, we observed by comparing the cytotoxic
efficacy obtained with polyamines L1a-c and L5a,c, that the
nitrogen atom insertion in 3- or 4- position of the aromatic
heterocyclic rings can be found in compounds lacking
antiproliferative activity (L1b, L1c and L5c). Whereas
compounds L1a and L5a with 2-pyridyl substituents show
the highest cytotoxic activity. This finding suggests the
crucial role of the nitrogen heteroatom in 2-position onto
the terminal pyridine rings, since it gives rise to more stable
complexes with the metal ion, in accordance with the
coordination and computational studies.

Taking the above-mentioned molecular features into
account, we could assume that the pharmacophore of our
small library would be defined by a 1,7-bis-2-picolyl-1,4,7-
triazaheptane framework, conveniently substituted onto
the central nitrogen. It is important to note that the well-
studied polyazaalkane scaffold containing 2-picolyl
subunits is a structural motif frequently used as building
block of biologically relevant molecular receptors, which
interact with both cationic and anionic ions. In this line,
structurally similar Zn?* and Cu?* receptors have been
described as chelating agents,?¢°»3% mechanism whereby
they mediate their anticancer activity in different cancer
cell lines, or biosensors for anions through specific
recognition of phosphate-containing biomolecules or
mononucleotides.3!

Therefore, our SAR findings are consistent with the use of
an appropriate polyamine backbone as template, bearing a
penta-nitrogenated framework where the electron donor
character of the nitrogen atoms seems to play an important
role participating in zinc metal binding, which might be
useful for the antiproliferative efficacy.

NO ACTIVE ACTIVE

Sulfonyl group at N

SO

central nitrogen D2 Donor character
(\ N N /\ of nitrogen atoms

Carboxamide OYNH ‘ HN

group
N .
N of pyridine ring | N of the pyru_:i!ne
at 3 or 4 position _~ ring at 2 position
N

Figure 9. SAR analysis of antiproliferative activity of
polyamines L1-L5.

ADME in silico evaluation. Finally, having established
the biological activity of compounds Lla and L5a, we
evaluated the physicochemical properties,
pharmacokinetics and drug-likeness using the SwissADME
online toolkit®? (Table 2). According to this model, both
compounds showed satisfactory oral bioavailability as the
combination of the main six descriptors (lipophilicity,
molecular weight, polarity, solubility, saturation and
flexibility) ranged inside the acceptable radar plots (Figure
S7.1). Moreover, the drug-likeness of L1a and L5a was also
evaluated by the number of free rotatable bonds (n-ROTB)
and Lipinski's as well as Veber’s, Egan’s and Muegge’s
rules32. Although L5a showed better drug-likeness and
pharmacokinetic profiles in comparison to L1la, both
compounds in general fulfilled the criteria, an important
characteristic for future drug development.

CONCLUSIONS

In summary, we have shown that it is possible to design
linear symmetrically substituted polyamine derivatives
with high in vitro cytotoxic activity against a broad panel of
human cancer cell lines of different origin.

The anticancer activity evaluation of our library of
polyamines L1-L5 allowed the identification of 2-pyridyl
derivatives Lla and L5a as novel polyamine-based
pharmacologically active molecules, with significant in vitro
growth inhibitory efficacy, validated in 14 human cancer
cell lines of different origin. The structural similarity
between both compounds has enabled to establish a SAR
approach, identifying the bis-2-picolyldiethylentriamine
scaffold as a pharmacophoric element for the cytotoxic
profiles. Importantly, both compounds Lla and L5a
induced G1 cell cycle arrest followed by senescence and
apoptosis in LN229 and PC3 cells, in the absence of cellular
DNA damage. Another encouraging finding was the
observation of the zinc-chelator critical role of L1a-L5a for
the cytotoxic activity, evidenced by the specific Zinquin
assay and Zn?* coordination studies. This result suggests
intracellular Zn?* depletion as a potential target of
polyamines Lla and L5a necessary for cancer -cell
cytotoxicity.

Overall, our studies provide significantly important
results for the lead optimization process and the
development of a novel type of antineoplastic drugs readily
accessible. Further details on the precise mechanism of
action and in vivo experiments are currently under study in
our laboratory.

Table 2. Selected physicochemical descriptors and
drug-likeness and pharmacokinetic parameters of L1a
and L5a.

Lla L5a
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Physicochemical Properties
Molecular weight

426.58 g/mol 300.42 g/mol

Num. rotatable bonds 12 10
Num. H-bond acceptors 4 4
Num. H-bond donors 2 2
TPSA 57.66 A 57.66 A
Lipophilicity
Consensus Log P,/ 2.51 0.45
Drug-likeness (no. of violations)
Lipinski Yes (0) Yes (0)
Veber Yes (1) Yes (0)
Egan Yes (0) Yes (0)
Muegge Yes (0) Yes (0)
Bioavailability Score 0.55 0.55
Pharmacokinetics
GI absorption High High
BBB permeant Yes No
CYP1A2 inhibitor Yes No
CYP2C19 inhibitor No No
CYP2C9 inhibitor No No
CYP2D6 inhibitor No No
CYP3A4 inhibitor Yes No
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EXPERIMENTAL

Chemistry general. All reagents and solvents were
purchased from commercial sources and were used without
further purification. Reactions requiring anhydrous
conditions were carried out under nitrogen atmosphere.
Anhydrous solvents were purified using an MBRAUN
solvent purification system MB SPS-800 Series (MBRAUN
SPS Systems). To obtain hydrochloride salts, it was used dry
ethanol from secure sealed bottles (Seccosolv®, max. 0.01
% H,0). Thin-Layer Chromatography (TLC) was carried out
on aluminum oxide or silica gel pre-coated plates (60
PF254, Merck). Detection of the compounds was achieved
by fluorescence quenching at 254 nm or staining with
ninhydrin (0.3 % ethanolic solution). Column
chromatography purifications were performed on neutral
aluminium oxide or silica gel 60 (0.040-0.063 mm) from
Merck. The intracellular zinc chelator N,N,N',N'-tetrakis (2-
pyridylmethyl) ethylenediamine (TPEN) was obtained from
Sigma (St. Louis, MO). Melting points were determined in
open capillary tubes using a SMP3 Stuart™ melting point
apparatus (Bibby) and are uncorrected. 1D ('H, '3C, DEPT)
and 2D (COSY, HSQC) NMR spectra were recorded at room
temperature on a Bruker Advance DPX300 spectrometer
operating at 299.95 MHz for 'H and 75.43 MHz for 13C and
referenced to tetramethylsilane (TMS) or 3-(trimethylsilyl)
propionic-2,2,3,3-d4 (TSP) acid sodium salt. Chemical shifts
(8 values) and coupling constants (J values) are given in
ppm and Hz respectively. High resolution mass
spectrometry (HR-MS) was performed with electron spray
ionization (ESI) recorded on an Esquire 300 (Bruker) by
electrospray positive mode (ES+) or negative modes (ES-).
Elemental analysis was performed with a CE Instruments
EA1110 CHNS-O equipment. Purity of the compounds
(295%) and molecular mass were confirmed by HRMS and
elemental microanalysis. The analytical results for C, H, N
and S were within * 0.4 of the theoretical values.

The purity of active compounds was determined by HPLC
and was confirmed to be 295%. The instrument used was a
Water ACQUITY® TQD separation module using a
Hydrosphere C18 BEH column (2.1 mm x 50 mm, 1.7 pm)
with water containing 0.1% formic acid as solvent A and
methanol as solvent B at a flow rate of 0.4 mL/min and
column temperature, 30 °C. The gradient program was as
follows: 5% B (0-2 min), 5-95% B (2-6.5 min), and 95-5%
B (6.5-10 min).

Synthesis of 3-N-substituted 1,5-diphthalimido-3-
azapentanes L(1-4)-ft. The synthesis of the starting
material diphthalimido-3-azapentane L-ft was carried out
as described elsewhere.?® Compounds L1-ft and L2-ft were
synthesized following the general procedure described in
reference 15.

3-(1-Naphthylsulfonyl-)-1,5-diphthalimido-3-
azapentane (L3-ft). Diphthalimido-3-azapentane L-ft
(0.67 g,1.85 mmol), 1-naphthalenesulfonyl chloride (0.67 g,
2.96 mmol) and K,CO;3 (0.5 g, 3.62 mmol) were dissolved in
MeCN (300 mL) and the reaction mixture was refluxed for
24 h under nitrogen atmosphere. After filtration, the solvent
was removed under reduced pressure. The resulting
residue was mixed with water (100 mL) and extracted with
CH,Cl; (3 x 50 mL). The organic phase was dried over
Na,S0,, filtered and concentrated under reduced pressure.
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The residue was recrystallized from EtOH to give pure L3-
ft as a white solid. Yield 0.93 g (91%); mp 206-208 °C; 'H
NMR (300 MHz, DMSO-d,) 6 3.81 (s, 8H), 7.18 (ddd, J = 8.2,
J=6.9,/]=1.0,1H),7.41(ddd,/=8.7,]=6.9,] = 1.4, 1H), 7.44
(dd, ] =8.2,] = 7.4, 1H), 7.48 (d, ] = 8.2, 1H), 7.61-7.64 (m,
4H), 7.72-7.75 (m, 4H), 7.84 (d,] =8.2,1H), 7.96 (dd, /= 7 .4,
J=1.2,1H), 7.95 (dd, ] = 8.7, ] = 1.0, 1H); 13C NMR (75 MHz,
DMSO-dg) & 34.6 (CH,), 42.5 (CH,), 123.3 (CH), 123.8 (CH),
124.5 (CH), 126.8 (CH), 127.1 (C), 128.2 (CH), 129.1 (CH),
130.4 (CH), 131.6 (C), 133.6 (C), 133.7 (C), 134.4 (CH),
134.63 (CH), 167.82 (C=0); HRMS (ESI+) m/z [M + H] calcd
for C30H24N30651 5541380, found: 554.1398.
3-(8-Quinolylsulfonyl-)-1,5-diphthalimido-3-

azapentane (L4-ft). L-ft (0.65 g 1.78 mmol), 8-
quinolinesulfonyl chloride (0.65 g, 2.85 mmol) and K,CO;
(0.5 g, 3.62 mmol) were dissolved in MeCN (300 mL) and
the reaction mixture was refluxed for 24 h under nitrogen
atmosphere. After filtration, the solvent was removed under
reduced pressure. The resulting residue was mixed with
water (100 mL) and extracted with CH,Cl, (3 x 50 mL). The
organic phase was dried over Na,SO, filtered and
concentrated under reduced pressure. The residue was
recrystallized from EtOH to give pure L4-ft as a white solid.
Yield 0.66 g (67%); mp 229-230 °C; 'H NMR (300 MHz,
DMSO0-dg) 6 3.79 (t, ] = 5.7, 4H), 3.99 (t, ] = 5.7, 4H), 7.39-
7.43 (m, 2H), 7.56-7.60 (m, 4H), 7.70 (dd, J = 8.3, = 1.5, 1H),
7.72-7.77 (m, 4H), 7.96 (dd,J = 8.3,/ = 1.8, 1H), 8.05 (dd, / =
7.3,] = 1.5, 1H), 8.88 (dd, J = 4.2, ] = 1.8, 1H); 3C NMR (75
MHz, DMSO-dg) & 34.9 (CH,), 43.6 (CH,), 122.4 (CH), 123.3
(CH), 125.4 (CH), 128.4 (C), 131.5 (C), 131.7 (CH), 133.7
(CH), 134.3 (CH), 136.7 (CH), 137.5 (C), 142.6 (C), 151.4
(CH), 167.8 (C=0); HRMS (ESI+) m/z [M + H] calcd for
C29H23N406S: 5551333, found: 555.1357.

Synthesis of 4-N-substituted 1,4,7-triazaheptane
compounds (L1-4)

The corresponding polyamine L(1-4)-ft (1 equiv) and
hydrazine monohydrate (20 equiv) were dissolved in EtOH
(400 mL) and the reaction mixture was refluxed for 24 h
under nitrogen atmosphere. The precipitate was removed
by filtration and the solvent was evaporated under vacuum.
The resulting oil was dissolved in CHCl; (300 mL) and the
solution was stirred for 24 h under nitrogen. After filtration,
the solvent was evaporated to dryness to give an oily
product, which was characterized as the corresponding
amine L1, L2, L3 or L4. Compounds L1 and L2 were
synthesized following the general procedure described in
references 15 and 253, respectively.

4-(1-Naphthylsulfonyl-)-1,4,7-triazaheptane (L3).
Following the general procedure described above,
compound L3 was prepared from L3-ft (0.53 g, 0.96 mmol).
Yield 0.21 g (75%); 'H NMR (300 MHz, CDCl3) 6 2.33 (t,] =
6.4, 4H), 3.34 (t, ] = 6.4, 4H), 7.53 (dd, ] = 8.3, ] = 7.4, 1H),
7.60 (ddd,J=8.3,]J=6.9,] = 1.3, 1H), 7.66 (ddd, ] = 8.6,] =
6.9,/=1.5,1H),7.93 (dd,J=8.3,/=1.1, 1H),8.06 (d,/ = 8.3,
1H), 8.21 (dd, J = 7.4, ] = 1.3, 1H), 8.66 (dd, ] = 8.6, ] = 1.1,
1H); 3C NMR (75 MHz, CDCl3) § 40.8 (CH,), 51.4 (CHy),
124.5 (CH), 125.1 (CH), 127.3 (CH), 128.6 (CH), 129.0 (C),
129.5 (CH), 130.1 (CH), 134.7 (CH), 134.8 (C), 134.9 (C).

4-(8-Quinolylsulfonyl-)-1,4,7-triazaheptane (L4).
Following the general procedure described above,
compound L4 was prepared from L4-ft (0.51 g, 0.92 mmol).
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Yield 0.20 g (76%); 'H NMR (300 MHz, CDCl;) & 1.68 (b.s,
4H, NH), 2.79 (t, ] = 6.4, 4H), 3.42 (t, ] = 6.4, 4H), 7.45 (dd,
=83,/ =4.2,1H), 7.54 (t,] = 7.8, 1H), 7.95 (d, ] = 8.2, 1H),
8.16 (dd, J = 8.3,/ = 1.5, 1H), 8.44 (dd, ] = 7.8, ] = 1.4, 1H),
8.98 (dd,] = 4.2, = 1.5, 1H); 3C NMR (75 MHz, CDCl;) § 40.2
(CH,), 51.7 (CH,), 121.1 (CH), 124.5 (CH), 128.0 (CH), 132.4
(CH), 132.5 (C), 135.6 (CH), 136.4 (C), 142.9 (C), 150.1 (CH).

Synthesis of polyamines L1a-c, L2(a,b), L3a, L4a, and
L5(a,c). The corresponding pyridinecarboxaldehyde (2.1
equiv) dissolved in EtOH (100 mL) was added dropwise to
a solution of 4-N-substituted amine precursor L1-4 or the
commercially available amine 4-methyl-1,4,7-
triazaheptane L5 (1 equiv) in EtOH (50 mL). The reaction
mixture was stirred at room temperature under nitrogen
atmosphere for 4 h. NaBH, (10 equiv) was then added
portion wise. The mixture was stirred for 6-12 h and the
solvent was then vacuum-evaporated to dryness. The
residue was treated with water (100 mL) and extracted
with CH,Cl; (3 x 50 mL). The organic phase was washed
with brine, dried with anhydrous Na,SO,, filtered, and the
solvent evaporated to dryness. The residue was purified by
column chromatography on silica gel or aluminum oxide to
give colorless oil. The resulting oil was dissolved in the
minimum of dry EtOH or CH,Cl, and the amine was
precipitated as its hydrochloride salt with 4 M HCl/dioxane
solution (3 mL). Compounds (L1a-5HCI), (L1c-5HCI) and
(L2a-5HCI) were synthesized following the procedures
described in references 15 and 25.

1,7-Bis(3-pyridylmethyl)-4-(2-naphthylmethyl)-
1,4,7-triazaheptane pentahydrochloride (L1b-5HCI). L1
(152 g 6.2 mmol) was reacted with 3-
pyridinecarboxaldehyde (1.47 g, 13.7 mmol) according to
the general procedure described above to give a yellow oil,
which was then precipitated as its pentahydrochloride salt.
Yield 1.83 g (69%); mp 181-182 °C; H NMR (300 MHz, D,0)
6 3.28-3.90 (m, 8H), 4.07 (s, 2H), 4.38 (s, 4H), 7.51 (dd, ] =
8.5,/ = 1.8, 1H), 7.52-7.57 (m, 3H), 7.81-7.86 (m, 3H), 8.00
(ddd,j=8.1,]7=6.0,]=0.7, 2H), 8.55 (td, /= 8.1,/ = 1.8, 2H),
8.75 (d, ] = 6.0, 2H), 8.79 (d, ] = 1.8, 2H); 13C NMR (75 MHz,
D,0) & 44.7 (CH,), 47.4 (CH,), 50.8 (CH,), 59.4 (CH,), 127.4
(CH), 127.7 (CH), 128.1 (CH), 128.2 (CH), 128.2 (CH), 129.1
(CH), 129.4 (CH), 130.2 (CH), 131.0 (C), 132.9 (C), 133.1 (C),
133.2 (C), 142.5 (CH), 142.6 (CH), 148.5 (CH); HRMS (ESI+)
m/z [M + H] calcd for Cy;H3,N5: 426.2652, found: 426.2662.
Anal. Calcd for C,7H36ClsN5(H20)3: C, 50.36; H, 6.26; N, 10.87,
found: C, 50.35; H, 6.04; N, 10.62.
1,7-Bis(3-pyridylmethyl)-4-(dansyl)-1,4,7-

triazaheptane pentahydrochloride (L2b-5HCI). L2 (0.55
g, 1.63 mmol) was reacted with 3-pyridinecarboxaldehyde
(0.38 g, 3.6 mmol) according to the general procedure
described above to give a light green oil, which was then
precipitated as its pentahydrochloride salt. Yield 0.71 g
(84%); mp 198-200 °C; 'H NMR (300 MHz, D,0) 6 3.53 (s,
6H), 3.61 (t, ] = 6.2, 4H), 3.95 (t, ] = 6.2, 4H), 4.66 (s, 4H),
7.91-7.93 (m, 2H), 8.14 (d, /= 7.8, 1H), 8.20 (d,] = 6.1, 1H),
8.22 (d,J = 6.4, 2H), 8.53 (d, J = 8.7, 1H), 8.81-8.87 (m, 3H),
8.93(d,J=6,2H,),9.05(d,/ = 2, 2H); 13C NMR (75 MHz, D,0)
8 47.2 (CHs), 47.3 (CH,), 47.4 (CH,), 47.8 (CH,), 120.3 (CH),
126.5 (C), 126.7 (CH), 127.0 (CH), 127.4 (CH), 128.3 (CH),
128.9 (CH), 129.3 (CH), 129.4 (C), 131.4 (C), 134.0 (C), 139.7
(C), 143.0 (CH), 143.1 (CH), 148.7 (CH); HRMS (ESI+) m/z

[M + H] calcd for C,gH34N¢0,S: 519.2537, found: 519.2550.
Anal. Calcd for C28H39C15N6025(H20)3: C, 4454, H, 601, N,
11.13; S, 4.25, found: C, 44.66; H, 6.21; N, 11.05; S, 3.79.

1,7-Bis(2-pyridylmethyl)-4-(1-naphthylsulfonyl)-
1,4,7-triazaheptane tetrahydrochloride (L3a-4HCI). L3
(1.0 g 34 mmol) was reacted with 2-
pyridinecarboxaldehyde (0.80 g, 7.5 mmol) according to the
general procedure described above. The residue was
purified by column chromatography on neutral aluminum
oxide (CHCl;/MeOH 85:15) to give a light brown oil, which
was then precipitated as its tetrahydrochloride salt. Yield
0.73 g (45 %); mp 198-200 °C; 'H NMR (300 MHz, D,0) 6
3.25 (t,J = 6.5, 4H), 3.76 (t,] = 6.5, 4H), 4.40 (s, 4H), 7.52-
7.69 (m, 7H),7.98 (dd,J=7.6,/=1.7,1H),8.06 (dd,/=7.5,]
=1.7,1H),8.08 (td,J = 7.8, = 1.7, 2H), 8.15 (d, / = 8.3, 1H),
8.42(dd,/=8.3,/=1.3,1H),8.56(ddd,/=5.3,/=1.7,]= 0.9,
2H); 13C NMR (75 MHz, D,0) & 45.1 (CH,), 45.5 (CH,), 49.6
(CHy), 123.3 (CH), 124.5 (CH), 125.4 (CH), 125.8 (CH), 127.4
(C), 127.6 (CH), 129.2 (CH), 129.7 (CH), 129.8 (CH), 131.2
(©),134.2 (C), 136.0 (CH), 141.8 (CH), 147.1 (CH), 147.6 (C);
HRMS (ESI+) m/Z [M + H] calcd for C26H30N5025: 4762115,
found: 476.2124. Anal. Calcd for C,H33CI4N;s0,S: C, 50.25; H,
5.35; N, 11.27; S, 5.16, found: C, 50.08; H, 5.88; N, 11.41; S,
5.35.

1,7-Bis(2-pyridylmethyl)-4-(8-quinolylsulfonyl-)-
1,4,7-triazaheptane pentahydrochloride (L4a-5HCI). L4
(1.2 g 41 mmol) was reacted with 2-
pyridinecarboxaldehyde (0.96 g, 9 mmol) according to the
general procedure described above. The residue was
purified by column chromatography on neutral aluminum
oxide (CHCl;/MeOH 65:35) to give a pale brown oil, which
was then precipitated as its pentahydrochloride salt. Yield:
0.82 g (42%); mp 201-203 °C; 'H NMR (300 MHz, D,0) 6
3.47 (t, ] = 6.2, 4H), 3.80 (t, ] = 6.2, 4H), 4.68 (s, 4H), 7.74-
7.77 (m, 2H),7.94 (ddd,J=7.9,/=5.7,]=1.2,2H),8.05 (d, ]
=7.9, 2H), 8.28 (dd, ] = 8.4, ] = 1.4, 1H), 8.48 (m, 3H), 8.65
(dd,j=8.4,7=1.7,1H),8.75 (ddd,/=5.7,]=1.7,] = 0.7, 2H),
8.97 (dd,J = 4.8,] = 1.7, 1H); 13C NMR (75 MHz, D,0) & 46.4
(CH,), 46.9 (CH,), 47.9 (CH,), 123.1 (CH), 127.1 (CH), 127.5
(CH), 127.6 (CH), 129.6 (C), 130.0 (C), 135.3 (CH), 136.4
(CH), 139.3 (C), 142.4 (CH), 144.1 (CH), 145.1 (C), 146.4
(CH), 150.4 (CH). HRMS (ESI+) m/z [M + H] calcd for
Cy5H9Ng0,S: 477.2067, found: 477.2032. Anal. Calcd for
C25H33C15N6OZS(H20)5: C, 4011, H, 619, N, 1123, S, 428,
found: C, 40.09; H, 5.84; N, 11.27; S, 4.56.

1,7-Bis(2-pyridylmethyl)-4-methyl-1,4,7-
triazaheptane pentahydrochloride (L5a-5HCI). L5 (1.02
g, 8.7 mmol) was reacted with 2-pyridinecarboxaldehyde
(2.05 g, 1.91 mmol) according to the general procedure
described above to give a pale yellow oil, which was then
precipitated as its pentahydrochloride salt. Yield 2.6 g
(99%); mp 188-191 °C; 'H NMR (300 MHz, D,0) 6 2.98 (s,
3H), 3.66 (s, 8H), 4.69 (s, 4H), 7.80 (ddd, J=7.9,J=5.5,] =
1.2,2H),7.87 (dt,J=7.9,/=1.2,2H),831 (td,/=7.9,]=1.7,
2H), 8.7 (ddd,J=5.5,J=1.7,] = 0.8, 2H); 3C NMR (75 MHz,
D,0) & 41.1 (CH3), 42.5 (CHy), 48.8 (CH), 52.6 (CH), 127.8
(CH), 127.9 (CH), 144.6 (CH), 146.2 (C), 146.7 (CH); HRMS
(ESI+) m/z [M + H] calcd for C;;Hy¢Ns: 300.2183, found:
300.2212. Anal. Calcd for C;7H30ClsNs(H,0)15: C, 40.13; H,
6.54; N, 13.76, found: C, 40.02; H, 6.81; N, 13.35.
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1,7-Bis(4-pyridylmethyl)-4-methyl-1,4,7-

triazaheptane pentahydrochloride (L5¢-5HCI). L5 (0.57
g, 4.9 mmol) was reacted with 4-pyridinecarboxaldehyde
(1.15 g, 10.7 mmol) according to the general procedure
described above to give a pale yellow oil, which was then
precipitated as its pentahydrochloride salt. Yield 1.41 g (97
%); mp 167-168 °C; 'H NMR (300 MHz, D,0) 6 2.80 (s, 3H),
3.44-3.49 (m, 4H), 3.60-3.69 (m, 4H), 4.65 (s, 4H), 8.17 (d, ]
=6.8,4H),8.87 (d,] = 6.8, 4H); 13C NMR (75 MHz, D,0) 6 40.7
(CHs), 43.5 (CH,), 50.1 (CH,), 52.7 (CH,), 127.7 (CH), 142.5
(CH), 151.8 (C); HRMS (ESI+) m/z [M + H] calcd for C;7H;6Ns:
300.2183, found: 300.2194. Anal. Calcd for
C17H30ClsNs(H,0)2: C, 39.44; H, 6.62; N, 13.53, found: C,
39.36; H, 7.03; N, 13.56.

Synthesis of amides L1d and L2d. Methyl picolinate (4
equiv) was added dropwise under stirring to a solution of
4-N-substituted 1,4,7-triazaheptane compounds (L1 or L2)
(1 equiv) in MeOH (50 mL). The reaction mixture was
heated to reflux under nitrogen atmosphere for 48 h. The
reaction progress was monitored by TLC. After completion,
the solvent was removed under reduced pressure and the
crude was purified by column chromatography on silica gel.
The resulting oil was dissolved in the minimum of dry
CH,Cl; and the amine was precipitated as its hydrochloride
salt with 4 M HCl/dioxane solution (3 mL).

1,7-Bis(2-pyridinylcarbonyl)-4-(2-naphthylmethyl)-
1,4,7-triazapentane trihydrochloride (L1d-3HCI).
Following the general procedure described above, methyl
picolinate (1.92 g, 14 mmol) was added under stirring to a
solution of L1 (1.55 g, 6.4 mmol). The residue was purified
by column chromatography on silica gel (n-hexane/EtOAc
75:25) to give a light brown oil, which was then precipitated
as its hydrochloride salt. Yield 0.92 g (32%); mp 217-221
°C; IH NMR (300 MHz, D,0) § 3.64 (t, ] = 5.7, 4H), 3.78 (t, ] =
5.7,4H), 4.48 (s, 2H), 7.25-7.29 (m, 2H), 7.37 (dd, /= 8.5, =
1.8, 1H), 7.42-7.45 (m, 1H), 7.50-7.53 (m, 2H), 7.78 (s, 1H),
7.89-7.91 (m, 4H), 8.30 (td, /= 7.9,J = 1.6, 2H),8.53 (d, ] =
5.4, 2H); 13C NMR (75 MHz, D,0) & 36.2 (CH,), 54.6 (CH,),
59.4 (CH,), 124.5 (CH), 126.5 (C), 127.5 (CH), 127.9 (CH),
128.0 (CH), 128.0 (CH), 128.3 (CH), 129.5 (CH), 129.7 (CH),
131.7 (CH), 132.6 (C), 133. 2 (C), 142.5 (C), 144.5 (CH),
145.7 (CH), 162.6 (CO); HRMS (ESI+) m/z [M + H] calcd for
C,7H2gN50,: 454.2238, found: 454.2250. Anal. Calcd. for
C27H30C13N502(H20)3: C, 5256, H, 588, N, 1135, found: C,
52.55; H,5.81; N, 11.30.

1,7-Bis(2-pyridinylcarbonyl)-4-(dansyl)-1,4,7-
triazaheptane trihydrochloride (L2d-3HCI). Following
the general procedure described above, methyl picolinate
(0.67 g, 4.9 mmol) was added under stirring to a solution of
L2 (0.75 g, 2.2 mmol). The residue was purified by column
chromatography on silica gel (CH,Cl,/MeOH 90:10) to give
a pale yellow oil, which was then precipitated as its
hydrochloride salt. Yield 0.71 g (58%); mp 186-189 °C; 'H
NMR (300 MHz, D,0) & 3.24 (s, 6H), 3.65 (t,/ = 5.5, 4H), 3.83
(t,J=5.5,4H),7.59 (t,J=8.2,1H),7.68 (dd,/= 7.7, 1H), 7.77
(dd,j=8.8,J=7.5,1H),7.94 (ddd, =8,/ =5.5,] = 1.0, 2H),
7.99 (d,J =8, 2H), 8.16 (d, ] = 8.8, 1H), 8.27 (d, ] = 7.4, 1H),
8.31(d,/=8.5,1H), 8.36 (td,/= 8.0,/ = 1.6, 2H), 8.64 (dd, / =
5.5,J/ = 1.7, 2H); 3C NMR (75 MHz, D,0) 6 37.1 (CH,), 44.7
(CH,), 47.0 (CH3), 119.4 (CH), 124.2 (CH), 126.2 (CH), 126.9
(CH), 127.4 (CH), 128.4 (CH), 129.3 (CH), 132.3 (CH), 134.7
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(C),144.1 (C), 144.9 (CH), 145.12 (CH), 162.4 (C),177.3 (C);
HRMS (ESI+) m/z [M + H] calcd for C,gH31N¢0,S: 547.2122,
found: 547.2127. Anal. Calcd. for C,gH33CI3N¢04S(H,0)3: C,
51.26; H, 5.07; N, 12.81; S, 4.89, found: C, 51.46; H, 5.26; N,
12.84; S, 5.01.

Electromotive force measurements. The
potentiometric titrations were carried out in water at 298.1
+ 0.1 K using 0.15 mol dm= NaCl as the supporting
electrolyte. NaCl was chosen as the inert electrolyte because
of both the higher solubility of the compounds in this
medium and the high content of this salt in extracellular
fluids. The experimental procedure (burette,
potentiometer, cell, stirrer, micro- computer, etc.) has been
fully described elsewhere.3* The acquisition of the EMF data
was performed with the computer program PASAT.?®> The
reference electrode was an Ag/AgCl electrode in saturated
KCl solution. The glass electrode was calibrated as a
hydrogen-ion concentration probe by titration of
previously standardized amounts of HCl with CO,-free
NaOH solutions and the equivalent point determined by
Gran’s method,?%?3¢ which gives the standard potential, E”,
and the ionic product of water [pKw = 13.73(1)].3” The
computer program HYPERQUAD was used to calculate the
protonation and stability constants.?62 The pH range
investigated (pH = -log[H+]) was 2.0-11.0 and the
concentration of the metal ions and of the compound ranged
from 1x10-3 to 5x10-3 M with 1:1 molar ratio. The different
titration curves for each compound (at least two) were
treated either as a single set or as separate curves without
significant variations in the values of the stability constants.
Finally, the sets of data were merged together and treated
simultaneously to give the final stability constants.

Computational studies. The modelling of the Zn?*
complexes was performed using the density functional
theory computational method as well as the Becke three-
parameter Lee-Yang-Parr hybrid functional (B3LYP).38 All
the gas-phase optimizations were carried out using the
Ahlrichs’ basis set def2-SV(P)3° for all atoms except for zinc
for which we employed the MDF10 Stuttgart-Dresden
effective core potential.*® The influence of the dispersion
was also taken into account by means of the Grimme’s
dispersion (IOp(3/124=30)) correction.*! Vibrational
frequencies were computed for each minimum energy
structure and, for each one of them, it was also calculated
and applied the zero-point correction. Calculations were
performed without any symmetry constraints, and the
effects of the solvent were included (water, € = 78.39) self-
consistently through the polarizable continuum model
(PCM).*? Computations were carried out using the program
Gaussian09 C.01*3 gMolden** and PyMOL*> were used for
visual inspection and to create the molecular graphics.

Cell culture. Jurkat (Acute T-cell Leukemia, a gift from
Prof. Joan Gil, IDIBELL, Barcelona), Jeko-1 (Non-Hodgkin
Lymphoma, a gift from Beatriz Martinez, CNIO, Madrid),
JVM-2, Granta-519 (Non-Hodgkin Lymphoma, a gift from
Dr. Dolors Colomer, Hospital Clinic, Barcelona), Z-138,
SP53, UPN-2 (Non-Hodgkin Lymphoma, a gift from Dr. Eva
Ortega-Paino, Lund University, Lund), were maintained in
RPMI-1640 with L-Glutamine and HEPES (Biological
Industries Ltd., Kibbutz Beit Haemek, Israel). LN229, U251,
U373 and U87MG (Glioma, a gift from Dr. Joan Seoane,
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Institut de Recerca Vall d’Hebron, Barcelona), SKMG-3
(Glioma, a gift from Dr.Hans Skovgaard, Rigshospitalet,
Oslo), PC-3 (Prostate Cancer, a gift from Prof. Anne J. Ridley,
King’s College, London), SW480 and SW620 (Colorectal
cancer, a gift from Prof. Eric Lam, Imperial College, London),
MCF-7 (Breast Cancer, a gift from Prof. Eric Lam, Imperial
College, London), cells were maintained in DMEM High
Glucose (4.5 g/1) with L-glutamine (Invitrogen, Carlsbad,
CA). Fibroblast cells derived from individuals were kindly
provided by the group of Molecular therapies of the
University of Valencia. All cells were grown in a humidified
incubator at 37 °C with 5% CO,. RPMI and DMEM were
supplemented with 10% heat inactivated fetal bovine
serum and 100 units/mL penicillin/streptomycin (Sigma-
Aldrich, St Louis, MO). All cell lines were subconfluently
grown and passaged, routinely tested for mycoplasma
contamination and subjected to frequent morphological
tests and growth curve analysis as quality-control
assessments. All cell lines were treated at a prophylactic
concentration of 5 pg/ml Plasmocin™ (InvivoGen, San
Diego, CA).

Cell viability analysis. The number of viable cells in
culture was determined based on quantification of ATP,
which signals the presence of metabolically-active cells,
using the Cell Titer-Glo luminescent assay kit (Promega,
Madison, WI). Following the manufacturer’s instructions,
the cells were plated in 96-well plates, treated 24 h later
with the compounds for the indicated times and
concentrations, followed by addition of Cell Titer-Glo
reagent. Luminescence was detected using a multi-well
Synergy Mx scanning spectrophotometer (Biotek,
Winooski, VT).

The effect of metal ions on the cell viability was assessed
using the colorimetric MTT ([3-(4,5- dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide]) method.*> Briefly,
LN229 and PC3 cells were plated in 96-well plates and
treated 24 h later with L1a (10 uM) and L5a (10 pM) in
presence or absence of metal ions Zn?*, Cu?*, Fe?* or Fe3* (15
uM) for 48 h. After incubation, the supernatant was
discarded and 100 pL medium and 10 pL MTT (12 mM)
solution were added into the wells and incubated for
another 4 h. The media was removed and the cells
solubilized using 100 pL DMSO. Optical density (OD)
absorbance readings were determined using a Thermo
Multiskan EX plate reader (Thermo scientific) at 540 nm.
The values obtained for Lla or L5a-treatments were
reproducible.

Cell cycle analysis. Cell cycle analysis was performed
using propidium iodide staining. Briefly, cells were washed
in phosphate-buffered saline (PBS) and fixed in 70%
ethanol (Sigma-Aldrich, St Louis, MO). Fixed cells were then
washed twice in PBS and stained with 50 pg/ml propidium
iodide (Sigma-Aldrich, St Louis, MO) in the presence of 50
png/ml RNase A (Sigma-Aldrich, St Louis, MO), then analyzed
by flow cytometry using a FACScan (Coulter Epics XL-MSL,
Beckman Coulter, Fullerton, CA). Percent distributions the
DNA content of the samples in G0/G1, S and G2/M phases of
the cell cycle were analyzed with Flowing Software version
2.5.1 (Perttu Terho, Turku Centre for Biotechnology,
Finland; www.flowingsoftware.com).

Annexin V-FITC / propidium iodide flow cytometric
analysis. Analysis of phosphatidyl serine externalization in
apoptotic cells was determined by an ApoTarget Annexin-
V-FITC Apoptosis kit (Invitrogen, Carlsbad, CA), according
to the manufacturer’s instructions. 2 x 105 cells were seeded
in 6-well plates and treated as indicated. Cells were then
collected and suspended in 100 pl of Annexin V-binding
buffer. 5 pL of Annexin-V-FITC and 10uL of propidium
iodide were added and incubated 15 min at room
temperature in the dark. Flow cytometry analysis was
carried out using a FACScan (Coulter Epics XL-MSL,
Beckman Coulter, Fullerton, CA) and winMDI software.

Caspase activity analysis. Enzymatic activity of
caspases was determined by measurement of caspases-3
and 7 activity by means of the luminometric Caspase-Glo
3/7 assay (Promega, Madison, WI) according to the
manufacturer’s protocol using a Synergy HT multi-
detection microplate reader (Bio-Tek, Winooski, VT).

v-H2A.X quantification. DNA damage was assessed
monitoring the intensity of y-H2A X fluorescence using flow
cytometry. Briefly, trypsinized cells were collected by
centrifugation, washed in PBS and fixed in 3.7%
formaldehyde (Sigma-Aldrich, St Louis, MO) for 15 min on
ice. Cells were then permeabilized with 0.2% v/v Triton-X
(Sigma-Aldrich, St Louis, MO) for 10 min, and incubated
with 1:400 rabbit anti-p-(S139)-H2A.X antibody (Cell
Signaling Technology, Beverly, MA) for 30 min on ice,
washed in Triton-X 0.1% in PBS and incubated with 1:400
anti-rabbit Alexa 555-conjugated antibody (Jackson
Immuno Research, West Grove, PA) for 20 min on ice and
washed. Flow cytometry analysis was carried out using a
FACScan (Coulter Epics XL-MSL, Beckman Coulter,
Fullerton, CA) and Flowing software.

Clonogenic assays. Cells were seeded in 12-well plates.
24 h later, cells were treated for 4h with 10 uM L1a and L5a
or vehicle alone as a control. Cells were then washed with
PBS, trypsinized and plated at low density (3000 cells/60-
mm plate). Cells were allowed to divide and form colonies
for 7-10 days. The colonies were fixed and stained with
0.5% (w/v) crystal violet (Sigma-Aldrich, St. Louis, MO) in
70% ethanol and the number of colonies counted. All
experiments were performed in triplicate.

Senescence assays. Cytochemical senescence detection
was performed with the Senescence Cells Histochemical
Staining Kit (CS0030, Sigma-Aldrich, St. Louis, MO)
according to the manufacturer’s instructions. Briefly,
LN229 and PC3 cells were cultured in 6-well plates at 12 x
10* cells/well and treated with 10 uM of selected
compounds L1a and L5a for 24 h. The cultured medium was
removed and the cells were then washed with PBS and fixed
with 2% formaldehyde, 0.2% glutaraldehyde solution (1
mL) for 10 min at room temperature. The cells were washed
again and stained in 1 mL 1x staining solution containing 1
mg/mL 5-bromo-4-chloro-3-indolyl-§-D-
galactopyranoside (X-gal) and 1x staining supplements at
37 °C for 24 h without CO, circulation. Cells were then
overlaid with 70% glycerol and observed under microscope
for development of blue color. Blue-stained cells were
counted in at least 10 fields at 10x magnification and the
number of stained cells was expressed as the percentage of
positive cells relative to total cell number.
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Mitochondrial membrane potential (¥,) analysis.
The MMP was monitored using the dual-emission
mitochondrial dye JC-1, 5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazole carbocyanide iodide (MitoProbe™
JC-1 assay Kit, Molecular Probes) according to the
manufacturer’s instructions. At high mitochondrial
membrane potentials, JC-1 accumulates in the mitochondria
and forms J-aggregates that show a red fluorescence
emission at 590 nm, but with de-energized or depolarized
mitochondria, less dye enters to mitochondria resulting in
monomers that show green fluorescence emission at 530
nm. Briefly, LN229 cells were seeded in 6-well plates at a
density of 5 x 10° cells/mL and allowed to adhere overnight.
Culture medium was replaced with fresh medium
containing polyamines L1a (10 uM) and L5a (10 uM). After
incubation for 24 h, cells were trypsinized, washed with
phosphate-buffered saline (PBS) and incubated with JC-1
dye (2 uM) at 37 2C for 30 min. Then, cells were pelleted by
centrifugation at 1500 rpm for 5 min at room temperature,
washed by adding PBS and analyzed by flow cytometry on a
flow cytometer Coulter EPICS-XL (Beckman Coulter,
Fullerton, CA). In each experiment, at least 10.000 events
were analyzed. JC-1 monomer fluorescence signals were
detected on the filter 1 (FL1) detector (green fluorescence,
530 nm) and ]JC-1 aggregate fluorescence signals on the FL3
detector (red fluorescence, 590 nm). Mean fluorescence
intensity values for FL1 and FL3 are expressed as FL3/FL1
ratio.

Intracellular zinc measurements by Zinquin
Fluorescence assay. Zinquin ester (ethyl (2-methyl-8-p-
toluenesulfonamido-6-quinolyloxy)acetate, ENZO) was
used to quantify the level of free labile intracellular Zn(II)
upon treatment with the selected compounds by
spectrofluorometry using a standard method adopted from
Zalewski et al.??" After treatment with polyamines L1a and
L5a for 12h, LN229 and PC3 cells were trypsinized and
harvested by centrifugation at 1000 rpm for 5 min. Cell
viability was assessed by Trypan Blue stain and then 6x10°
cells were resuspended in PBS (1 mL) and incubated in the
dark with Zinquin (25 pM) at 37 °C for 30 min. Cell
suspensions were transferred to an ultraviolet-grade
cuvette and the fluorescence count was measured at 370
nm excitation and 475 nm (slit width 3 nm) emission
wavelengths and scans of the fluorescence emission
between 400 and 600 nm. All spectrofluorometric
experiments were performed with a spectrofluorometer
(PTI) equipped with a lamp power supply LPS-220B, MD-
5020 and an 814 Photomultiplier Detection System.

Multiphoton confocal microscopy. Multiphoton
confocal microscopy was assessed using an Olympus
FV1000MPE microscope. Briefly, LN229 cells were cultured
in 65 mm plates at 1x10* cells/plate. After incubation for 24
h, cells were treated with 10 uM and 20 uM of selected
compounds for 6h. The cultured medium was removed and
washed with PBS, leaving finally 2 mL of PBS per plate. The
images were acquired exciting at 700 nm.

Statistical analysis. All of the presented data as means +
SD were obtained based on three independent experiments
and were analyzed with GraphPad Prism software
(GraphPad Software Inc. La Jolla, CA). Significant
differences between control and treated groups were
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assessed using Student’s t-test. Analysis of variance
(ANOVA) followed by Turkey’s post hoc analysis were used
to determine the statistical significance among treatments
conditions and cell lines. Statistically significant differences
are indicated by ****p<0.0001, ***p<0.001, **p<0.01 and
*p<0.05.
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