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We designed a tris-catecholate-based siderophore mimic, Hg-T-CATL, to selectively chelate iron(i) from
mitochondrial cytochromes and other iron-containing proteins within cellular matrices. This strategic
sequestration aims to trigger apoptosis or ferroptosis in cancer cells through the glutathione (GSH)-
dependent release of reduced iron and subsequent ROS-mediated cytotoxicity. Synthesis of Hg-T-CATL
involved precise peptide coupling reactions. Using the Fe(i)-porphyrin model (Fe-TPP-Cl), akin to cyto-
chrome c, we studied Hg-T-CATL's ability to extract iron(in), yielding a binding constant (K. of 10* for
the resulting iron(i) complex (Fe''-T-CATL)*~. This complex readily underwent GSH-mediated reduction
to release bioavailable iron(i), which catalyzed Fenton-like reactions generating hydroxyl radicals ("OH),
confirmed by spectroscopic analyses. Our research underscores the potential of Hg-T-CATL to induce
cancer cell death by depleting iron() from cellular metalloproteins, releasing pro-apoptotic iron(i).
Evaluation across various cancer types, including normal cells, demonstrated Hg-T-CATL's cytotoxicity
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through ROS production, mitochondrial dysfunction, and activation of ferroptosis and DNA damage path-
ways. These findings propose a novel mechanism for cancer therapy, leveraging endogenous iron stores
within cells. Hg-T-CATL emerges as a promising next-generation anticancer agent, exploiting iron metab-

rsc.li/dalton olism vulnerabilities to induce selective cancer cell death through ferroptosis induction.

has gained attention, initially intended for managing iron
overload. Later the iron(m)-chelators revealed their efficacy in

Introduction

Iron plays a pivotal role in numerous biological processes,
including oxygen transport, DNA synthesis, ATP production,
and acting as a cofactor for enzymes crucial in cell growth.' ™
Cancer cells often manipulate their iron metabolism to sustain
their proliferation and survival. Targeting the disrupted iron
homeostasis as a strategy to impede cancer progression has
emerged as an attractive strategy for cancer therapy.®° To this
end, the development of iron chelators as therapeutic agents

“Department of Chemistry, National Institute of Technology Manipur, Langol,
Imphal West, 795004 Manipur, India. E-mail: mithunroy@nitmanipur.ac.in
bDepartment of Systems Biology, Center of Biomedical Research (CBMR), Raebareli
Road, Lucknow 226014, Uttar Pradesh, India. E-mail: bmaity@jcbose.ac.in
‘Department of Inorganic and Physical Chemistry, Indian Institute of Science
Bangalore, Bangalore-50012, Karnataka, India

“Department of Biological Sciences, Bose Institute Unified Academic Campus, EN8O,
Sector V, Bidhan Nagar, Kolkata - 700091, West Bengal, India

‘Department of Chemistry, National Institute of Technology Agartala, Jirania,

West Tripura, Agartala, 799046, India

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4dt01461h

This journal is © The Royal Society of Chemistry 2024

hindering tumor growth through various mechanisms such as
cell cycle regulation and angiogenesis suppression.'™"?
Siderophores, chelators produced by bacteria and fungi to sca-
venge iron, have emerged as potential candidates for iron che-
lation therapy in cancer.'*'® Natural and synthetic sidero-
phores like deferoxamine (DFO) and deferasirox have exhibited
promising anticancer properties by limiting iron availability to
malignant cells."®"® Nonetheless, their clinical advancement
has been hampered by significant side effects and limited
efficacy, necessitating the quest for more potent and selective
iron chelators tailored for cancer treatment. While iron chela-
tion therapy is established for managing systemic iron excess,
its efficacy in improving survival outcomes for cancer patients
remains inconclusive."® Excessive intracellular iron levels can
induce ferroptosis, a form of cell death characterized by lipid
peroxidation due to oxidative stress, which has garnered atten-
tion as a potential therapeutic avenue in cancer
management.’* > Strategies aimed at enhancing ferroptosis
induction represent a promising approach to augment the
effectiveness of chemotherapy, particularly by exploiting non-
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apoptotic cell death pathways associated with reactive oxygen
species accumulation and lipid peroxidation.>**® Research
into ferroptosis inducers has seen a significant surge, with
numerous methods for inducing ferroptosis in cancer treat-
ment extensively investigated. These methods include the util-
ization of small molecules such as erastin, sorafenib (SRF),
and sulfasalazine (SAS), or shtMTHFD2 and shGPX4 plasmids
those target related genes.>*”*° However, existing ferroptosis
inducers encounter challenges due to their low water solubility
and instability, limiting their applicability in cancer therapy.*
Moreover, hurdles in clinical translation include their limited
therapeutic efficacy, notable side effects, and difficulties in
detection.®* Furthermore, the substantial adverse effects
associated with iron chelation and ferroptosis inducers pose
significant barriers to their utilization in cancer therapy. To
address the limitations, our study focuses on the development
of a catechol-based siderophore mimic capable of chelating
endogenous iron(m) of an intracellular matrix, facilitating its
reduction to iron(u) by glutathione (GSH) or other reducing
equivalents, and subsequently inducing ferroptosis/apoptosis
through the generation of reactive oxygen species (ROS) via
Fenton-like chemistry to kill the cancer cells (Scheme 1).
Therefore, we present the synthesis and characterization of a
tris catecholate ligand (He-T-CATL), designed as a mimic of
catecholate-based siderophores, as a potential iron chelation
strategy along with investigations including iron(ur) leaching
by He-T-CATL, reduction of Fe(ur) and iron(u) release studies in
the presence of GSH, GSH depletion assays, hydroxyl radical
generation assays, BSA-binding studies, cell viability assays,
in vitro ROS-generation, apoptosis, protein expression studies
for the complete validation of the hypothesis.

Results and discussion
Synthesis, characterization, and general aspects

In accordance with the previously reported synthesis pro-
cedure, the tris-catecholate ligand (He-T-CATL), was syn-
thesized (Scheme 2).>*2* The synthesis involved a series of
steps beginning with the protection of the amine group in
1-Dopa using di-tert-butyl dicarbonate (BoC) (i), followed by
peptide coupling with dopamine hydrochloride in the pres-
ence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),

Fe-containing
metallobiomolecules

Scheme 1 Proposed hypothesis of the mechanism of induction of fer-
roptosis in cancer cells by the catecholate-based ligand (Hg-T-CATL).
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Scheme 2 Schematic drawings of the synthesis of catecholate-based
ligand (Hg-T-CATL). (i) Boc,O, 1 M NaOH, 24 h; (ii) .-Dopa-HCl, 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC), HOBT, diisopropyl ethyl-
amine (DIPEA), 0-5 °C, 72 hours; trifluoracetic acid, 40 °C, 2 h; (iii) Boc-
protected L-Dopa (2), EDC, HOBT, DIPEA, 0-5 °C, 72 hours; trifluorace-
tic acid, 40 °C, 2 h.

hydroxybenzotriazole (HOBt), and trimethylamine (ii). After
the isolation of the product, the protected amine group was
deprotected utilizing trifluoroacetic acid (TFA). Later, the free
amine group in the initial peptide-coupling product under-
went further EDC coupling with Boc-(NH,)-protected r-Dopa to
yield the Boc-(NH,)-protected tris catecholate ligand, which
was deprotected using TFA to furnish the free amino tris cate-
cholate ligand (He-T-CATL) (iii). The synthesized compound
was characterized using infrared (IR) and mass (Fig. S1 and
S27). To assess the solubility of H¢-T-CATL in a biologically
relevant medium, a 5% DMSO-PBS buffer solution was
employed. The HgT-CATL exhibited high solubility in this
medium, suggesting its potential suitability for biological
applications. The stability of He-T-CATL was evaluated under
physiological conditions, specifically in a 5% DMSO-PBS
buffer at pH 7.4 and room temperature through UV-visible
spectroscopy, which revealed the remarkable stability till 72 h.
This stability profile underscored the reliability of Hes-T-CATL
as a candidate ligand for further investigation and develop-
ment in various biomedical contexts.

The distribution of pharmaceutical compounds within
tissues is influenced by their lipophilicity, a critical parameter
known as the logarithm of the partition coefficient (log P).
This characteristic, which measures the compound’s propen-
sity to partition between a hydrophobic solvent (such as
n-octanol) and water, is crucial for assessing drug distribution
and cellular uptake. We calculated the log P value for the tris
catecholate ligand (He-T-CATL) in a 5% DMSO-water mixture,
as well as in comparison to n-octanol. The average log P value
obtained for He-T-CATL was determined to be 0.41. This posi-
tive value suggests that He-T-CATL possesses a favourable
affinity for lipids and hydrophobic environments, which may
facilitate its cellular uptake and distribution. Thus, the log P
value underscored the potential of the tris catecholate ligand
(He-T-CATL) as a promising candidate for further investigation
and development in biomedical applications, where efficient
cellular uptake is crucial for therapeutic efficacy.

This journal is © The Royal Society of Chemistry 2024
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We synthesized the iron(m) complex of the 5,10,15,20-tetra-
p-tolylporphyrin (TPTP) as a model for the intracellular iron-
heme proteins, and we probed the chelating/leaching pro-
perties of the He-T-CATL from the endogenous iron(ur)-heme
proteins. The synthesis of 5,10,15,20-tetra-p-tolylporphyrin
(TPTP) was carried out following a previously published proto-
col.’® The synthesized Fe(mr) complex with TPTP was character-
ized using UV and mass spectroscopy techniques, providing
spectral data indicative of its structural identity and purity.
This synthesis of [Fe"™TPTP-Cl-4H,0] involved refluxing the
porphyrin TPTP and FeCl,-4H,0 in a DMF which resulted in a
dark brown solution at the end of the reaction.*
Characterization of [Fe™ TPTP-Cl-4H,0] was conducted using
UV, and mass spectroscopy techniques, providing valuable
insights into its structural and chemical properties (Fig. S5
and S6t). We synthesized an iron(u)-catecholate complex (Fe)
to elucidate the release of iron after its leaching from the
[Fe™TPTP-CI-4H,0] by the catecholate ligand (HeT-CATL),
resulting in the formation of an anionic iron-catecholate
complex (Fe™T-CATL)*>". The synthesis involved the addition
of six equivalents of triethylamine to a methanolic solution of
ligand (He-T-CATL), followed by the gradual addition of this
solution to a methanolic solution of [Fe(NOj3);-9H,0] under an
inert atmosphere of nitrogen (N,). The color of the solution
changed to dark purple, and precipitation occurred upon the
dropwise addition of diethyl ether, resulting in the formation
of complex, (NEt;H);(Fe"™T-CATL) with a yield of 30%.
Characterization of (NEt;H);(Fe™T-CATL) was carried out
using IR, UV-visible, and mass spectroscopy techniques, as
illustrated in Fig. S7-S9.1 Notably, the solubility and stability
of the (NEt;H);(Fe™T-CATL) was probed in 5% DMSO-PBS
buffer medium (pH 7.4).

Chelation studies

To assess the binding affinity of He-T-CATL towards ferric iron,
we calculated the relative stability constant or relative for-
mation constant of the (Fe"™'T-CATL)*~ using a previously
established protocol.’” The UV-visible spectrophotometric
titrations were conducted, wherein varying concentrations of
Fe(m) were added to the He-T-CATL in a 1:1 stoichiometry
until reaching equilibrium. The relative binding constant (K)
was determined utilizing the Benesi-Hildebrand method,
shedding light on the efficacy of H-T-CATL as an iron chelator
with potential implications for cancer therapy, i.e.

M+L = [MIL]

[ML|

M[L]

Utilizing the derived equation and substituting the values
of metal and ligand concentrations, we determined the relative
binding constant for the tris catecholate ligand (He-T-CATL)
with Fe(m), yielding a K value of 1.58 x 10'* M™" (Fig. S117).
Remarkably, this binding constant aligns closely with values
for iron-known catecholate chelators.*® This finding under-
scores the robust binding affinity of He-T-CATL towards iron,
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rendering it a promising candidate for iron chelation therapy.
Such enhanced binding ability for iron suggests that Hs-
T-CATL may effectively sequester iron ions in an intracellular
matrix, offering potential therapeutic benefits in the context of
iron-related disorders, including cancer. Moreover, iron also
acts as a cofactor for several enzymes crucial in cell growth
during cancer progression. In this context, we propose a novel
strategy aimed at reducing iron levels and disrupting mito-
chondrial function by leaching iron from iron-containing
metalloproteins using the iron-chelating tris-catecholate
ligand (He-T-CATL). For our investigation, we selected the iron-
containing metalloprotein [Fe™TPTP-CI-4H,0], regarded as a
cytochrome mimic, to demonstrate the iron(m)-the leaching
capability of the tris-catecholate chelating ligand (He-T-CATL)
(Fig. 1). The leaching of iron(m) from [Fe"™TPTP-Cl-4H,0]
complex was evaluated through UV-visible spectral titrations in
PBS buffer respectively in pH 5.5 and 7.4, with HgT-CATL
served as the titrant added to the [Fe"™TPTP-Cl-4H,0]. Upon
gradual increase in ligand concentration, a new Q band
emerged at 665 nm, primarily attributed to the n-n* transition
in a free protonated porphyrin (H,TPP) once iron was removed
from the porphyrin core. Additionally, a peak at around
570 nm, indicative of the newly generated LMCT band, signi-
fied the chelation of iron by the catecholate ligand, a phenom-
enon consistent with prior literature.*>*° The emergence of
these new bands at 665 and 570 nm not only validates our
approach for iron leaching from [Fe™TPTP-CI-4H,0] but also
confirms the enhanced binding affinity of the catecholate
ligand (H¢-T-CATL) toward iron(u).

GSH-assisted reduction of iron(m) and release of iron(u)

Glutathione (GSH) is a well-known antioxidant and mild redu-
cing agent that is often highly expressed in cancer cells to
counteract oxidative stress. Understanding the remarkable iron
(u)-leaching capability of the H¢-T-CATL, we presumed the for-
mation of the iron(ur)-catecholate complex (Fe""T-CATL)*~. To
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Fig. 1 UV-visible spectral traces revealing leaching of iron(i) from
[Fe""TPTP-Cl-4H,0] complex (0.3 mM) by He-T-CATL (0-5 mM) studied
in 5% DMSO-PBS buffer medium at (a) intracellular pH 5.5 and (b) extra-
cellular pH 7.4 and room temperature.
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understand the fate of iron(i) in a catechol-bound state under
the influence of the reducing matrix of the cancer cells, we syn-
thesized and characterized (NEt;H);(Fe™ T-CATL) and probed
the chemistry in the presence of glutathione. Successive
addition of glutathione (0.1-10 mM) at pH 5.5 and 7.4
(Fig. S137).

Under reducing conditions, we observed a decrease in
absorbance of the LMCT band at 570 nm, indicating degra-
dation of the (Fe™T-CATL)*", reduction of Fe(m) into Fe(n),
and liberation of iron, although there was an insignificant
effect on the UV-visible spectra of the (Fe™T-CATL)*~ in the
absence of glutathione. Most probably the iron(ur) in the
complex was reduced to Fe(u) by glutathione making the
complex unstable which led to the release of iron(u) in the
solution in the unbound form. To ascertain the presence of
unbound iron(u), UV-visible titrations were performed using a
mixture of (Fe™T-CATL)*~ (1 equivalent) and 1,10-phenanthro-
line (3.0 equivalent) in the presence of increasing concen-
trations of GSH at pH 5.5 and 7.4. Phenanthroline was utilized
as a probe for detecting free Fe®" ions. We observed the
appearance of a typical MLCT band of [Fe(phen);]** centered
at 515 nm in the UV-visible spectra.’ The control UV-visible
spectra of the [Fe(phen);]*" under the similar experimental
condition confirmed the MLCT band at 515 nm (Fig. S197).
The MLCT band became more intense with the increasing con-
centrations of GSH (Fig. 2). The typical assay confirmed the
release of iron as Fe*" in the presence of GSH. Subsequently,
the normalized percentage release of Fe*" concerning different
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Fig. 2 UV-visible spectral traces indicating the release of iron(i) and the
formation of [Fe(phen)s]>* (MLCT band at 515 nm) in the presence of
increasing concentration of GSH (0-10 mM) and 1,10-phenanthroline
(0.09 mM) from the (Fe"'T-CATL)*~ (0.03 mM) in 5% DMSO-PBS buffer
medium at (a) intracellular pH 5.5 and (b) extracellular pH 7.4 and room
temperature.
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GSH concentrations was determined using a calibration curve
of [Fe(phen);]** complex. The percentage release of Fe** at pH
5.5 was approximately 83%, while at pH 7.4, it was approxi-
mately 80%. There was no effect of pH on the release of iron
(m). A little higher release of iron(u) from the reduced
(Fe™T-CATL)?>~ could be due to the effect of protonation. The
reductive release of iron from the (Fe"™T-CATL)*~ complex was
also confirmed by cyclic voltammetric assays in which a
dimethyl formamide (DMF) solution of the (Fe"™ T-CATL)>~ (1.0
equivalent) in the presence of 3.0 equivalent of 1,10-phenan-
throline using 0.1 M TBAP (tetrabutylammonium perchlorate)
as the supporting electrolyte, with glassy carbon serving as the
working electrode, Ag/AgCl as the reference electrode, and Pt
as the counter electrode was used. In a mixture of We intro-
duced a mixture of (Fe™T-CATL)*~ (0.03 mM) and 1,10-phe-
nanthroline (0.02 mM), the GSH was added in an increasing
concentration and cyclic voltammetric responses were
recorded with a scan rate of 50 mV s™'. We observed the devel-
opment of characteristic peak potentials of [Fe(phen);]** at 1.3
Vand 1.2 V (Fig. 3 and Fig. $201).**> The electrochemical assays
provide further evidence that in the presence of GSH, the
(Fe™T-CATL)?~ releases iron in the form of Fe**. This strategy
of leaching iron from metalloproteins and releasing it as Fe**
in a GSH-rich cancerous environment presented a promising
approach for activating ferroptosis via ROS generation. EPR
spectra of (Fe™T-CATL)’>~ was recorded in 5% DMSO-PBS
buffer medium at 77 K, and exhibited typical signature of
high-spin iron(m) with g = 4.3. The addition of GSH signifi-

[Fe(phen);]**
104 \&
< 7
=.
w-
c
(]
-
=
3 10 4
220 -
2 _'1 (l) ; 2

Potential (V) vs Ag/AgCl electrode

Fig. 3 Cyclic voltammograms of 0.3 mM of (Fe"'T-CATL)*~ recorded in
the presence of 1,10-phenanthroline (0.9 mM) and increasing concen-
tration of GSH (0-10 mM) increasing concentrations of GSH in di-
methylformamide (DMF) at room temperature (RT) using glassy carbon
electrode as working electrode, Ag/AgCl electrode as reference elec-
trode, and Pt electrode as counter electrode and TBAP (tetrabutyl-
ammonium perchlorate) 0.1 M as supporting electrolyte, scan rate
50 mV s~1. Appearance of typical Fe(i)/Fe(i) responses of [Fe(phen)s]>*
at 1.3 V suggested release of Fe() from the reduced (Fe"'T-CATL)3".
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cantly reduced the EPR signal indicating reduction of Fe(u) to
Fe(u) (Fig. S217).

ROS-generation studies and ferroptosis

The generation of reactive oxygen species (ROS) is a key
outcome of the Fenton-type reaction involving iron complexes
in the presence of molecular oxygen (*0,). These ROS species
encompass the superoxide ion (0°7), hydrogen peroxide
(H,0,), and hydroxyl radicals ("OH). Free Fe** ions serve as
generators of ROS, a pivotal factor in the activation of ferropto-
sis. In the present studies, we utilized the (Fe""T-CATL)*~ to
investigate hydroxyl radical generation, considering the ferrop-
tosis phenomenon following iron(ur) leaching via the tris cate-
cholate ligand (H¢T-CATL), resulting in the formation of an
iron(m)-catecholate complex, (Fe"™'T-CATL)*>~. Hydroxyl radical
generation from (Fe™ T-CATL)*~ was probed using a previously
established protocol.**™** Initially, benzoic acid, [Fe
(NO3);-9H,0], and (Fe™T-CATL)*>~ were incubated, and UV-
visible spectral traces were recorded with increasing concen-
trations of GSH. The release of Fe*" in the presence of GSH
from complex Fe facilitated the formation of "OH radicals via
Fenton-like chemistry, reacting with benzoic acid to yield sal-
icylic acid and ultimately forming an iron(m)-salicylate
complex (Fig. 4). Several control experiments were conducted
in the absence of (Fe™'T-CATL)*~ or GSH confirming that
hydroxyl ("OH) radical generation primarily resulted from the
reduced-(Fe"T-CATL)*~ complex. The formation of hydroxyl
radicals from the reduced-(Fe"T-CATL)*~ in the presence of
molecular oxygen was further characterized by EPR spec-
troscopy (Fig. S141). Hydroxyl radicals were trapped using 5,5-
dimethyl-1-pyrrolidine (DMP) to form hydroxylated 5,5-
dimethyl-1-pyrrolidine (DMP-OH). The typical EPR spectra of

0.04

(Fe""T-CATL)*

2

Q 0,
g 11w
g *OH
2
O 0.02-
(72]
Q
<
0.00 -+

500 520 540 560 580 600

Wavelength (nm)

Fig. 4 UV-visible spectroscopic studies for the generation of hydroxyl
radical by (Fe"'T-CATL)>*~ complex (0.3 mM) in presence of Fe
(NO3)3:9H,0 (0.2 mM), benzoic acid (0.2 mM), and increasing concen-
tration of GSH (0-10 mM) in 5% DMSO-PBS buffer at pH 7.4 at 298 K.
Appearance of typical LMCT band at 520 nm was indicative of the gene-
ration of hydroxyl radicals which potentially induced ferroptosis.
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DMPO-OH species was detected when (Fe™T-CATL)*~ (50 pM)
and GSH (50 uM) were reacted in the presence of 5,5-dimethyl-
1-pyrroline N-oxide (DMPO, 0.04 M) in DMF-H,O (1:1, v/v),
exhibiting g-values of 2.05-2.01.*°

Glutathione (GSH) depletion assay

To confirm the chemical activation of ferroptosis, we investi-
gated glutathione (GSH) depletion by "OH radicals, which was
identified as a crucial factor in ferroptosis induction. The GSH
plays a pivotal role in reducing lipid hydroperoxides to lipid
alcohols with the assistance of the GPX4 enzyme.”” However,
in a ROS-rich environment, GSH is utilized for scavenging
ROS, impeding its function in lipid hydroperoxide reduction.*®
Consequently, the activity of GPX4 is downregulated, leading
to increased lipid peroxidation levels and ferroptosis. The
ability of the He-T-CATL in GSH depletion was studied follow-
ing a previously published protocol by DTNB assay”® with a
minor modification involving the use of ascorbic acid as a
reducing agent to release iron as Fe>* from the (Fe"'T-CATL)*~
(Fig. 5). Focusing on the ferroptosis phenomenon after iron(u)
leaching by the tris catecholate ligand (He-T-CATL) to form the
iron(m)-catecholate complex, (Fe™T-CATL)*~, we specifically
examined the capacity of (Fe™T-CATL)*” to deplete GSH, by
employing Ellman’s reagent [DTNB = 5,5'-dithiobis-(2-nitro-
benzoic acid)]. The reaction between GSH and DTNB results in
the formation of an oxidized GS-TNB adduct and a TNB
chromophore was characterized by a Ap,,x of 412 nm in the UV-
visible spectra. By monitoring the absorbance at 412 nm,
indicative of TNB formation, the GSH concentration can be
determined. A standard curve was constructed using known
GSH concentrations ranging from 0 to 55 pM to determine the
overall GSH concentration in unknown analytes. Initially, we
incubated 200 pM of ascorbic acid and 55 pM of DTNB in a
5% DMSO-PBS buffer medium (pH = 7.4) to ascertain the

1.0
@
Q
c
@
2 05
5 0.
3
412 nm
<
0.0 r r '
300 400 500 600

Wavelength (nm)

Fig. 5 UV-visible spectral traces of DTNB assay for showing GSH
depletion by (Fe"'T-CATL)*~ complex (0.1 mM) in 5% DMSO-PBS buffer
medium at pH 7.4 and room temperature.
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reduction of DTNB by ascorbic acid. Subsequently, 100 pM of
(Fe™T-CATL)?>~ was added, followed by 50 uM of GSH. The UV-
visible spectra were recorded every 10 minutes of incubation.
The concentration of GSH in each sample was determined
based on absorbance values measured at 412 nm using the
standard curve. The extent of GSH depletion was calculated by
subtracting the corresponding GSH concentration from the
initial 50 pM concentration in the sample. The observed
depletion of 31 pM GSH was due to the generation of hydroxyl
radicals by Fe** in the presence of molecular oxygen under-
scoring the potential role of (Fe™T-CATL)*” in inducing
ferroptosis.

BSA binding studies

Typically constituting approximately 60% of blood plasma pro-
teins, serum albumin plays pivotal roles in maintaining blood
pH and facilitating the transport of various ligands, molecules,
and drugs throughout the bloodstream. In this investigation,
we conducted a fluorometric assay to explore the potential
interaction between the tris-catecholate ligand (T-CATL) and
bovine serum albumin (BSA), serving as a model for human
serum albumin (HSA) (Fig. S121). BSA exhibits strong fluo-
rescence owing to luminescent amino acid residues—trypto-
phan (Trp), tyrosine (Tyr), and phenylalanine (Phe). The fluo-
rescence emission of BSA, excited at 280 nm, was observed at
approximately 339 nm.’**' Throughout the experiment, He-
T-CATL (0.001 M, stock) was incrementally added to a BSA
solution with a concentration of 3.0 x 10~> M. The findings
revealed that the emission of BSA at 339 nm was quenched
upon binding with H¢-T-CATL, leading to a slight blue shift of
AZ = 3-7 nm. The binding constant derived from Stern-Volmer
and Scatchard plots was determined to be 3.98 x 10* mol™,
with a calculated Gibbs free energy of —6.27 kcal mol™
(Fig. S127). These results suggest a robust interaction between
H,-T-CATL and serum albumin protein, indicating favourable
conditions for enhanced transport of ligand (He-T-CATL) in
the bloodstream.

Cell viability, apoptosis, and DNA damage responses

H,-T-CATL exhibited cytotoxicity against A549 lung cancer cells
with an ICs, of 14.19 pM while in MDA-MB-231 breast cancer
cells the IC5, was 20.23 pM (Table S17). This difference in cyto-
toxicity between the two cancer cell lines may be attributed to
the relatively higher concentration of glutathione in A549 cells,
which is believed to trigger ferroptosis in cancer -cells.
Furthermore, the cytotoxicity of He-T-CATL in normal cells like
HEK293 (kidney cells) and AC16 (human heart cells) yielded
an ICs, value of greater than 80 uM respectively, indicating a
significantly lower level of toxicity compared to the cancer cell
lines (Fig. 6).>* This difference in level of cytotoxicity could be
due to the reduced uptake of H¢-T-CATL in normal cells, high-
lighting the selective toxicity of He-T-CATL towards cancer
cells. Our findings further revealed that after treatment with
ligand (He-T-CATL), cell viability was 51.26% in live cells,
40.78% in early apoptotic cells, 7.94% in late apoptotic cells,
and 0.02% in necrotic cells (Fig. 6) indicating the involvement
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Fig. 6 (a) Cell viability (MTT assay) plots showing the cytotoxicities of
the ligand (T-CATL) in the (a) A549, (b) MDA-MB-231, (c) HEK293, and (d)
AC16 cell lines. All data are presented as means + S.E. of multiple experi-
ments (n = 4, ns indicates nonsignificant and *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001 compared to the control group). NC was used
as a negative control [cell treated with DMSO-PBS].

of apoptotic signaling in the Hg-T-CATL-induced cellular phe-
notype (Fig. 7).>?

The involvement of oxidative processes was also confirmed
as evidenced by the generation of ROS and subsequent cellular
signaling. The cells with HgT-CATL treatment undergo acti-
vation of DNA damage signaling response, initiated by phos-
phorylation of histone H2AX (yH2AX) at the site of the double-
stranded break and leads to recruitment of ATM (ataxia-telan-
giectasia mutated kinase). This signaling promotes cell death
via up-regulation of various apoptotic marker proteins such as
Bax (Bcl-2-associated protein x), p53, PUMA (p53 upregulated
modulator of apoptosis) together with downregulation of anti-
apoptotic proteins Bel2 (B-cell leukemia/lymphoma 2 protein)
(Fig. 5227).>*

Cells only Cells +Annexin-V + PI T-CATL

I | of RRGE 1 108
= 0.00 0.10 0.19 0.87 0.02 7.94
2 | 104 104 104

109 10 109 4
g 99.64 0.26 9842 0.52 51.26 40.78
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2 @ 5
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Annexin-V/FITC

Fig. 7 Annexin-V FITC/PI assay in A549 cells was cultured with ligand
(He-T-CATL) at a concentration of 37 pM for 4 hours. Appropriate con-
trols with cells alone and cells treated with only annexin and PI. The
respective quadrants represent the percentage (%) of the cell population
(lower left: life; lower right: early apoptotic; upper right: late apoptotic;
and upper left: dead cells).
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The tumor suppressor protein, p53 directly interacts with
pro-apoptotic protein Bax or PUMA which in turn counterba-
lances the anti-apoptotic protein Bcl2. The proportion of Bax
to Bcl2 regulated the mitochondrial permeability transition
pore that leads to mitochondrial dysfunction via decreasing
mitochondrial membrane potential (MMP, AN#,). This
mechanism eventually causes cell death including ferroptosis
by releasing ROS. Indeed, we observed that the introduction of
compound ligands to cancer cells significantly increased intra-
cellular ROS, and reduced MMP simultaneously with increased
immunoreactivity for markers of ferroptosis like malondialde-
hyde (MDA) and 4-hydroxynonenal (4HNE) (Fig. S237).>> MDA
& 4HNE also play a vital role in the suppression of anti-apopto-
tic protein Bcl2 and promote a feed-forward loop towards pro-
moting ferroptosis in the cellular system. Altogether, our data
suggest that HeT-CATL significantly initiates ferroptosis-
mediated signaling events in cancer cells that induce DNA
damage responses.

Experimental

Materials and methods

[Fe(NO3)3-9H,0], FeCTPTP-4H,0, 1H-pyrrole, 4-methyl benz-
aldehyde, propionic acid, triethylamine, trifluoroacetic acid
(TFA), 1-Dopa, EDC-HCI, HOBT, di-tert-butyl dicarbonate, MTT,
BSA, 1,10-phenanthroline, sodium hydroxide, and sodium
chloride were procured from Sigma-Aldrich (USA).
Dopamine-HCl, i-ascorbic acid, glutathione reduced (GSH),
and DTNB were obtained from SRL Chemical Company
(India). Other chemicals and solvents were sourced from TCI
Chemicals, Alfa-Aesar, HI-MEDIA, and Finnar Chemicals and
were utilized without further purification.

UV-visible spectra of the compounds and UV-visible spec-
troscopic experiments were conducted using a PerkinElmer
UV-visible spectrophotometer. The IR spectra were recorded
using a PerkinElmer UATR Two FT-IR spectrophotometer.
Cyclic voltammetry studies were performed using Metrohm
Autolab Potentiostat. Absorbance measurements during the
MTT experiment were taken using a Molecular Devices Versa
Max adjustable microplate reader. The IUPAC designation and
creation of compound structures were carried out using Chem
Draw Professional 15. The DCFDA and annexin-V/PI assays
were analyzed utilizing fluorescence-activated cell sorting
(FACS) analysis using the BD FACS-Verse Flow Cytometer.

Synthesis

The meso-substituted porphyrin ligand, 5,10,15,20-tetra-p-tolyl-
porphyrin (TPTP), was synthesized following established proto-
cols outlined in prior literature and subsequently character-
ized using UU-visible and IR, spectroscopy (Fig. $3 and $47).>
Synthesis of tris catecholate ligand (Hg-T-CATL).>*** The
previously published synthesis protocol was employed to syn-
thesize the tris catecholate ligand, designated as Hy-T-CATL,
which is chemically identified as 2-amino-N-(1-((3,4-dihydroxy-
phenethyl)Jamino)-3-(3,4-dihydroxyphenyl)-1-oxopropan-2-yl)-3-
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(3,4-dihydroxyphenyl)propenamide. The synthesis procedure
involved several steps. Initially, the amine group in 1-Dopa was
protected using di-tert-butyl dicarbonate (BoC). Subsequently,
a coupling reaction was performed between the -COOH group
of Boc-NH,-protected r-Dopa and the NH, group of dopamine
in the presence of 1-ethyl-3-(3-dimethyl aminopropyl)carbodi-
imide (EDC), hydroxybenzotriazole (HOBt), and triethylamine.
The resulting product was then purified using silica gel chrom-
atography. The Boc-protected NH, group in this product was
deprotected using a mixture of trifluoroacetic acid (TFA) and
methylene chloride. Following deprotection, the free NH,
group of the coupled product underwent another coupling
reaction with the -COOH group of Boc-NH,-protected r-Dopa
under similar conditions. The resulting product was again pur-
ified by silica gel chromatography. The final product, He-
T-CATL, was obtained as a brown viscous oily liquid with a
yield of 20%. Its FT-IR spectra in the solid phase showed
characteristic peaks at v (cm™") 3321, 3495, and 1650, corres-
ponding to O-H stretching, N-H stretching, and C=0O stretch-
ing, respectively. Q-TOF ESI mass analysis in MeOH revealed a
peak at m/z 512.2061, corresponding to [M + H]" (Fig. S1 and
S21).

Synthesis of Fe-TPP-CTPTP.>® The preparation of the
complex (Fe-TPP-Cl) was conducted following a previously
established protocol. Initially, a solution of TPTP in DMF was
added to a round-bottom flask containing a solution of
[FeCTPTP-4H,0] in DMF under a nitrogen atmosphere with
continuous stirring for 15 minutes. The resulting mixture was
then subjected to reflux at 170 °C for 6 hours, followed by
gradual cooling to room temperature. Subsequently, the dark
brown solution obtained was poured into water, leading to the
formation of a precipitate, which was collected via vacuum fil-
tration. The precipitate was dissolved in dichloromethane
(DCM) and transferred to a round-bottom flask, to which a
20 mL solution of 1 M HCI was added. The mixture was vigor-
ously stirred for 14 hours at room temperature. Afterward, the
contents of the flask were transferred to a separatory funnel,
and the organic phase was washed thrice with water. The
organic phase was dehydrated using Na,SO,, filtered through a
glass frit, and the solvent was evaporated using a rotary evapor-
ator. The crude material obtained was subjected to silica gel
column chromatography purification using a mixture of
CH,CTPTP and 1% acetone. The solvent was evaporated under
reduced pressure, yielding a dark purple solid.

The complex Fe-TPP-Cl was obtained with a yield of 60%.
Its color was dark purple, and its absorption maxima ([Amax,
nm]) were observed at 380 nm, 425 nm, and 511 nm. Q-TOF
ESI mass analysis in DMF revealed a peak at m/z 760.1937,
corresponding to [M + H]" (Fig. S5 and S67).

Synthesis of Fe. The synthesis of the iron(ui)-catecholate
complex (Fe) was initiated by adding 6 equivalents (30 pL) of
triethylamine to a 20 mL beaker containing a methanolic solu-
tion of ligand (He-T-CATL). This solution was then slowly
added to a 100 mL round-bottom flask (RB) containing a
methanolic solution of [Fe(NOs);-9H,0] under an inert atmo-
sphere of nitrogen (N,) with continuous stirring. A notable
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color change to dark purple and precipitation occurred upon
the dropwise addition of diethyl ether in ice-cooled conditions,
leading to the formation of the complex with a yield of 30%.
The resulting complex Fe exhibited a dark purple color, with
UV-visible spectra obtained in 5% DMSO-PBS buffer revealing
absorption maxima ([Amax, NM]) at 330 nm and 570 nm. The
solid-phase FT-IR spectra displayed characteristic peaks at v
(cm™) 3047 (O-H stretching), 3347 (N-H stretching), and 1647
(C=0 stretching). Q-TOF ESI mass analysis in MeOH revealed
a peak at m/z 187.01245 (Fig. S7-S97).

Conclusions

The use of the siderophore mimic tris catecholate ligand (He-
T-CATL) to induce ferroptosis is a pioneering anticancer strat-
egy. Our study introduced a novel approach to trigger ferropto-
sis by extracting iron from Fe-TPP-Cl, mimicking cytochrome,
with He-T-CATL. Experimental evidence demonstrated iron
release in the presence of glutathione (GSH) and elucidated
pathways involved in ferroptosis induction, including hydroxyl
radical generation and GSH depletion. In vitro MTT assays on
A549 and MDA-MB-231 cancer cell lines showed promising
ICs, values towards cell killing. Additionally, ROS generation
particularly hydroxyl radicals by ligand (He-T-CATL) activated
the mitochondrial-dependent DNA damage signaling pro-
cesses and elevated the levels of different protein expressions
that promote ferroptosis. Further, Hs-T-CATL promoted a sig-
nificant apoptotic cell death-inducing feed-forward loop that
generates more ROS and propagates DNA damage-induced sig-
naling. In summary, our study unveils a groundbreaking anti-
cancer pathway integrating chelation therapy with ferroptosis
induction coupled to oxidative stress-dependent cellular phe-
notype. Strategic iron manipulation and ROS modulation with
H,-T-CATL offer promising prospects for effective anticancer
treatments, emphasizing ferroptosis as a targeted cell eradica-
tion mechanism.
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