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Abstract

The central role of iron in tumor progression and metastasis motivates the development of
iron-binding approaches in cancer chemotherapy. Disulfide-based prochelators are reductively
activated upon cellular uptake to liberate thiol chelators responsible for iron sequestration. Herein,
a trimethyl thiosemicarbazone moiety and the imidazole-2-thione heterocycle are incorporated

in this prochelator design. Iron binding of the corresponding tridentate chelators leads to

the stabilization of a low-spin ferric center in 2:1 ligand-to-metal complexes. Native mass
spectrometry experiments show that the prochelators form stable disulfide conjugates with bovine
serum albumin, thus affording novel bioconjugate prochelator systems. Antiproliferative activities
at submicromolar levels are recorded in a panel of breast, ovarian and colorectal cancer cells,
along with significantly lower activity in normal fibroblasts.
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Targeting the altered iron metabolism of cancer cells, disulfide-based prochelators are activated
for metal coordination upon intracellular reduction. Novel substituted thiosemicarbazone and
imidazole-2-thione systems covalently modify bovine serum albumin forming stable bioconjugate
prochelators. Antiproliferative activities at submicromolar levels are recorded in breast, ovarian,
and colon cell lines.

((Twitter:)) @elisatomat
((Sonderheft Text:))

This article belongs to the joint Special Collection with the European Journal of Inorganic
Chemistry, “Metals in Medicine”.

((Achtung: VIP))

tomat@arizona.edu .
Supporting information for this article can be found under: https://doi.org/10.1002/cmdc.202100278.


https://doi.org/10.1002/cmdc.202100278

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sung et al. Page 2

Keywords
iron chelation; cancer; thiosemicarbazone; imidazole-2-thione; albumin

An altered iron metabolism characterizes malignant cells, in which enhanced iron uptake
and retention support rapid proliferation rates.[X] This “iron addiction” affects multiple
aspects of cancer progression, including not only proliferation but also metastasis and the
reprogramming of tumor microenvironments to facilitate growth.[?] Critically, observations
at the molecular and cellular level are reflected by the prognostic value of the expression
levels of several proteins involved in iron handling (e.g., lipocalin 2,131 ferroportin[4]).
Iron-binding small molecules (chelators), either alone or as adjuvants, are therefore
viewed as promising candidates for therapeutic interventions in cancer treatment.[®: €
Several studies have focused on clinically approved chelators for iron overload disorders
(e.g., desferrioxamine, DFO, Figure 1); however, antiproliferative thiosemicarbazones (e.g.,
Dp44mT, Figure 1) have emerged as a major class of drug candidates for anticancer
indications.[”- 8 I For instance, thiosemicarbazones Triapine, DpC, and more recently
COTI-2 have been investigated in several clinical trials for cancer chemotherapy.l”- 8l

With the goal of improving the intracellular metal-binding selectivity of thiosemicarbazone
and hydrazone chelators, we have developed a class of prochelators (e.g., (TC1-S),, (AH1-
S),, Figure 1) in which a disulfide linkage functions as a switch to activate iron binding
upon intracellular reduction.[0] The resulting tridentate chelators, which feature (SN, S) or
(5-,N,0) binding units, lead to intracellular iron deprivation.['1: 121 These compounds have
antiproliferative effects at low micromolar concentrations in cultured cancer cells (including
neuroepithelioma, breast, and colon cancer cell lines).[10: 12, 13] Higher concentrations

of intracellular reductants (e.g., reduced glutathione, GSH) enhance the toxicity of these
disulfide-masked prochelators,[21] therefore this approach could benefit from preferential
activation in the more reducing environment of rapidly proliferating malignant cells

relative to normal cells.[24] Additionally, these thiosemicarbazone prochelators affect the
iron-releasing phenotype of alternatively activated (M2) macrophages,[*°! which play a key
role in tumor promotion.[2] Indeed iron-binding strategies are poised to impact not only
cancer cell proliferation but also iron availability in the tumor microenvironment.[16]

Herein, we examine the effect of A-alkylation of the thiosemicarbazone unit on
lipophilicity, iron coordination, and antiproliferative activity of the disulfide prochelators.

In particular, we describe the synthesis and biological activity evaluation of fully methylated
thiosemicarbazone (244mTC-S), and imidazole-2-thiones (IT1-S), and (1T2-S), (Figure 2),
thus introducing a heterocyclic moiety in this prochelator design. Furthermore, we sought to
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investigate the reactivity of these compounds with serum albumin, thereby revealing a new
class of antiproliferative bioconjugate prochelators.

In - Npyridine thiosemicarbazones such as Triapine and Dp44mT (Figure 1), methylation
of the hydrazonic nitrogen prevents formation of the deprotonated thioenolate within the
typical (NV,N,S") donor unit thus impacting metal-binding affinities and generally decreasing
toxicity.[17 18] Conversely, tridentate thiosemicarbazones deriving from salicylaldehyde and
mercaptobenzaldehyde (such as the reduction products of prochelators (TC1-S), and (TC2-
S),) coordinate as thioketones with (O, N, S) or (S-,/N,S) binding units upon deprotonation
of the phenolic (or thiophenolic) donor.I”- 101 As we have recently shown in the case of

the AH1 system,[19] however, deprotonation of the iron-bound chelators at the hydrazonic
nitrogen affects the charge and speciation of the iron complexes in solution and possibly
their distribution in cells. In this study, we investigate (244mTC-S), as a methylated analog
of previously reported disulfide-based prochelators of the TC series, as well as (IT1-S), and
(IT2-S),, which feature a different sulfur donor associated to the w system of a heterocyclic
ring. In particular, the imidazole-2-thione moiety, which is found in naturally occurring
histidine derivative ergothioneine and in clinically approved antithyroid drug methimazole,
[20] was chosen for its well-established metal-binding properties.[21]

The thiosemicarbazone prochelator (244mTC-S), was synthesized in two steps (Scheme S1)
via formation of 2,4,4-trimethyl thiosemicarbazide and then, as in the preparation of other
disulfide-masked prochelators of this class,[12] condensation with 2,2’-dithiodibenzaldehyde
in ethanol. For the synthesis of (IT1-S), (Scheme S2), 1-methylimidazole was aminated
using O-(2,4-dinitrophenyl)hydroxylamine (DNPH)[22] and the resulting heterocycle was
then treated with elemental sulfur to give 1-amino-3-methylimidazoline-2-thionel23] as a
precursor for the final condensation step. (IT2-S), was prepared through an analogous
procedure (Scheme S3).

The lipophilicity of iron chelators affects their membrane permeability and ultimately
their ability to mobilize intracellular iron.[24 25. 261 For a comparative assessment of the
lipophilicity of the new compounds, the octanol/water partition coefficients (log P, values)
were determined using the stir-flask method and analytical HPLC (see ESI for details).
The log P,y values (Table S1) of (244mTC-S), and (IT1-S), are 4.0+ 0.1 and 3.3+ 0.2,
respectively, whereas the concentration of (IT2-S), in the aqueous phase was not sufficient
for reliable measurements. Indeed, using five different predictive models, the SwissADME
web tooll2"] predicts a log AP, of 6.6 for this compound and therefore a low solubility

in water. As expected, the additional A-substitution on the new compounds led to higher
lipophilicity relative to the first-generation prochelator (TC2-S), (Figure 1), which has a
measured log P, of 2.0 £ 0.2. Additionally, in our experimental conditions, the log ~,,
of highly antiproliferative thiosemicarbazone Dp44mT was also found to be 2.0 + 0.2, in
accordance with previously reported data.[28] Overall, the log A2, values of (244mTC-S),
and (IT1-S), fall within the range (between ~2.5 and ~4.0) which was found to be optimal
for antiproliferative activity in a series of thiosemicarbazone chelators.[29]

Because the new functionalization has the potential to affect the donor ability of the
thiocarbonyl donor in the metal-binding unit, we sought to characterize the iron complexes
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of the new chelators and their electronic structure. The disulfide prochelators were reduced
quantitatively using dithiothreitol (DTT) under an inert atmosphere and the thiol chelators
were isolated by precipitation (see ESI for characterization data). The iron complexes

were then prepared by combining the thiol-based ligands with Fe(BF4)2*6H,0 (0.5 equiv)
in THF under aerobic conditions. Crystallization from acetone/pentane solutions afforded
single crystals suitable for X-ray diffraction analysis (see below). These complexes also
formed promptly in neutral aqueous solutions as confirmed by electrospray ionization mass
spectrometry (Figures S1-S2).

The 244mTC chelator forms a 2:1 complex presenting a pseudo-octahedral geometry and
a [BF4]~ counterion (Figures 3, S3, Table S2). With two tridentate monoanionic ligands,
the iron center is ferric as in previously reported thiosemicarbazone chelators of this
series, which stabilize the ferric oxidation state even in the presence of trace oxygen.[10]
Unlike iron-bound TC2, the tridentate ligand platform of 244mTC departs significantly
from planarity: specifically, the methyl substitution at N2 disrupts the  delocalization

of the thiosemicarbazone moiety, in which the N2-C8 distance (1.362(4)-1.383(4) A) has
a more pronounced single-bond character relative to those in N2-unsubstituted analogs
(1.325(4)-1.348(3) A).[10] The iron-thiolate and iron-imine bond distances in the primary
coordination sphere (Table S2) are consistent with those in other low-spin ferric complexes
of aromatic thiolates,[3%] hydrazones,[1%] and thiosemicarbazones,[”- 191 thus suggesting an
S=% electronic configuration (Vvide infra).

The crystal structure of the iron complex of imidazole-2-thione chelator IT1 (Figures 3,
S4, Table S2) also presents Fe—S and Fe—N distances consistent with a ferric center as

well as an overall cationic charge balanced by a tetrafluoroborate ion. Whereas several
imidazole-2-thione ligands were found to stabilize ferrous ions,[31: 32] the incorporation of
this moiety in a tridentate mercaptobenzaldehyde hydrazone leads to a stable ferric complex.
The two ligands coordinate in meridional fashion but again lack the planarity of a fully
delocalized 1 system. Notably, the thione bonds (C10-S2, 1.6869(17)-1.6917(17) A) are
slightly contracted relative to those in the 244mTC complex (C8-S2, 1.699(3)-1.706(3)
A), consistent with a heterocyclic thiocarbonyl and indicating that the ligand maintains

an imidazole-2-thione structure as opposed to adopting an imidazolium-2-thiolate donor
structure upon iron binding.[2] As such, the introduction of a heterocycle within the ligand
framework in IT1 does not alter significantly the iron-binding unit when compared to

the thiosemicarbazones of this class. These binding units remain distinct from those of

the pyridyl thiosemicarbazone systems (e.g., Triapine, Dp44mT, DpC) that coordinate as
ene-thiolates.[: 18, 29]

The continuous-wave EPR spectra of complexes [Fe(244mTC-H),][BF4] and [Fe(IT1-H),]
[BF4] confirmed a low-spin ferric configuration (Figure 4). The rhombic signals, with
turning points at g= (2.129, ~2.110, 2.010) and g = (2.132, 2.096, 2.015) respectively, are
similar to the rather narrow spectra of other cationic low-spin Fe(l11) complexes deriving
from prochelators of the same class, such as [Fe(TC1-H),]* and [Fe(AH1-H),]*.[11. 19]
The new complexes, however, exhibit a simpler speciation in aqueous solution; whereas the
AH1 complex is present in two protonation states at pH 7.0, [Fe(244mTC-H),]* and
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[Fe(IT1-H),]* cannot be deprotonated at the hydrazonic nitrogen and their EPR spectra are
indicative of a single species at neutral pH.

Prior to testing the antiproliferative activity of the new prochelators in cultured cells, we
sought to determine their stability and reactivity in the presence of serum albumin. Human
serum albumin (HSA) has been widely recognized as an effective drug-delivery carrier
owing to its abundance in human blood, non-immunogenicity, good biodegradability, and
long lifetime in circulation.[33. 341 Its tendency to accumulate in tumors, both through
passive processes and active internalization, make albumin an appealing carrier for
anticancer drugs.[3%] For instance, clinically approved Abraxane is an albumin-paclitaxel
nanoparticle preparation that capitalizes on the ability of albumin to encapsulate small
molecules via non-covalent interactions.[34] Notably, non-covalent HSA binding increases
the cellular uptake and antiproliferative activity of thiosemicarbazone Dp44mT.[3¢]

Our in-vitro experiments probed the interaction with bovine serum albumin (BSA), which is
abundant in cell growth media and has 78% sequence homology with HSA.I371 Prochelators
(244mTC-S), and (IT1-S), are not prone to hydrolytic degradation in phosphate-buffered
saline solutions (PBS, pH 7.40, 0.15% DMSO) and their optical absorption spectra remain
unchanged over a period of 8 h (Figure S5). Conversely, in the presence of BSA (40

UM), the absorption profile of both compounds (in the 300 to 400 nm range) undergoes a
gradual change that is complete within the first 0.5 h for (244mTC-S), and the first 2 h

for (IT1-S), (Figure S6). Possibly owing to low solubility and aggregation, the spectrum of
prochelator (1T2-S), presented low absorbance in the tested conditions and no conclusions
could be drawn. For (244mTC-S), and (IT1-S),, the putative albumin adducts remain stable
in solution for at least 8 h. Overall, these data indicated that the prochelators are stable

in neutral aqueous conditions, and that the potential for interaction with serum albumin
warranted further investigation.

The accessible Cys34 residue of albumin, which is present both in HSA and BSA and
remains mostly reduced in blood circulation, has been long recognized as a reactive handle
to connect maleimide-containing molecules[38], such as doxorubicin in Aldoxorubicin[3°]
and several platinum compounds.[40: 411 Because Cys34 is also accessible for disulfide
exchange reactions,[42] we sought to investigate the interaction between BSA and our
disulfide-based prochelators using native mass spectrometry methods.

Solutions of BSA (1.0 uM in 0.2 M aqueous ammonium acetate, pH 6.8) were incubated

at room temperature for 24 hours in the presence of the disulfide prochelators (10 uM)

or of thiosemicarbazone thioether TE1 (10 pM), which was employed as a negative

control lacking the disulfide linkage.[*2] For prochelators (244mTC-S), and (IT1-S),, mass
spectrometric data indicated modification of the protein and formation of a conjugate
consistent with disulfide exchange (Figure 5, panels a-d). Conversely, (IT2-S), and the
thioether control failed to modify the protein, which was detected unchanged (Figure

5, panels e-h). As such, the facile conversion of the symmetric disulfide prochelators
(244mTC-S), and (IT1-S), into BSA conjugates is expected to generate new prochelator
systems in the cell growth media. In addition to higher solubility and bioavailability,[43] and
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of interest for future applications in vivo, these albumin-based prochelators may also elicit
enhanced tumor accumulation and longer lifetimes in blood circulation.

The antiproliferative activity of the compounds was investigated in a panel of malignant
cells, featuring two breast (MDA-MB-231, MCF-7), one ovarian (A2780), and two
colorectal (Caco-2, HT-29) cancer cell lines. These cell lines were chosen because

of the established connections between iron dyshomeostasis and breast,[4] ovarian,[44]

and colorectal[#3] cancers. In addition, a normal lung fibroblast cell line (MRC-5) was
included as a comparison. Because of its generally low aqueous solubility, which was not
ameliorated by albumin conjugation, (IT2-S), was not included in the cell-based assays of
antiproliferative activity. After incubation periods of 72 h, the ICgq values of (244mTC-S),
and (IT1-S), were below 0.4 uM in four cancer cell lines and consistently below 1 uM
(Table 1), thus presenting the highest antiproliferative activities in their class of disulfide-
based prochelators. For instance, the most toxic compounds of this series, thiosemicarbazone
(TC1-S), and hydrazone (AH1-S),, have significantly higher ICgq values in breast cancer
cells, ranging from 4 to 12 uM (Table 1). Siderophore DFO was included in this screen as
a reference iron-sequestering compound and its 1Csq values in the low micromolar range
(2—20 uM) were consistent with previous reports in various cell lines.[10. 17]

The antiproliferative activity of iron chelators is generally lower in normal cells, reflecting
a lower susceptibility to iron deprivation when compared to malignant cells. In addition, the
reductive activation switch of disulfide prochelators often leads to higher antiproliferative
effects in the more reducing environments of cancer cells, as shown for instance in the case
of (TC1-S), and (AH1-S), (Table 1).[11. 12] The difference in growth inhibition for normal
cells relative to malignant cells, however, is far more pronounced for (244mTC-S), and
(IT1-S),, with I1Csq values in normal vs cancer cells that differ by two orders of magnitude.
As such, the prochelators showing the highest antiproliferative activity in cancer cells are
also presenting the highest therapeutic indexes in the selected panel of cultured cell lines.

In summary, the N2 substituted prochelators (244mTC-S), and (IT1-S),, which cannot be
deprotonated at the hydrazonic nitrogen atom, maintain an optimal overall lipophilicity and
lead to the stabilization of ferric complexes of simple speciation in aqueous solutions. These
disulfide-masked prochelators promptly modify serum albumin via disulfide exchange,

with reduced Cys34 being the most likely candidate for this reactivity. In a panel of

breast, ovarian and colon cancer cells, these systems present antiproliferative activities at
submicromolar levels, almost two orders of magnitudes from those in normal fibroblasts.
Investigations of the structural requirements for albumin modification and its specific impact
on toxicity are underway along with studies of intracellular effects, including for instance
generation of oxidative stress, which will delineate the mechanism of action for these
compounds. Overall, with high antiproliferative activities and the ability to form albumin
conjugates, these prochelators are of potential interest for further testing of their lifetime in
blood circulation, tumor accumulation, and anticancer activity in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of reported iron chelators and disulfide-based prochelators.
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Figure 3.
Crystal structures of [Fe(244mTC-H),]* (left) and [Fe(IT1-H)o]* (right) showing a partial

atom labeling scheme. Thermal ellipsoids are scaled to the 50% probability level. Carbon-
bound hydrogen atoms in calculated positions and [BF4]~ counter ions are not shown
(CCDC, left: 2060902, right: 2060901)
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Figure 4.
EPR spectra of [Fe(244mTC—-H),]* (top) and [Fe(IT1-A),]* (bottom) in frozen DMSO/

water solution (70/30%, v/). The pH of the solution was estimated at 7.0 using colorimetric
indicator strips with a sensitivity of 0.5 pH units. Experimental conditions: microwave
frequency, 9.4 GHz; microwave power, 2 m\W; magnetic field modulation amplitude, 0.2
mT; temperature, 77 K.
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Figure 5.

Covalent modifications of BSA by disulfide prochelators as monitored by native mass
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spectrometry. Spectra are shown on the left with annotated charge states. Corresponding

deconvolved mass distributions are shown on the right. Solutions of BSA (1.0 pM) in

aqueous ammonium acetate (0.2 M, pH 6.8) were incubated in the presence of prochelators

(244mTC-S), (panels a, b), (IT1-S), (c, d), (IT2-S); (e, f), or control thioether TE1 (g,
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The concentration of all tested compounds was 10 M, and the incubations were conducted
at room temperature for 24 h.
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