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ABSTRACT: Efforts directed at curtailing the bioavailability of
intracellular iron could lead to the development of broad-spectrum
anticancer drugs given the metal’s role in cancer proliferation and
metastasis. Human ribonucleotide reductase (RNR), the key
enzyme responsible for synthesizing the building blocks of DNA
replication and repair, depends on Fe binding at its R2 subunit to
activate the catalytic R1 subunit. This work explores an intracellular
iron chelator transmetalative approach to inhibit RNR using the
titanium(IV) chemical transferrin mimetic (cTfm) compounds
Ti(HBED) and Ti(Deferasirox)2. Whole-cell EPR studies reveal
that the compounds can effectively attenuate RNR activity though
seemingly causing different changes to the labile iron pool that may
account for differences in their potency against cells. Studies of
Ti(IV) interactions with the adenosine nucleotide family at pH 7.4 reveal strong metal binding and extensive phosphate hydrolysis,
which suggest the capacity of the metal to disturb the nucleotide substrate pool of the RNR enzyme. By decreasing intracellular Fe
bioavailability and altering the nucleotide substrate pool, the Ti cTfm compounds could inhibit the activity of the R1 and R2
subunits of RNR. The compounds arrest the cell cycle in the S phase, indicating suppressed DNA replication, and induce apoptotic
cell death. Cotreatment cell viability studies with cisplatin and Ti(Deferasirox)2 reveal a promising synergism between the
compounds that is likely owed to their distinct but complementary effect on DNA replication.

KEYWORDS: Titanium(IV) chemical transferrin mimetic complexes, intracellular iron(III) transmetalation,
ribonucleotide reductase inhibition, metal-based anticancer strategy, titanium(IV) binding of nucleotides

■ INTRODUCTION

In the drive to develop anticancer drugs with greater potency
and cell specificity, efforts have shifted to targeting molecular
mechanisms and biological species responsible for cancer cell
proliferation and metastasis.1 One particular effort focusing on
the relationship between iron (Fe) and cancer has been driven
by the particular skill sets of bioinorganic and coordination
chemists in collaboration with cancer biologists. Fe, the most
important and abundant essential transition metal in the
human body, is required for many cellular processes, including
oxygen and electron transport, DNA synthesis, cell cycle
regulation, and in the functioning of many proteins.2,3 As such,
cells strictly regulate the uptake, storage, and distribution of Fe
to maintain its homeostasis to ensure proper cell development
and replication.3 Just as it is vital to healthy cells, Fe is critical
to the survival of cancer cells. Cancer cells have a higher
requirement for Fe than normal cells resulting in several key
Fe-based cancer hallmarks including the overexpression of the
transferrin receptor 1(TfR1) to increase endocytotic delivery
of Fe(III) by human serum transferrin (sTf) into the cells,3−5

increased expression of intracellular Fe−proteins, and
decreased expression of the Fe export protein ferroportin1
(Fpn1) to minimize Fe departure.6 The net effect is greater Fe
use and decreased storage in cancer cells relative to healthy
cells to meet the higher metabolic demand of cancer cells and
to facilitate cellular proliferation due to the role of Fe-
dependent ribonucleotide reductase (RNR) in DNA syn-
thesis7,8 as well as facilitate metastasis via Fe-based matrix
metalloproteinases.9 When exceeding normal levels in the
body, Fe can even lead to the onset of certain cancers because
of Fenton-based overproduction of reactive oxygen species
(ROS).10
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Due to the extensive role of Fe in cancer progression, several
interdisciplinary anticancer strategies have been designed to
decrease the bioavailability of iron in cancer cells. Certain
strategies operate by blocking iron uptake into the cells with
extracellular Fe(III) chelators11 or agents that serve as
inhibitors of different components of the sTf endocytotic
pathway.12 These particular strategies are limited by not being
selective to cancer cells and thus would decrease the general
availability of Fe to the body. Other approaches involve
depleting Fe bioavailability within cells using Fe(II) and
Fe(III) intracellular chelators13 or consist of inhibition of iron-
dependent enzymes.7,14 These strategies are also not selective
to cancer cells, but selectivity could be improved with a drug
delivery system. In this work, we explore an iron chelator
transmetalative approach to inhibit the human RNR enzyme as
an anticancer strategy. This approach (Scheme 1) consists of

using an iron chelator to exchange a non-Fe metal for Fe
intracellularly to decrease Fe bioavailability and exploit the
chemical properties of the released non-Fe metal to synergisti-
cally inhibit RNR and then induce cell death. RNR is
composed of two dimeric subunits, R1 (α2), which contains
the active site that reduces nucleotide diphosphates to produce
their deoxy forms used for DNA replication and repair, and R2
(β2), which contains a di-iron cofactor responsible for
activating the enzyme by generating a tyrosyl radical. This
radical travels from the R2 subunit to the active site in R1
enabling the radical-based reduction process. Currently, there
are several classes of RNR inhibitors designed for anticancer
application: R1 inhibitors, R2 inhibitors, R1−R2 interaction
inhibitors, and translational inhibitors.15−18 Our approach
centers on coupling the cytotoxic properties of iron chelators
in targeting the intracellular labile iron pool (LIP)19 with the
chemical properties of titanium(IV) (Ti(IV)) to mimic Fe(III)
and its biomolecular binding and strongly bind to phos-
phates.20−22 Nucleotide binding of Ti(IV) is of particular
interest.21 Ti(IV) is a biocompatible metal ion with generally
low toxicity to the human body.23 Its hydrolysis thermody-
namic product, titanium dioxide, is also biocompatible and is
believed to be readily cleared from the body despite poor
solubility.23−25 With the judicious choice of ligands, Ti(IV)
coordination compounds can be highly cytotoxic.26−29 As
such, small-molecular-weight compounds of Ti(IV) bound by

Scheme 1

Figure 1. Metal ion coordination to the chemical transferrin mimetic (cTfm) chelators. (a) Physiologically relevant (pH 7.4) Fe(III) coordination
by human serum transferrin (sTf) and the cTfm chelators HBED and Def. (b) ORTEP diagram of the neutral compound Ti(Def)2
(Ti[C42H26N6O8]) with ellipsoids set at 50% probability (hydrogen atoms were omitted for clarity). (c) The pH-dependent speciation of the
Ti(IV) HBED at a 1:1 metal/ligand ratio and micromolar concentrations. (d) The pH-dependent speciation of the Ti(IV) deferasirox at a 1:2
metal/ligand ratio and micromolar concentrations. The complete speciation diagrams can be found in Figure S1.
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Fe(III) chelators are designed to operate exclusively in the
intracellular environment by transmetalating with the LIP30 to
convert Fe(III) into inert metal incapable of activating the
RNR enzyme and triggering cellular attack by Ti(IV). To
facilitate this strategy, a class of Fe(III) chelators termed
chemical transferrin mimetics (cTfms) (Figure 1a) is used,
because the chelators, in mimicking the Fe(III) binding
modality of serum Tf as opposed to the Ti(IV) modality,20,31

have a thermodynamic preference for Fe(III) coordination
versus Ti(IV). Fe(III)-induced transmetalation has been
explored with the cTfm ligands N,N′-di(o-hydroxybenzyl)-
ethylenediamine-N,N′-diacetic acid (HBED) and deferasirox
(Def also known as DFX) (Figure 1a). HBED is a hexadentate
chelator (log K[FeHBED]

− = 39.01),32 which was previously
explored as a drug for the treatment of iron overload diseases33

and for regulating iron toxicity in traumatic brain injury.34 Def
is an FDA-approved, orally administered tridentate iron
chelator (log K[Fe(Def)2]

− = 38.6).35 It is used for treating iron
overload diseases36 and exhibits promise for chemotherapy
application37−40 The Ti(IV) complexes of HBED ([TiO-
(HBED)]−) and Def ([Ti(Def)2]

2−) demonstrate a potent
cytotoxic effect.41,42

By profiling the mechanistic details of the cytotoxic behavior
of the Ti(IV) cTfm compounds, insight is obtained about how
they alter the bioavailability of the LIP and attenuate the
activity of the Fe-dependent RNR enzyme and subsequently
attenuate DNA replication. We unravel aspects of the elusive
biochemistry of Ti(IV) by identifying how in binding
nucleotides it can disturb the RNR nucleotide substrate pool.
We also provide evidence for the [Ti(Def)2]

2− compound
exhibiting synergistic cytotoxicity in combination with
cisplatin. The study presents a promising strategy for possible
dual-RNR R1 and R2 inhibition for an anticancer application
that centers on manipulating physiological metal coordination
chemistry and speciation for therapeutic effect.

■ RESULTS

Characterization of the Ti(Def)2 Complexation

In this study, we sought to better understand the structure and
corresponding solution behavior/speciation of the Ti(IV)
cTfm compounds for deeper insight into their mechanism of
action. Previously, we published the synthesis and spectro-
scopic characterization of the neutral Ti(Def)2 (Ti-
[C42H26N6O8]) compound.42 Herein, we report the crystal-
lization and single-crystal X-ray diffraction analysis of this
compound. Single crystals of this compound were obtained
from its saturated DMF solution (see Supporting Informa-
tion). Orange-colored plate-like crystals developed within a
few hours of storage at 4 °C. The X-ray structure of neutral
Ti(Def)2 (Figure 1b) reveals that Ti(IV) is coordinated in a
meridional fashion by the Def ligands with a low strain that
results in twisting of the phenol rings.43 To the best of our
knowledge, our Ti(Def)2 crystal structure represents Ti(IV) as
the second metal to be shown by X-ray diffraction to be bound
by Def. The first metal was vanadium(V) in a dinuclear
structure, in which the V(V) ions are hexacoordinated in a 1:1
metal/ligand stoichiometry.44 Our structure is the first
monometallic bisDef structure. A summary of the crystal
data, structure solution, and refinement are listed in Table S1
with select bond lengths and angles in Table S2.
A ligand competition experiment was performed using UV−

vis spectroscopy to quantify the formation constant of the

[Ti(Def)2]
2− complex at pH 7.4. In this study, separate 1 mL

aqueous solutions of 26.7 μM [Ti(citrate)3]
8− ([Ti(Cit)3]

8−),
a biorelevant labile source of Ti(IV), were reacted with varying
concentrations of Def (0 to 417 μM) in a background that
included 7 mM citrate to ensure that [Ti(Cit)3]

8− is the sole
Ti(IV) citrate species present at pH 7.4,45 0.1 M KCl to
maintain an ionic strength of 0.1 M, and 5% DMF (v/v) to
maintain Def solubility.45 Citrate serves as an intracellular
metal chelator, forming part of the LIP speciation. All solutions
were left to equilibrate for 24 h in the dark. The absorbance of
the solutions was then scanned in the wavelength range of 300
to 600 nm. In this range, only the [Ti(Def)2]

2− complex
absorbs with an absorbance maximum of 365 nm and
extinction coefficient of 14 900 M−1cm−1 due to a ligand to
metal charge transfer (LMCT) band.42 The formation
constant of the [Ti(Def)2]

2− complex was determined by
fitting the saturation curve signal at 365 nm (Figure S2 is a
rearrangement of this data). By accounting for the constant
citrate and proton concentrations and all competing equilibria
in solution (Supporting Information), the [Ti(Def)2]

2−

formation constant was determined to be log K = 38.8 ± 0.1.

Physiologically Relevant Speciation of Ti(IV) Complexation
by the cTfm Ligands HBED and Def

Having determined the [Ti(Def)2]
2− formation constant and

having previously performed spectropotentiometric studies of
Ti(IV) in interaction with both HBED and Def, we are now
able to provide a complete physiologically relevant pH-
dependent speciation of the Ti(IV) complexes of HBED and
Def as it pertains to the role of the chelators as cTfm
ligands.42,46 At a 1:1 metal/ligand ratio and micromolar
concentrations in 0.1 M ionic strength (0.1 M KCl) and 2.6%
DMF (v/v), HBED coordinates Ti(IV) in mononuclear
complexation in the pH 3 to 10 range. At pH 3, HBED
binds Ti(IV) in a hexadentate modality comparable to its
coordination of Fe(III) (Figures 1c and S1).46 This neutral
Ti(HBED) compound is highly stable though poorly water-
soluble. Its solubility is enhanced with a cosolvent like ethanol,
DMF, or DMSO. Its formation constant (log K = 34.07)47 is
lower than that of [FeHBED]− (log K = 39.01).32 While
HBED hexadentate coordination remains prevalent for Fe(III)
at pH 7.4 up to pH 11,32 the same is not true for Ti(IV)
(Figures 1c and S1). In the pH 6 to 10.0 range, partial ligand
dissociation of the phenolate and possibly carboxylate arms
dominates due to Ti(IV) hydrolysis (Figures 1c and S1).46

These higher pH species can be solubilized in water at μM
levels. The collective speciation results attest to the generally
higher affinity of HBED for Fe(III) versus Ti(IV) and validate
HBED as a cTfm ligand.41

At a 1:2 metal/ligand ratio and micromolar concentrations
in 0.1 M ionic strength (0.1 M KCl) and 30% DMSO (v/v),
Def coordinates Ti(IV) in a virtually consistent mononuclear
complexation in the pH 4 to 8 range (Figures 1d and S1).42

Throughout this pH range, two ligand molecules bind the
metal in tridentate fashion. The only change in speciation is
due to deprotonation of the benzoic acid group on the two
molecules. At pH 4, both benzoic acids are fully protonated
yielding the neutral Ti(Def)2 complex, which is extremely
water-insoluble. Like neutral Ti(HBED), the solubility of
Ti(Def)2 is enhanced with a cosolvent such as ethanol, DMF,
or DMSO. Above pH 7.0, both benzoic acid moieties are
deprotonated, and the dianionic species [Ti(Def)2]

2− is
dominant. This species can be solubilized in water at high
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μM levels. The Ti(IV) Def speciation profile is comparable to
that of Fe(III).43 Based on the ligand competition experiment
performed in this work, the [Ti(Def)2]

2− formation constant
(log K = 38.8 ± 0.1) was determined to be virtually identical to
that of [Fe(Def)2]

3− (38.6).35 Given the relatively high iron
content (∼μM) in cells,19 Fe(III) is expected to outcompete
Ti(IV) for Def binding as demonstrated previously,42

validating it as a cTfm ligand.
The speciation studies reveal that the HBED and Def

complexes of Ti(IV) are extremely stable in aqueous solution
particularly under the physiologically relevant pH range of 5 to
8.42,46,47 Their stability was also examined in the context of
their interaction with serum biomolecules that can induce the
dissociation of other Ti(IV) compounds such as citrate,
transferrin, and albumin. These studies demonstrated that
these Ti(IV) cTfm compounds are extremely robust in the
presence of physiological levels of these small molecules and
proteins,31,42 which suggests that they would remain intact as
they enter into the cellular environment.

Cell Studies Provide Valuable Insight into the Effect of the
Ti(IV) cTfm Complexes and Metal-Free Ligands on
Intracellular Iron, R2 RNR Activity, and Cellular
Proliferation

Having obtained a clear picture of the behavior of the Ti(IV)
cTfm compounds in physiological relevant solution, they were
then examined in terms of their antiproliferative/cytotoxic
effect on human cells. The neutrally charged forms of
Ti(HBED) and Ti(Def)2 compounds were submitted to the
National Cancer Institute (NCI) 60 human tumor cell line
anticancer drug screen (Table S3). This screen is performed by
diluting stock solutions of the compounds in cell media (∼pH
7), and the Ti(IV) compounds are expected to speciate
accordingly. At the one-dose test of 10 μM administered for 48
h, [Ti(Def)2]

2− demonstrates stronger antiproliferative po-
tency than [TiO(H+−HBED)]− against the different cell line
types. To gain mechanistic insight into the cellular effect of the
compounds, we decided to focus on Jurkat leukemia cells as a
case study because of the stronger antiproliferative behavior of
the Ti(IV) cTfm complexes against leukemia cells versus other
cell types. Furthermore, Jurkat cells express the RNR enzyme
at sufficiently high levels to facilitate the use of whole-cell
electron paramagnetic resonance (EPR) to monitor the active
state of the enzyme’s Fe-dependent R2 subunit. The complexes
and the metal-free ligands are antiproliferative against the
Jurkat cell line (Table S4 and Figure S3). In agreement with
the NCI screen, [Ti(Def)2]

2− demonstrated greater potency
than [TiO(H+−HBED)]− (a 24 h IC50 of 9.1 ± 1.5 μM vs 24.7
± 1.2 μM). A possible difference in the general potency of the
compounds may be due to a difference in lipophilicity, which
would affect their relative uptake into cells. These compounds
are expected to enter cells via a passive diffusion pathway given
that a membrane receptor or transporter is not known to
recognize them.41,42,46 The partition coefficients (log DpH 7.4)
of [TiO(H+−HBED)]− and [Ti(Def)2]

2− were measured at
pH 7.4 using the shake-flask method.48 The [TiO(H+−
HBED)]− value of −0.34 falls in the range of a solute that
would be expected to have membrane permeability problems,
whereas the [Ti(Def)2]

2− value of 0.23 falls in an optimal
range for membrane permeability. Future studies on the cell
uptake pathways of these compounds are warranted to
determine if lipophilicity differences influence the antiprolifer-
ative potency of the compounds.

Another possibility for the difference in compound potency
could be how they alter the bioavailability of the intracellular
LIP following transmetalation and subsequently inhibit the
RNR enzyme. To this end, whole-cell EPR experiments were
performed following the method of Tomat et al.49,50 to
monitor the effect of 50 μM of [Ti(Def)2]

2−, [TiO(H+−
HBED)]−, and the metal-free ligands on the intracellular LIP
within 2.54 × 106 Jurkat cells as gauged, in part, by inhibition
of the R2 subunit of the enzyme. This subunit contains a di-
iron cofactor, which after binding two Fe(II) ions and
oxidizing them to the +3 state with the assistance of O2,
results in subunit activation by generating a tyrosyl radical.
This radical travels 35 Å by a long-range proton-coupled
electron transfer to the active site cysteine generating a thiyl
radical, which initiates nucleotide reduction.51 The tyrosyl
radical is detected at g ≈ 2 by EPR. Following treatment of the
Jurkat cells with [Ti(Def)2]

2−, [TiO(H+−HBED)]−, and the
metal-free ligands, the cells were washed with buffer, and a
relative quantitation of the tyrosyl radical signal was measured
by double integration of the baseline-corrected spectra. In
comparison with untreated cells at pH 7.4, the tyrosyl signal
was reduced in cells after a 3 h treatment with HBED2−,
[TiO(H+−HBED)]−, Def−, and [Ti(Def)2]

2− by 56, 83, 75,
and 62%, respectively (Figure 2a). Based on comparable EPR

studies with the tridentate iron chelator triapine and its
metalated complexes (Fe(III), Ga(III), Cu(II), and Zn-
(II)),52−54 there are several possible contributions to the
decreased tyrosyl radical signal induced by the Ti(IV) cTf
complexes. First, the intracellular bioavailability of Fe is
reduced by cTfm chelation resulting in decreased activation of
apo (metal-free)-enzyme. Second, the Fe cTfm complexes that
form could exhibit redox activity similar to the ferrous
compound of triapine, [Fe(II)(triapine)2], which is capable
of reducing the tyrosyl radical. Third, the Ti(IV) cTfm
complexes may trigger the release of Fe from the cofactor site,
which then destabilizes the tyrosyl radical. At present, none of

Figure 2. Whole-cell EPR spectra for the 3 h treatment of Jurkat cells
with 50 μM [Ti(Def)2]

2−, Def−, [TiO(H+−HBED)]1−, and HBED2−

and also the buffer control. The EPR signal corresponding to (a) the
tyrosyl radical of the RNR enzyme (g ≈ 2) and to the (b) intracellular
high-spin Fe(III) (S = 5/2; g ≈ 4.3). Experimental conditions:
microwave frequency, 9.338 GHz; microwave power, 2 mW; magnetic
field modulation amplitude, 0.5 mT for the tyrosyl radical and 1 mT
for high-spin Fe(III) (S = 5/2), temperature: 20 K. All EPR spectra
were baseline-corrected.
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these possibilities can be ruled out until direct work examining
the effect of the Ti(IV) cTfm complexes on the enzyme using
recombinant protein or the protein extracted from cells is
conducted.
The high-spin S = 5/2 Fe(III) EPR signal (g ≈ 4) was also

monitored in the Jurkat whole-cell experiment. The data
demonstrate a surprising difference in this signal caused by
[TiO(H+−HBED)]− and HBED2− and by [Ti(Def)2]

2− and
Def−, which if they react with the LIP can be expected to form
the [Fe(HBED)]− and [Fe(Def)2]

3− species at pH 7.4,
respectively. This is true also for the metal-free cTfm chelators
whether they directly bind Fe(II), because the Fe(II)
complexes can be rapidly oxidized intracellularly to the Fe(III)
complex.43,55 The EPR spectra collected for [Fe(HBED)]−

and [Fe(Def)2]
3− reference standards at pH 7.4 reveal that

both complexes consist of high-spin Fe(III) species (Figure
S4). It was expected that all cTfm compounds would increase
the cellular high-spin Fe(III) signal, as less labile Fe(III) would
be available in the cytosol and would shift the cellular LIP to
increase Fe(III) levels to re-establish equilibrium. In
comparison to untreated Jurkat cells, [TiO(H+−HBED)]−

and HBED2− do increase the high-spin Fe(III) signal; however,
[Ti(Def)2]

2− and Def− appear to have no effect (Figure 2b).
These results indicate that Def− and [Ti(Def)2]

2− either do
not react with the LIP, which is very unlikely, or if they do,
they form redox-active Fe(III) complexes (within the time
frame in which the experiment was performed) that can rapidly
redox cycle and thus do not increase the high-spin Fe(III)
signal.
Previous mechanistic studies on Fe(III) transmetalation of

[TiO(H+−HBED)]− and [Ti(Def)2]
2− at pH 7.4 using

[Fe(Cit)2]
5− as a model for labile Fe(III)56 sheds light on

the differing high-spin S = 5/2 Fe(III) EPR signal profiles. The
complex [Ti(Def)2]

2− is able to form a relatively long-lived Fe
intermediate, [Fe(Cit)(Def)]4−, whereas [TiO(H+−HBED)]−
does not.41,42 To examine the redox activity of this
intermediate, an in situ approximation of it was prepared by
reacting [Fe(Cit)2]

5− and Def− at pH 7.4 in a 1:1 ratio. The in
situ intermediate was examined by electrospray ionization mass
spectrometry (ESI-MS) (prepared in salt-free 5 mM
NH4HCO3 buffer) and by EPR (prepared under the same
conditions as the other Fe(III) complexes). The ESI-MS data
suggest that, at minimum, there is a mixture of the
[Fe(Def)2]

3− and [Fe(Cit)(Def)]4− species (Figure S5). The
EPR data reveal a high-spin Fe(III) signal (S = 5/2) that is
distinct from that of [Fe(Cit)2]

5− at pH 7.4 but with features
similar to [Fe(Def)2]

3− at pH 7.4 (Figure S4). Cyclic
voltammetry was used to measure or estimate the reduction
potential of all relevant metal complexes in the Fe(III)
transmetalation reactions at pH 7.4 (Table 1 and Figure S6).
[Ti(Def)2]

2−, [Fe(Def)2]
3−, and [TiO(H+−HBED)]− have

negative reduction potential values (E1/2) for the 1e
− reduction

of the metal ions. These values are outside the biological redox
window of the intracellular environment.57 The value for
[Fe(HBED)]− is on the edge of this window. The voltammo-
gram for the in situ prepared [Fe(Cit)(Def)]4− solution shows
reduction processes that are similar to the ones observed in the
data for [Fe(Cit)2]

5− (two irreversible reduction events for two
different Fe(III) citrate species) and for [Fe(Def)2]

3−, which
confirms that there is a mixture of species present in the
sample (Figure S6). Collectively, the data suggest that the
generation of species like [Fe(Cit)(Def)]4− in the reaction
pathway of Def− and [Ti(Def)2]

2− with the LIP may be redox-

active and could possibly redox cycle. If such species form in
the time frame in which the whole-cell EPR data were collected
for Jurkat cells treated with Def− and [Ti(Def)2]

2−, then they
would account for why no increase in the high-spin S = 5/2
Fe(III) signal was observed.
Regardless of the exact molecular details of how the cTfm

complexes interact with the LIP, by inhibiting the RNR
enzyme they are expected to alter the cell cycle process and
significantly decrease cell survival. Cell cycle studies at pH 7.4
were performed using flow cytometry, where the DNA was
quantified in cells treated with the compounds (at concen-
trations to avoid extensive cell death) and stained using
propidium iodide (PI) (Figure 3a). All the compounds

Table 1. Reduction Potential Values (E1/2) vs Normal
Hydrogen Electrode (NHE) for Metal Complexes Involved
in the Fe(III) Transmetalation of [Ti(Def)2]

2− and
[TiO(H+−HBED)]− at pH 7.4a

compound E1/2 (V)

[Ti(Def)2]
2− −0.77

[TiO(H+−HBED)]− −0.60
[Fe(Def)2]

3− −0.59
[Fe(HBED)]− −0.28
[Fe(Cit)2]

5− −0.38* and 0.16*
[Fe(Cit)(Def)]4− −0.75*, −0.41*, 0.19*

a* represents peak potential values of the cathodic peak (Ec) due to a
mixture of species.

Figure 3. Effect of compounds (written without charge states for
simplicity) on Jurkat cells. (a) Cell cycle analyses using flow
cytometry at 3, 10, and 24 h of treatment with 29 μM Def, 18.8
μM [Ti(Def)2]

2−, and 26.3 μM HBED− and [TiO(H+−HBED)]−.
(b) Time-dependent apoptosis assay performed using flow cytometry
after treating the cells with 20 μM cisplatin, 50 μM [Ti(Cit)3]

8−, 19
μM [Ti(Def)2]

2−, 27 μM [TiO(H+−HBED)]−, 29 μM Def−, 27 μM
HBED2−, and buffer control for 24 and 72 h and then staining with
annexin V−Alexa Fluor 488/propidium iodide (PI). * p-value ≤ 0.05
vs the corresponding control group.
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resulted in time-dependent S-phase cell cycle arrest, indicative
of the cells being unable to duplicate DNA. An apoptosis study
was performed using flow cytometry by staining the compound
treated and untreated Jurkat cells (for 24 and 72 h) with the
dyes annexin-V-conjugated Alexa Fluor 488 and PI. In the
study, 20 μM cisplatin and 50 μM [Ti(Cit)3]

8− were used as
positive and negative controls, respectively (Figure 3b).42,58

The data indicate that all of the Ti(IV) cTfm compounds and
metal-free ligands induce early and late apoptosis, consistent
with their behavior observed in human lung cells.42

cTfm Complexes Are Not Cytotoxic to Iron-Rich
Erythrocytes

In their current form, the Ti(IV) cTfm compounds are not
selective in their antiproliferative/cytotoxic effect toward
cancer cells versus noncancer cells, although slightly greater
potency has been observed against cancer cells.41,42 Nonethe-
less, we sought to further explore their general toxicity profile
by examining their effect on erythrocytes. Erythrocytes, the
most common type of blood cells, are a major source of Fe
within blood due to housing high levels of hemoglobin (Hb).
When Hb is released from the erythrocytes because of
hemolysis, the free Hb becomes involved in specific diseases
such as chronic vascular disease, inflammation, and thrombo-
sis.59 Drug-induced hemolysis is a frequent hematological
associated adverse drug reaction. Erythrocytes were incubated
with [TiO(H+−HBED)]−, [Ti(Def)2]2−, and the metal-free
ligands at pH 7.4. Even at 100−200 μM concentrations, the
compounds are unable to induce significant hemolysis as
determined by the low release of hemoglobin relative to
positive control samples lysed with Triton X-100 (Figure S7).
Transmetalation reactions between 12.5 μM Hb (in the

form of Fe(III)−hemoglobin; methemoglobin (MHb)) and
excess amounts of cTfm compounds were also investigated at
pH 7.4 for 96 h. At 24 h time intervals, MHb was monitored at
its Soret band of 405 nm and between 500 and 650 nm, the
visible absorbance due to the Fe(III).60 When accounting for
background absorbances of the compounds, no changes in
these signals were observed in any of the reactions, indicative
of the protein being unperturbed by the compounds (Figure
S8). The same is expected to be true for Fe(II)−hemoglobin,
the main protein form, given the higher affinity of the cTfm
ligands for Fe(III) than for Fe(II) (log K[Fe(II)HBED]

2− = 22.7
and log K [Fe(II)(Def)2]

4− = 14).32,43,61

Exploring the Potential Synergism between [Ti(Def)2]
2−

and Cisplatin

While the Ti(IV) cTfm compounds demonstrate promise as
anticancer agents, we wanted some preliminary insight into
their potential to work in combination with another drug that
can inhibit DNA replication. Due to the greater potency of
[Ti(Def)2]

2− vs [TiO(H+−HBED)]− against Jurkat cells and
other cancer cell lines screened, the compound was examined
in a cotreatment cell viability study with the Pt(II) drug
cisplatin. The objective was to examine a possible synergism in
their antiproliferative/cytotoxic behaviors based on their
distinct but potentially complementary effects on DNA
replication. For cisplatin and other Pt(II)- or even Pt(IV)-
containing anticancer compounds, DNA is considered the
primary cellular target. In the reducing intracellular environ-
ment, Pt would exist in the +2 charge state, and in this form, it
predominantly binds to the N7 position of the guanine bases of
DNA, possibly in the monoadduct form or producing inter/
intrastrand cross-links.62,63 Coordination to the DNA bases

can severely distort the molecular structure and, in extreme
cases, induce strand breaks.62,63

Jurkat cells were subjected to a 48 h cell viability dose
response screening against [Ti(Def)2]

2− and cisplatin from 0.1
to 10 μM concentration (Figure S9) and then to a 48 h
cotreatment with 1:1 and 1:2 [Ti(Def)2]

2− to cisplatin mole
equivalent ratios over the same concentration range but as a
combined concentration of both compounds (Figure S9). The
behavior of the combinations was analyzed by the traditional
isobolographic method.64,65 An isobologram is constructed by
plotting the two IC50 values for each individual drug alone
along the x- and y-axes of the coordinate system. The two
points are connected by a straight line called the addition
line.66 The addition line is accompanied by the error range
presented by dashed lines, as derived from the error values of
the individual IC50 values. The IC50 values for the drugs used
in the combination are then determined and plotted on the
same graph. Points lying on the line of addition correspond to
the simple addition of the combination. Points lying above the
line of addition indicate that the behavior of the two drugs in
combination is antagonistic, and thus, their effect is less than
expected from their individual responses. Points under the line
of addition correspond to synergism and indicate that the
activity of the combination is greater than that expected from
the activities of the two drugs given separately. An isobologram
analysis of the cotreatment (Figure 4, Table S4, and Figure S9)

shows that at the 1:1 ratio the compounds behave modestly
synergistically (IC50 combination index (CI) = 0.953;
Supporting Information), and at the 1:2 ratio, they behave
strongly synergistically (IC50 CI = 0.730).
Ti(IV) Inhibition of DNA Replication

An important component of the Ti(IV) cTfm drug design that
we sought to explore in this work was the contribution of the
Ti(IV) to the antiproliferative/cytotoxic effect, particularly as it
pertains to the metal ion’s phosphate chemistry. Ti(IV)
binding to DNA has long been thought to be the foundation
for its cytotoxicity based on studies with the former anticancer
drug candidate titanocene dichloride. This compound operates
as a prodrug, because it is extremely ligand-exchange-labile in
aqueous solution, rapidly dissociating all of its ligands to
release Ti(IV) to sTf at pH 7.4, which is believed to be

Figure 4. Isobolographic analysis of the antiproliferative activity of the
1:1 and 1:2 [Ti(Def)2]

2−/cisplatin combinations against Jurkat cells
for 48 h.
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transported via TfR-mediated endocytosis into cells.31,67,68

Following endosome acidification, adenosine triphosphate
(ATP) can effectively remove Ti(IV) from sTf and transport
it into the cytosol, ultimately directing it to the nucleus to
target DNA.69 Ti(IV) in ion form, perhaps as the hydrolyzed
titanyl ion (TiO2+), can coordinate to the phosphate moieties
of the DNA backbone (Figure S10a).20,21,70 A study performed
by directly reacting titanocene dichloride with a DNA fragment
has shown that the titanocenyl moiety may bind intact to the
phosphate moieties at pH 5.3, but at pH 7, one of the
cyclopentadienyl rings dissociates (Figure S10a).70 However,
this study does not account for the above-mentioned relevant
physiological interactions with the compound. Titanocene Y, a
structurally more stable compound, is believed to retain the
cyclopentadienyl rings bound to the Ti(IV), while the metal
ion coordinates to the DNA phospho groups (Figure S10a).71

Regardless of how Ti(IV) from titanocenyl compounds
coordinates to DNA, its binding structurally distorts DNA
and can prevent binding of topoisomerase, which impedes the
onset of replication.71

While [TiO(H+−HBED)]− and [Ti(Def)2]
2− entry into

cells is different from titanocene dichloride by being
independent of sTf,42 a study was performed to determine
whether Ti(IV) dissociated from [TiO(H+−HBED)]− and
[Ti(Def)2]

2− following intracellular transmetalation possibly
localizes within the DNA of Jurkat cells. After the cells were
treated at concentrations of the cTfm compounds that would
induce apoptosis, a DNA fragment was isolated over time
courses of 3, 10, and 24 h following treatment and run on an
agarose gel (Figure S11). The mobility of the DNA was
unaffected compared to control samples without Ti(IV).
Inductively coupled plasma-optical emission spectrometry
(ICP-OES) confirmed that no Ti(IV) content was found in
the DNA fragment (Supporting Information).
Given that [TiO(H+−HBED)]− and [Ti(Def)2]

2− have the
capacity to transmetalate with the intracellular LIP, Ti(IV)
release could facilitate its interaction with nucleotides, which
could hinder DNA replication. Nucleotide binding of Ti(IV)
has been previously explored using titanocene dichloride as the
source of Ti(IV).21,67,69 A Ti(IV) ATP compound was
synthesized by reacting Ti(IV) with ATP at a 1:6 mol
equivalent ratio in water. A white compound, which
precipitated from the highly acidic solution (pH 1.34), was
characterized by C, H, N elemental analysis and a Ti(IV)
colorimetric analysis yielding the molecular formula for a
m u l t i n u c l e a r n e u t r a l c o m p o u n d
Ti6O7(C10H14N5O13P3)5(H2O)34 (Ti6O7(ATP)5(H2O)34),
with a weight of 3617.55 g/mol. The elemental composition
of C, H, N, O, P, and Ti was confirmed by energy dispersive X-
ray spectroscopy−scanning electron microscopy (EDS−SEM),
and an amorphous morphology was observed by powder X-ray
diffraction (Figure S12). Fourier transform infrared (FTIR)
analysis of the compound compared to ATP alone reveals
phosphate coordination of Ti(IV) (Figure S13; Supporting
Information). A full structural characterization of the solid-
state form of the compound was not achieved, but nonetheless,
the elemental formulation suggests a ligand/Ti (L/Ti) ratio of
less than 1 with possible oxide (and even aqua) bridges linking
the metal ions due to the extremely hydrolytic nature of
Ti(IV).20

The Ti6O7(ATP)5(H2O)34 compound is not soluble under
acidic conditions but is soluble at pH 7.4, although it appears
to form a precipitate after some time in solution. Interestingly,

the 31P NMR spectrum of a pH 7.4 solution of the
Ti6O7(ATP)5(H2O)34 compound (Figures 5 and S14) at 24

h (to achieve equilibration) shows that Ti(IV) not only binds
to ATP, it is also able to induce the hydrolysis of the
phosphates producing ADP, AMP, and inorganic phosphate. A
similar behavior was observed after 1 h in solution. To help
identify the various species in the spectrum for
Ti6O7(ATP)5(H2O)34,

31P NMR spectra (Figure S15) were
collected of 5 mM ATP, ADP, and AMP at pH 7.4 in the
presence and absence of 1 mM [Ti(Cit)3]

8− after 24 h in
solution. As indicated by the changes in the chemical shifts of
the phosphate groups of ATP, ADP, and AMP, all three
compounds appear to be Ti(IV)-bound (Table 2). Although

Figure 5. 31P NMR spectra for (a) Ti6O7(ATP)5(H2O)34 and (b)
ATP at pH 7.4 and 5 mM concentration based on ATP content. Also
refer to Table 2 as well as Figures S14 (a zoom-in of this figure) and
S15.

Table 2. Summary of 31P NMR data at pH 7.4 for
Ti6O7(ATP)5(H2O)34 and for AMP, ADP, and ATP in the
Presence and Absence of [Ti(Cit)3]

8−a

sample chemical shift (δ, ppm)

AMP (Figure S15g) 3.35 (s)
Ti(IV) + AMP (Figure
S15f)

3.13 (s)

ADP (Figure S15e) −6.80 (d, I = 1.00), −11.21 (d, I = 1.01)
Ti(IV) + ADP (Figure
S15d)

−7.69 (d, I = 1.00), −11.26 (d, I = 1.02)

ATP (Figure 5b) −7.59 (s(wide), I = 1.00), −11.60 (d, I = 1.11),
−22.49 (t, I = 1.02)

Ti(IV) + ATP (Figure
S15b)

−7.37 (d, I = 5.37), −11.22 (d, ADP species,
I = 1.00), −11.55 (d, I = 5.56), −22.28 (t,
I = 5.04)

Ti6O7(ATP)5(H2O)34
(Figure 5a)

3.30 (s, free AMP, I = 2.02)
1.995 (s, free phosphate, I = 1.00)
−6.56 (d, ATP species, I = 0.867)
−6.85 (d, ADP species, I = 0.997)
−11.21 (d, ADP species, I = 0.996)
−11.55 (d, ATP species, I = 0.99)
−22.20 (t, ATP species, I = 0.7441)

aThe nucleotide content in these samples was 5 mM. Refer to Figures
5, S14, and S15. bs = singlet, d = doublet, t = triplet, I = integration.
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31P NMR data alone is not sufficient to fully determine the
speciation that results from these reactions, the changes in the
chemical shifts suggest that Ti(IV) coordinates to the β and γ
phosphate groups of ATP, the β phosphate of ADP, and the
sole phosphate group of AMP (Figure S10b). The coordina-
tion of these particular groups is proposed, because the
changes of the 31P chemical shifts of these groups is most
significant in the presence of Ti(IV) (Table 2). Due to the
excess of the nucleotides (L/Ti ≥ 3), the six coordination sites
of Ti(IV) are proposed to be saturated by the nucleotides
(Figure S10b). Surprisingly, there is no indication of metal-free
phosphorus signal, even though an excess amount of the
nucleotides was used with respect to Ti(IV), and there was
also 3 equiv of citrate present in solution. This observation
suggests both high-affinity binding of the phosphate groups
and rapid exchange between free and Ti(IV)-bound nucleo-
tides. More broadly, this observation demonstrates how Ti(IV)
could affect the nucleotide pool at pH 7.4 even when a much
larger excess of nucleotides is expected relatively to Ti(IV)
uptake into cells. The 31P NMR spectrum of ATP in the
presence of [Ti(Cit)3]

8− sample does demonstrate that some
amount of ADP is generated at a ratio of ∼5.3:1 ATP/ADP as
determined by averaging peak integration.
The pH 7.4 solution behavior of the nucleotides when in

excess of Ti(IV) (L/Ti ≥ 3) is in contrast to that exhibited by
Ti6O7(ATP)5(H2O)34. The 31P NMR spectrum of
Ti6O7(ATP)5(H2O)34 (Figure 5) reveals that phosphate
hydrolyzed products predominate with AMP, ADP, and ATP
(whether Ti(IV)-free or -bound) present at a ratio of
2.31:1.14:1.0, respectively (Table 2). A full comprehension
of the speciation of this compound is not entirely possible, but
the likely explanation for the dramatically different solution
behavior is that the hydrolyzed Ti(IV) moieties in this
compound, which are believed to form due to the absence of
ligand saturation of its coordination sites, facilitates Ti(IV)-
induced hydrolysis of the phosphate groups at pH 7.4 (Figure
S10 b). The phosphorus integration for free inorganic
phosphate is lower than what mass balance would suggest,
but this may be owed to the formation of hydrolyzed
Ti(phosphate) species, which are quite insoluble72 and
would not be detectable in this solution-based 31P NMR
study. There is no indication of diphosphate or even
triphosphate formation. Excess presence of nucleotides
combined with the presence of citrate as an additional metal
binder could inhibit Ti(IV)-induced phosphate hydrolysis.
Nucleotide binding of Ti(IV) and hydrolysis of their
phosphate groups could provide a distinct route to inhibit
the R1 subunit of RNR by chemically modifying the nucleotide
substrates. The rates of Ti(IV)-induced phosphate hydrolysis
of nucleotides at pH 7.4 have to be determined, but this work
demonstrates that within the hours to days time scale of the
antiproliferative/cytotoxic effects of the Ti(IV) cTfm com-
pounds, Ti(IV) released intracellularly should be able to
interact with the nucleotide pool. Whether the behavior of
phosphate hydrolysis can be quickly corrected by the actions
by kinases requires further exploration.

■ DISCUSSION
Previous in vitro kinetic studies have shown that in the
presence of a labile Fe(III) source,41,42 the Ti(IV) cTfm
compounds undergo Fe(III) transmetalation on a physiolog-
ically relevant time scale, which supports the feasibility of this
mechanism occurring intracellularly and effecting iron-depend-

ent processes that enable cell survival and replication.
Supplementing cells with Fe makes them more resilient to
treatment with these compounds, highlighting the importance
of Fe to their activity.41,42 As part of their toxicological profile,
we have determined that the compounds are unable to perturb
Fe(III)-bound sTf, the main Fe(III) species in blood serum,42

nor perturb the Fe reservoir of erythrocytes. These results
speak to the high stability of the Ti(IV) cTfm compounds and
to their reactivity being triggered by the cellular LIP.
By using Jurkat cells as a case study, we were able to examine

the utility of iron transmetalation to inhibit the RNR enzyme
and to reveal mechanistic details of the antiproliferative/
cytotoxic behavior of the Ti(IV) cTfm complexes, [TiO(H+−
HBED)]− and [Ti(Def)2]

2− (Scheme 2). The whole-cell EPR

studies on inhibition of the tyrosyl radical signal of R2 RNR
present a few different possibilities as to how the Ti(IV) cTfm
complexes might inhibit the RNR enzyme, specifically the R2
subunit. Through their transmetalation with Fe(III) from the
LIP, the complexes attenuate the bioavailability of cellular Fe,
and this decrease could directly impact activation of apoRNR
enzyme. Clearly, this form of the enzyme would not constitute
a large population of the enzyme, and this mechanistic route
should then be able to inhibit other intracellular Fe-dependent
enzymes and proteins, like the Fe−S cluster-containing ones.
Studies with the iron chelator triapine have shown that
perturbing the LIP and scavenging some of the Fe does not
lead to a general inhibition of all Fe-dependent proteins.54 For
instance, the enzyme aconitase was not inhibited.54 Rather,
triapine forms a redox-active ferrous complex, [Fe(triapine)2],
with the LIP that serves as a specific Fe-bound R2 RNR
inhibitor capable of directly reducing the tyrosyl radical.53,54

Whether [TiO(H+−HBED)]− or [Ti(Def)2]
2− can facilitate

Scheme 2. Proposed Mechanism of Action for Ti(IV) cTfm
as Combined R1 and R2 RNR Inhibitorsa

a(a) Decreasing the LIP via transmetalation would prevent Fe binding
of the R2 site and enzyme activation. (b) Ti(IV) modification of the
nucleotide pool would inhibit substrate binding to the catalytic site of
the R1 subunit. Created with BioRender.com.
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this same specific Fe-bound R2 RNR inhibition remains to be
examined. Given the potential redox-active Fe heteroleptic
intermediates that [Ti(Def)2]

2− may form by transmetalation
with the LIP, there is the possibility for it to exhibit a
comparable specific R2 inhibitory role. This behavior might
account for the generally higher antiproliferative potency of
[Ti(Def)2]

2− against different cell lines. The whole-cell EPR
tyrosyl radical signal inhibition could also be explained by the
Ti(IV) cTfm complexes inducing Fe release from the R2 di-
iron cofactor site possibly by cTfm dissociation and then
chelation of the Fe or even by transmetalation. Either route
would subsequently destabilize the tyrosyl radical. To
determine the feasibility of Fe cofactor dissociation, studies
will have to be performed with the enzyme itself.
During cell division, human RNR performs a central role in

regulating deoxyribonucleotide diphosphate (dNDP) levels for
genomic maintenance.7,8 In mammalian cells, the dNDP pool
reaches its peak during the S-phase to fulfill the requirement of
nucleotides for DNA replication.73 Cell cycle studies showed
that all of the cTfm compounds resulted in time-dependent S-
phase arrest, indicative of the cells being unable to duplicate
DNA. This finding is consistent with RNR inhibition by the
compounds.
An intriguing discovery of this work is the potential for

Ti(IV) to impede DNA replication by way of inhibiting RNR.
A true understanding of the antiproliferative mechanism of the
action of Ti(IV) has always been elusive, because earlier
understandings of Ti(IV) activity were based on titanocene
dichloride, which demonstrates very poor solution stability and
is prone to hydrolysis-induced precipitation. STf binding of
Ti(IV) dissociated from the compound regulates its blood
transport and attenuates its cytotoxic potential.31 The Ti(IV)
then localizes on nuclear DNA, but this interaction and the
corresponding onset of apoptosis is observed in vitro at very
high concentrations of titanocene dichloride,74 which
correlates with its very high IC50 values observed for many
cell lines and likely its ultimate failure in clinical trials.74 Ti(IV)
from [TiO(H+−HBED)]− and [Ti(Def)2]

2−, however, does
not localize in the DNA of Jurkat cells at concentrations near
their IC50 values. Reactions with ATP, ADP, and AMP at pH
7.4 show the strong capacity of Ti(IV) to be bound by the
phosphate groups of the nucleotides and at near equal levels as
the nucleotides to induce phosphate hydrolysis. Ti(IV) was
previously thought capable of hydrolyzing nucleotides only
under acidic conditions.21 If this behavior is possible within the
cellular environment, then the Ti(IV) cTfm complexes have
another route by which to inhibit the RNR enzyme (Scheme
2): either by cleaving the phosphates of the nucleotide
substrates and making them unable to bind to the RNR active
site (which could be corrected by certain kinases) or by
binding to them so that they are not recognized as RNR
substrates, a behavior observed for gallium(III).75 The 31P
NMR study performed in this work suggests that Ti(IV) is able
to interact with nucleotides even beyond its coordination site
capacity given that there appears to be a rapid ligand exchange
between bound and free nucleotides when the L/Ti ratio was
5. Further studies of this broader nucleotide effect are
warranted by evaluating the 31P NMR spectra of higher L/Ti
ratios. While it is not yet clear how Ti(IV) released into the
cellular milieu following transmetalation will speciate, if Ti(IV)
can bind and chemically modify nucleotide diphosphates then
it may be able to decrease the RNR substrate pool.

Given the distinct but complementary targeting of DNA by
the Ti(IV) cTfm complexes and cisplatin and other Pt-
containg anticancer drugs, a Jurkat cotreatment study was
performed to determine their ability to work in synergism.
Cisplatin is commonly used in combination with other drugs
to treat a variety of different cancer types including, but not
limited to ovarian, testicular, and bladder cancers.76−80 The
combination of two or more drugs can help to achieve an
enhanced desired effect but with a reduced dosage of each
drug, which may consequently reduce the side effects of the
drugs and the chances for resistance development.81,82

Exploring the 1:1 and 2:1 cisplatin/Ti(Def)2 ratios of the
compounds against Jurkat cells led to favorable synergistic and
potent cytotoxic effects, suggesting that their combinatorial
treatment should be screened more broadly against other
cancer cell lines to consider future in vivo characterization.

■ CONCLUSION
Altogether, this work presents the Ti(IV) cTfm complexes as
exhibiting the potential to serve as dual R1 and R2 RNR
inhibitors (Scheme 2). Further studies are necessary to
improve the potency of this family of compounds, to examine
cotreatment with other lead drugs to determine synergistic
cytotoxicity and to undertake mechanistic studies with the
enzyme itself to evaluate the specificity of the Ti(IV) cTfm
compounds for inhibiting the enzyme. In a broader context,
this work reveals the power of using a transmetalative approach
to exploit the distinct chemistry and cellular targets of
cytotoxic metals in combination with the Fe debilitating
power of key iron chelators to produce a multimodal broad-
spectrum anticancer drug.

■ EXPERIMENTAL SECTION

Chemicals and Materials

N′-Di(o-hydroxybenzyl)ethylenediamine-N,N′-diacetic acid (HBED)
was purchased from Strem Chemicals. 4-[(3Z,5E)-3,5-Bis(6-oxocy-
clohexa-2,4-dien-1-ylidene)-1,2,4-triazolidin-1-yl] benzoic acid (Def)
was purchased from Focus Synthesis LCC (San Diego, CA).
K2[Ti(citrate)3]·2H2O (Ti(IV) tricitrate) was synthesized following
a previously published literature protocol.1 Fe(C6H5O7) (Fe(III)
monocitrate) was purchased from Sigma, and FeCl3 was purchased
from Alfa Aesar. Trisodium citrate was purchased from Acros
Organics. Adenosine 5′-triphosphate disodium salt trihydrate
(ATP), adenosine 5′-diphosphate disodium salt trihydrate (ADP),
and adenosine 5′-monophosphate disodium salt trihydrate (AMP)
were purchased from Fisher Scientific. Cisplatin was purchased
Abcam. Ti atomic standard solution (1000 μg/mL) was purchased
from Fluka Analytical. Human apo serum transferrin (T1147) and
human methemoglobin (H7379) were purchased from Sigma.
DNAzol was purchased from Molecular Research Center, Inc., and
gelRed nucleic acid stain was purchased from (Biotium, Hayward,
USA). Jurkat cells clone E6-1 was obtained from ATCC (ATCC TIB-
152) authenticated with the certificate of analysis. RPMI-1640 media
was purchased from Sigma and supplemented with fetal bovine serum
(FBS; HyClone) and antibiotic solution prepared with 11 mg/mL of
streptomycin and 7 mg/mL of penicillin (Calbiochem, EMD
Biosciences Inc.). Mycoplasm removal agent was used in the
preparation of cell stocks (Biorad). Single-donor human red blood
cells resuspended in Alsever’s solution were obtained from Innovative
Research (Novi, MI) authenticated with the certificate of analysis.
Annexin V−Alexa Fluor 488 conjugate was purchased from Invitrogen
(Thermo Fisher Scientific). 3-(4,5Ddimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) was purchased from Sigma. All other
chemicals were of high purity and used as received. All aqueous
solutions were prepared with autoclaved (121 °C and 18 psi) high-
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quality nanopure water (18.2 MΩ·cm resistivity) at 25 °C, PURELAB
flex system (ELGA Corporation).

Instrumentation
All UV−vis analyses were performed with either a Cary 300 UV−vis
or NanoDrop 2000 (both from Agilent Technologies). The pH
adjustments were done using a Thermo Scientific Orion Star A211
and an Orion 9157BNMD electrode, calibrated with standard buffer
solutions at pH 4, 7, and 10. The electrode was calibrated before each
measurement in units of mV. Continuous wave (CW)-EPR spectra
were recorded at the University of Arizona, EPR Facility on an X-
band EPR spectrometer Elexsys E500 (Bruker) equipped with the
ESR900 flow cryostat (Oxford instruments). For cyclic voltammetric
analysis, a VMP3 multichannel potentiostat (Biologic Science
Instrument, USA) equipped with EC-Lab software and a three-
electrode system was employed. Cell viability was determined using
the MTT assay and the T20 automated cell counter (Bio-Rad). Cell
cycle analysis was done using flow cytometry (C6 Accuri, BD
Sciences). The agarose gel was imaged using a Sapphire Biomolecular
Imager (Azure Biosystems, Dublin, CA). X-ray diffraction was
performed using a Rigaku XtalLAB SuperNova single-microfocus
Cu Kα radiation (λ = 1.5417 Å) source equipped with a HyPix3000
X-ray detector in transmission mode operating at 50 kV and 1 mA
within the CrystallizPRO software ver. 1.171.39.43c. FTIR
absorbance spectra were collected by using a Nicolet iS50 FTIR
Spectrometer (ThermoFisher Scientific, WI). The energy dispersive
X-ray spectrum (EDS) was obtained in a scanning electron
microscope, a JEOL JSM-5800LV with 20 kV operating voltage.
The ICP-OES was carried out using PerkinElmer Optima 8000
optical emission (PerkinElmer, Inc.). 31P nuclear magnetic resonance
(31P NMR) recordings were carried out on a Bruker Ascend Aeon 700
NMR spectrometer with a 10 mm direct Z123952_0041 multinuclear
probe. 96-Well plates were analyzed with an Infinite M200
PROTecan Microplate Reader.

Sample Solution Preparation
The neutral Ti(IV) compounds Ti(HBED) and Ti(Deferasirox)2
(Ti(Def)2) were synthesized by following our previously published
protocol.42,47 The compounds were dissolved at 40 mM in DMF and
then diluted to desired concentrations in 1× PBS (pH 7.4) for all the
experiments except EPR studies (HEPES buffer). All final solutions
contained no more than 1% DMF (v/v) unless specified otherwise.
The Fe(III) compounds [Fe(Def)2]

3− and [Fe(HBED)]− were
prepared in situ by mixing 1 equiv of FeCl3 (dissolved in 10 mM
HCl) with 2 equiv of Def (dissolved in DMF) and 1 equiv of HBED
(dissolved in water), respectively, and then adjusting the pH to 7.4
with NaOH.35,41,43 The in situ preparation of a Fe(III) dicitrate
([Fe(Cit)2]

5−) solution involved adding 1 mole equiv of aqueous
sodium citrate to an aqueous solution of Fe(III) monocitrate,
dissolved while heating. An in situ solution of [Fe(citrate)(Def)]4−

([Fe(Cit)(Def)]4−) was prepared by mixing an aqueous solution of
[Fe(Cit)2]

5− and Def (in DMF) in a 1:1 mol ratio and adjusting to
pH 7.4. The in situ preparation of [Fe(Def)2]

3− and [Fe(HBED)]−

was validated by their characteristic LMCT bands: [Fe(Def)2]
3−: λmax

= 420 nm, ε = 5720 M−1 cm−1 and λ = 477 nm, ε = 4050 M−1 cm−1;
[Fe(HBED)]−: λmax = 484 nm, ε = 3970 M−1 cm−1) using UV−vis
spectroscopy.35,41,43 ([Fe(Cit)2]

5−) is a mixture of [Fe(Cit)2]
5− and

other Fe(III) citrate species at pH 7.4.56,83 The exact nature of the
speciation of all in situ prepared compounds was confirmed by
modeling with the software “Species”.84 [Fe(Cit)(Def)]4− is
characterized as described in the manuscript.

Characterization of Ti(Deferasirox)2 (Ti(Def)2)
(Ti(C21H13N3O4)2) by Single-Crystal X-ray Diffraction
A neutral form of Ti(Def)2 was prepared following our previously
published protocol.42 The compound was dissolved in DMF to
saturation by vortexing until a clear solution was obtained. The
solution was then covered with a poked parafilm and stored in the
refrigerator at 4 °C. Orange-colored plate-like crystals developed
within a few hours. A suitable single crystal was mounted on a
MiTeGen MicroLoop. Structural elucidation was performed using a

Rigaku XtalLAB SuperNova single-microfocus Cu Kα radiation (λ =
1.5417 Å) source equipped with a HyPix3000 X-ray detector in
transmission mode operating at 50 kV and 1 mA within the CrystAlis
Pro software ver. 1.171.39.43c.85 The data collection was carried out
at 100 K using an Oxford Cryosystems Cryostream 800 cooler. The
crystal structure was solved by direct methods using the program
ShelXT86 and refined by full-matrix least-squares on F2 using
ShelXL87 within the Olex2 (v1.2-ac3) software.88 Gaussian absorption
correction was applied for all data. Crystal data: C42H26N6O8Ti, mol.
wt. = 790.59 g/mol, orange plate, 0.133 × 0.08 × 0.049 mm, triclinic,
P1̅, a = 12.2524(2) Å, b = 14.8895(3) Å, c = 15.0625(3) Å, α =
111.308(2)°, β = 104.390(2)°, γ = 99.092(2)°, V = 2383.98(9), Z =
2, ρcalc = 1.101 g·cm−3. The X-ray diffraction data were collected at T
= 100.01(10) K, with Cu Kα radiation, μ = 1.943 mm−1, 48 025
reflections measured (6.628 ≤ 2θ ≤ 137.756°), 8773 unique (Rint =
0.0354, Rsigma = 0.0262), which were used in all calculations. The final
R1 was 0.0547 (I > 2σ(I)), and wR2 was 0.1901 for all data. All non-
hydrogen atoms were anisotropically refined. All the H atoms were
placed in their calculated positions and then refined using the riding
model with atom−H lengths of 0.95 Å (C−H) and 0.84 Å (O−H).
Isotropic displacement parameters for these atoms were set to 1.2
(C−H) or 1.5 (O−H) times the Ueq of the parent atom. Idealized
tetrahedral OH was refined as rotating groups. Large solvent-
accessible voids in the crystal structure of Ti(Def)2 are occupied by
interstitial solvent molecules, whose crystallographic disorder could
not be modeled satisfactorily. Consequently, the diffraction data set of
Ti(Def)2 was modified by the “solvent mask” feature of the OLEX2
program before the final refinement. The Ti(Def)2 structure is
comparable to that of Ti(BHPT)2, which we previously published.42

The BHPT ligand possesses the same core bisphenoltriazole metal
binding moieties as Def but lacks the benzoic acid substituent. As
previously noted by Steinhauser et al., meridional coordination of this
ligand is the only possible arrangement, but an entirely planar
configuration of the three rings would result in significant stress.43

Therefore a low-strain meridional coordination results in twisting of
the phenol rings in both the Ti(BHPT)2 and Ti(Def)2 structures. The
average Ti−N bond lengths of Ti(Def)2 are 2.145 Å, just as they are
for Ti(BHPT)2. The average Ti−O bond lengths of Ti(Def)2 are
1.887 Å, similar to those for Ti(BHPT)2 (1.888 Å). The presence of
the benzoic acid substituent of Def causes a slight increase in the
distortion of the bisphenoltriazole coordination. This can be observed
in the N−Ti−N bond angle (173.54°) of Ti(Def)2 deviating from
linearity more so than that of Ti(BHPT)2(177.92°). The average O−
Ti−O bond angles (163.27°) of Ti(Def)2 are only slightly different
from those of Ti(BHPT)2 (162.68°). A summary of the crystal data,
structure solution, and refinement are listed in Table S1 with selected
bond lengths and angles in Table S2. CCDC 2016873 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or
by emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: + 44 1223 336033.

Jurkat Cell Culturing
Jurkat cells are nonadherent cells, and they were cultured in an RPMI-
1640 media (supplemented with 10% FBS (v/v) and 1% antibiotic
solution (v/v) of penicillin/streptomycin) in non-tissue-culture-
treated 25 mL flasks according to the known protocol provided by
the supplier ATCC. The cell passaging was done at 70% confluency
by taking 3 mL of cells and diluting to 25 mL of fresh media. The cells
were incubated at 37 °C in 5% CO2 atmosphere.

Whole Jurkat Cell EPR Analysis
Jurkat cells with a cell count of 2.54 × 106 cells/mL were treated with
50 μM of each compound HBED2−, Def−, [TiO(H+−HBED)]−, and
[Ti(Def)2]

2− with 0.05% v/v of DMSO. In contrast, the control group
was treated with HEPES buffer (15 mM, pH 7.5, 5% glycerol (v/v))
and 0.05% v/v of DMSO. The cells were incubated for 3 h. After the
corresponding incubation time, the cells were centrifuged for 10 min
at 1020 rpm. The supernatant was discarded, and the cell pellet was
resuspended in 2 mL of 1× PBS. The samples were centrifuged again
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for 10 min at 1020 rpm, and the supernatant was discarded. The cell
pellet was resuspended in 0.5 mL of the HEPES buffer, and the
solution was transferred to the EPR tubes. The tubes were centrifuged
for 10 min, and the excess supernatant was carefully removed. The
EPR tubes were frozen at −50 °C and then stored in liquid nitrogen
until they could be measured by EPR. EPR analysis was done using
conditions: microwave frequency, 9.338 GHz; microwave power, 2
mW; magnetic field modulation amplitude, 0.5 mT for the whole-cell
tyrosyl radical detection and 1 mT for whole-cell high-spin Fe(III) (S
= 5/2) detection; temperature, 20 K. Measurements were done in
triplicate.
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