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Abstract

The Fe(Ill)-binding constant of vosaroxin, an anticancer quinolone derivative, has been
determined spectrophotometrically and compared with the analogous Fe(Ill) complex formed
with doxorubicin. The in vivo metabolic stability and iron coordination properties of the
quinolones compared to the anthracylines may provide significant benefit to cardiovascular
safety. The mechanism of action of both molecules target the topoisomerase II enzyme. Both
doxorubicin (Hdox, log fre 3= 33.41, pM= 17.0) and vosaroxin (Hvox, log fr.L3= 33.80(3), pM=
15.9) bind iron(Ill) with comparable strength; at physiological pH however, [Fe(vox)s] is the
predominant species in contrast to a mixture of species observed for the Fe:dox system. Iron(III)
nitrate and gallium(IIl) nitrate at a 1:3 ratio with vosaroxin formed stable tris(vosaroxino)-
iron(III) and tris(vosaroxino)gallium(IIl) complexes that were isolated and characterized. Their
redox behavior was studied by CV, and their stereochemistry was further explored in
temperature dependent '"H NMR studies. The molecular pharmacology of their interaction with
iron(Ill) may be one possible differentiation in the safety profile of quinolones compared to

anthracyclines in relation to cardiotoxicity.
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Introduction

Anthracycline anticancer drugs, such as doxorubicin (Hdox) (Chart 1), are in broad use clinically
but are associated with cumulative-dose cardiomyopathy.'® Molecular mechanisms for
doxorubicin induced cardiomyopathy remain controversial,”’ despite decades of investigations
that have been recently reviewed.®  These include interaction of doxorubicin with
topoisomerase IIf and induction of deoxyribonucleic acid (DNA) damage,”'® accumulation in
normal myocardium,'' metabolic conversion including the formation of damaging species, >’
and the generation of oxidative stress resulting from the interaction of doxorubicin with oxygen

catalyzed by iron.'®"”

Through iron-mediated interactions, doxorubicin causes the formation of
reactive oxygen species (ROS) such as hydrogen peroxide (H,0,) and superoxide radical anion
(O2). As depicted in Figure 1, the univalent reduction (e ) of the aromatic core of the
doxorubicin molecule gives the unstable semiquinone free-radical, doxoquinone, that in the
presence of oxygen can auto-oxidize back to its parent quinone. The reduction of molecular
oxygen leads to the formation of ROS which then can react further with free iron following the

well-travelled pathways of Fenton chemistry, leading to an accumulation of iron in the

mitochondria, increased levels of ROS, and overall impaired mitochondrial respiration.8 The

doxorubicin (Hdox) vosaroxin (Hvox) dexrazoxane

Chart 1 Chemical structures of doxorubicin (Hdox), vosaroxin (Hvox) and dexrazoxane.
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bivalent reduction (2 e ) of the side-chain carbonyl group of the doxorubicin molecule converts
Hdox irreversibly into its secondary alcohol metabolite, doxol, which is slightly less redox active
than the unstable semiquinone free-radical, therefore able to accumulate; doxol’s disruptive
effect on human Ca’" and Fe’" homeostasis appears stronger than the parent compound.’
Reduction of Fe(III) to Fe(Il) is an essential biological step that occurs widely in Nature.” On
the molecular level, in vivo iron homeostasis is heavily regulated because living organisms
carefully sequester iron(I) in stable complexes with biomolecules such as transferrin to prevent
any toxicity arising from free iron overload. Reactive oxygen species, such as O, , H,O, as well
as the hydroxyl radical (OH’), dramatically affect iron homeostasis in Nature. While ROS are
involved in various essential biological functions, they can become harmful at higher
concentrations, when their oxidation reaction of biomolecules increases physiological stress.”!
ROS species directly interact with ferrous and ferric ions in vivo in ways of Fenton oxidation
chemistry.”> Superoxide radical anions reduce Fe(III) that is coordinated to biological ligands to
Fe(I) and dioxygen. In an inner-sphere electron-transfer mechanism, H,O, oxidizes
biologically-ligated Fe(Il) to Fe(Ill) with concomitant formation of hydroxyl radical and
hydroxide (HO ) as reductive side-products, which leads to increased oxidative stress.

Oxidative stress is directly involved in the pathogenesis of heart failure; it damages the
mitochondria through excess formation of O, , reduction of adenosine triphosphate (ATP), and

23,24

transcriptional alteration of genes associated with heart failure. To circumvent induction of

oxidative stress and cardiomyopathy, doxorubicin is administered with radical scavenger drugs,

such as dexrazoxane (Chart 1), which reduce mitochondrial iron-levels.”*’
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Fig. 1 Doxorubicin affects Fe’" homeostasis in vivo: univalent reduction to semiquinone (left);

bivalent reduction to secondary alcohol (right).
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Vosaroxin (Hvox, Chart 1) is a first-in-class anticancer quinolone derivative (AQD) that

induces DNA damage and inhibits topoisomerase II, inducing site-selective DNA damage, G2

28-30

arrest and apoptosis. Vosaroxin induces DNA double/strand breaks (DSB) in cancer cells in

28,31

G/C-rich sequences analogous to those caused by quinolone antimicrobials in bacteria. In

contrast to doxorubicin, vosaroxin is not a substrate for the multidrug resistance protein P-

. 32 . . . . . .
glycoprotein®> and evades resistance mechanisms associated with p53 deficiencies.?*

336 as well as hematologic

Vosaroxin has been studied in both solid tumor cancers,
malignancies,’” and it is currently completing a phase 3 clinical trial in patients with relapsed or
refractory acute myeloid leukemia.”® In contrast to doxorubicin, vosaroxin’s anticancer activity
appears to result exclusively from intercalation of DNA and inhibition of topoisomerase II.

d,"*"* and thereby produces limited free

Unlike doxorubicin, vosaroxin is minimally metabolize
radicals ROS via intrinsic metabolic activation.”® As previously discussed, cardiomyopathy is a
serious side-effect of treatment with doxorubicin, which has been associated with the formation
of ROS and other toxic metabolites partly catalyzed by iron.

The fact that quinolones coordinate metals in various oxidation states in different
coordination geometries is a known side-effect for antimicrobial therapy, as such coordination
leads to a reduction in quinolone bioavailability.* Iron(Ill) complexes with various
commercially available quinolone antimicrobial drugs in which the iron coordinates the drug
ligands in a stable octahedral 1:3 fashion have been reported and studied.**  TIron(IIl) forms
some of the most stable complexes with quinolones compared to other bivalent and trivalent
metals,”® and the determined stability constants range from log ez = 25.16 (0.005) for

enoxacin'" to log Brer3 = 46.94 (8) for ciprofloxacin'.

(11 HL= enoxacin, determined potentiometrically: 22°C, I(NaCl)= 0.1 M, inert gas N,
[21 HL= ciprofloxacin, extrapolated from potentiometric data: 25°C, [(KCI)= 0.2 M.”!
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Antimicrobial treatment with quinolone drugs is, in general, considered safe, as they are
known to be commonly well tolerated and have safety profiles that compare to those of other
antimicrobial drug classes.”™" Frequently reported mild adverse reactions affect the
gastrointestinal (GI) tract (e.g. nausea, vomiting, diarrhea) and the central nervous system
(dizziness, headache, drowsiness), while tendinitis and tendon rupture as well as phototoxicity™
are more severe side-effects for which certain quinolone antimicrobial agents are widely
Known, 2:30:52-54.56

The molecular mechanisms of actions of vosaroxin, a quinolone derivative, and
doxorubicin, an anthracycline, are differentiable as a result of their distinct chemical scaffolds
(Chart 1). In order to further understand the properties of these two compounds, the interaction
of vosaroxin with iron(IIl) has been characterized, and solution spectrophotometric studies of
iron(Ill) coordination chemistry with vosaroxin and doxorubicin conducted. In addition, the
novel tris(vosaroxino)iron(Ill) complex has been synthesized and characterized in order to
examine the iron(IIl) coordination properties of vosaroxin in direct comparison to doxorubicin.
Because the Ga®™ ion possesses many chemical similarities with the Fe’* ion, their chemical
binding properties are similar, especially in regard to ligand chelation or protein binding.’’
Biological systems cannot distinguish between Fe’" and Ga’*, a fact exploited in Fe’" transport
studies in vivo™® or imaging™ . Therefore, the diamagnetic tris(vosaroxino)gallium(III) analog has

been synthesized as well, which allowed thorough NMR-studies of the isolated complex.
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Experimental

Materials

Doxorubicin and iron(IIl) nitrate nonahydrate were purchased from Sigma-Aldrich, gallium(III)
nitrate nonahydrate was obtained from Alfa-Aesar, and dimethyl sulfoxide (DMSO) was from
Fisher Scientific. Sunesis Pharmaceuticals, Inc. provided the vosaroxin (reference standard
quality, lot #12AK0025B). Deuterated dimethyl sulfoxide was purchased from Cambridge
Isotope Laboratories, Inc., and Sigma-Aldrich delivered the deuterium oxide as well as the
phosphoric acid-d; solution and the sodium deuteroxide. The atomic iron(IIl) standard solution
for AAS (1000 mg L™ + 4 mg L") was obtained from Fluka. In the preparation of all aqueous
solutions for spectrophotometric measurements and syntheses, only deionized water, purified
through a ELGA PURELAB ultrapure water system with a resistivity of 18 MQ-cm (25 °C), was

used.

Instrumentation

Melting points were determined using a Stanford Research Systems DigiMelt SRS melting point
apparatus and are uncorrected. Ultraviolet-visible (UV-vis) spectrophotometry was performed
on a Hewlett Packard 8453 instrument. Spectra were recorded using the UV-vis ChemStation
Software (version B.04.01[61], Agilent Technologies, 2001-2010), and all maximum absorption
bands and extinction coefficients (¢) are listed. Infrared (IR) spectra were recorded in the solid
state on a PerkinElmer Frontier Fourier transformation (FT) IR spectrometer in the range
4000—650 cm™ using the software PerkinElmer Spectrum (version 10.03.02, 2011). Only the
most characteristic bands were interpreted using the following abbreviations: s, strong; m,

moderate; w, weak; br, broad; sh, shoulder. Nuclear magnetic resonance (NMR) data (1D, 2D)
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were collected on a BRUKER AV600 spectrometer (600 MHz). The residual solvent signal of
the deuterated solvent was used as the internal standard.”” Chemical shifts & are referenced in
ppm against tetramethylsilane (6= 0). Multiplicities are abbreviated as: s, singlet; m, multiplet;
br, broad. Ar represents aromatic protons. All spectra were analyzed with the software inmr
(version 5.3.4, Mestrelab Research). Low-resolution mass spectral analysis was performed on a
Water ZQ spectrometer equipped with electrospray and chemical ionization (ESCI) sources.
High-resolution (HR) mass spectra were obtained at the UBC Mass Spectrometry (MS) Centre
on a Waters Micromass LCT employing electrospray-ionization (ESI). Only characteristic
signals have been listed as the dimensionless mass-to-charge ratio (m/z), with intensity related to

the base signal.

Spectrophotometry

The instrumental set-up comprised a Corning Hot Plate Stirrer PC-351, a Fisher Scientific
Accumet Basic pH-meter and a ThermoFischer ORION 8103BN ROSS Semi-Micro
Combinational pH-electrode, which was calibrated before each titration using reference solutions
(pH 4.00, 7.00, 10.00) from the FisherScientific Buffer-Pac. All solutions were prepared in
aqueous sodium chloride (/ = 0.15 M). Stock solutions of vosaroxin and doxorubicin were
prepared as follows: about 1 mg of Hvox, or about 1.5 mg of Hdox, respectively, was dissolved
in 5.00 mL sodium chloride solution, and after 30 min of sonication the suspension turned to a
clear, colorless solution; these stock solutions were stable and used for 2-3 days. Solutions of
ligand (Hvox, Hdox) only (~ 2.0 x 10™ M) or ligand (Hvox, Hdox) (~ 2.0 x 10 M) mixed with
iron(IIT) standard solutions in Fe*:HL ratios of 1:1, 1:2 or 1:3 in a total volume of 10.00 mL were

freshly prepared on the day of the experiment. To ensure that the titration started with the fully
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protonated species of ligand, the ligand solutions were prepared in aqueous hydrochloric acid
(0.2 M). The freshly prepared solution was sonicated for 15 min and transferred into a glass vial
before the electrode was submerged in the test solution. The solution was stirred and the
electrode remained submerged in the solution throughout the titration. The data were collected
as pH vs. volume of titrant (2-20 uL). For each determination of ligand protonation constant or
Fe(IIl) complexation constant, titrations were conducted in triplicate. Equilibration times
between additions ranged from 3-10 min. All titration data were manipulated in MS Excel and
plotted using Plot2 (version 2.0, Michael Wesemann). HypSpec (Protonic Software, Leeds) was

used to fit the obtained UV-Vis curves to obtain the stability constants.

Computational Details

Calculations of vosaroxin with iron(IIl) were performed using Density Functional Theory (DFT)
at the B3LYP level utilising the 6-31+g(d,p) basis set as implemented in Gaussian.’’ All
optimised geometries are characterised as minima as indicated by the absence of imaginary
frequencies. Geometry optimisations were performed on the systems and were evaluated to
obtain stable Fe’:vosaroxin structures. Computational modelling was used to verify the binding
site of the Fe’" ion to Hvox. The initial geometry of vosaroxin was optimised and was used in a
series of subsequent calculations whereby the Fe’* ion was placed at various regions around the
vosaroxin ligand but at distances greater than ~ 3.5 A not to bias the interaction, if any, between

the Fe’" ion and the potential binding partner.
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Synthesis and Characterization of Tris(vosaroxino)iron(Ill), [Fe(vox)s]

Dissolving vosaroxin (125 mg, 0.31 mmol) in deionized water (20 mL) and stirring for 15 min at
ambient temperature gave a clear, colorless solution of neutral pH. This solution was added
dropwise into a previously prepared solution of iron(IIl) nitrate nonahydrate (40 mg, 0.1 mmol)
in deionized water (5 mL). During the addition the pH was adjusted to < 3, if necessary, with
aqueous hydrochloride solution (0.1 M). Upon completion of the addition, the pH was raised to
pH 5 with aqueous sodium hydroxide (1.0 M), changing the color of the reaction mixture to red-
brown. The reaction mixture was stirred at ambient temperature overnight, before the solvent
was removed in vacuo to result an amorphous, lustrous, dark red-brown solid, which was washed
repeatedly with deionized water and methanol, and then thoroughly dried in vacuo (108 mg,
0.086 mmol, 86%). Mp = 200°C, decomposition to black-brown solid. UV-Vis (DMSO): A (g)
M 'em™] = 275 (80000), 250 (50000). IR: ¥ [cm™] = 3433 (w, br), 3083 (w), 2997 (w), 2941
(w), 2881 (w), 2832 (w), 2732 (w), 2462 (w, br), 1621 (s), 1562 (sh), 1494 (s), 1443 (m), 1419
(m), 1317 (w), 1293 (w), 1276 (w), 1253 (s), 1178 (w), 1097 (s), 1038 (m), 968 (m), 921 (m),
854 (w), 825 (w), 803 (s), 758 (s), 722 (w), 701 (w), 675 (m). MS (ES+, methanol): m/z (%) =
1280 (< 10) [ML, + Na'], 857 (100) [ML,]*. HR-ESI-MS m/z for C;,H,,”FeN,;0,,S;”K" calcd.

(found): 1295.2225 (1295.2233).

Synthesis and Characterization of Tris(vosaroxino)gallium(IIl), [Ga(vox)s]

Vosaroxin (125 mg, 0.31 mmol) was dissolved in deionized water (12 mL) and stirred at ambient
temperature for 10 min. The clear colorless vosaroxin solution was added drop-wise into a
solution of gallium(IIl) nitrate nonahydrate in deionized water (5 mL). The reaction mixture

turned pale yellow during the addition and its pH increased to pH 5. Without further adjustments,
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the reaction solution was stirred at ambient temperature overnight. Removal of the solvent in

vacuo gave an amorphous, lustrous, pale yellow solid that was washed repeatedly with water and

methanol, and then thoroughly dried in vacuo (69 mg, 0.082 mmol, 82%). Mp > 190 °C ,
decomposition to brown solid. UV-Vis (DMSO): A (¢) [M'em™] = 275 (80000), 250 (50000).
IR: ¥ [cm™'] = 3421 (m, br), 3086 (w), 3001 (w), 2937 (w), 2874 (w), 2832 (w), 2733 (W), 2473
(w, br), 1615 (s), 1564 (sh), 1494 (s), 1446 (m), 1423 (m), 1318 (w), 1277 (w), 1256 (s), 1179
(w), 1098 (s), 1040 (m), 970 (m), 923 (s), 858 (W), 826 (w), 803 (s), 760 (s), 728 (W), 702 (W),
680 (m). NMR: 8y (400 MHz, 363 K, ds-DMSO) [ppm] = 10.05 (s), 9.96 (s), 9.79 (s), (3 H,
Car,H); 8.42 (d, *Jun = 8.9 Hz), 8.33 (d, *Juu = 9.1 Hz), 8.21 (d, *Jun = 7.8 Hz), (3 H, Cur H);
7.91-7.80 (m, 6 H, CuyH and Cu H); 7.00 (d, *Jun = 9.1 Hz), 6.90 (d, *Jun = 7.2 Hz), (3 H,
CuazsH); 4.30-4.26 (m, 3 H, CaoiH); 4.12-3.78 (m, 15 H, CyogH, Cazo,H, 3.43 CaroyH2); 3.43 (s, 9
H, OCH3); 2.68 (d, *Jun = 17.4 Hz, 9 H, NH(CH3)). ¢ (150 MHz, 298 K, ds-DMSO) [ppm] =
178.4, 176.1, 174.5 (Ca,); 165.0, 164.9, 164.8 (COOH); 157.3, 157.1, 157.0 (Cur,); 155.6, 155.5,
155.4 (Cuazy); 147.9, 147.7, 146.5 (Carg.); 144.4, 144.1, 143.4 (Cury); 138.4, 138.1, 137.9 (Cua,);
136.4, 136.2, 135.8 (Cars); 122.3, 122.1, 121.8 (Cayy); 110.7, 110.6, 110.4 (Cary,); 110.0, 109.8,
109.6 (Cus); 109.9, 109.0, 108.8 (Cury); 79.5, 79.4, 79.3 (Cazoy); 60.7, 60.6, 60.5 (OCH3); 57.2,
57.1, 57.0 (Cazoy); 53-8, 53.7, 53.6 (Cazos); 50.7, 50.6, 50.5 (Cao,); 31.9, 31.8, 31.7 (NCH;). LR-
MS (ES+, CH;0H): m/z (%) = 1272 (50) [MLs + H'], 869 (100) [ML,]". HR-ESI-MS m/z for
Cs4Hs4”GaN;50,,8;7Na" caled. (found): 1292.2392 (1292.2397); m/z for Cs¢Hse™ GaN;¢O0sS, ™

caled. (found): 869.1415 (869.1414).
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Electrochemistry

Cyclic voltammetry (CV) studies were performed with Hvox, [Fe(vox);] and [Ga(vox);] in a
dimethyl sulfoxide solution (V = 10.0 mL) containing 0.1 M of tetra(n-butyl)ammonium
perchlorate as the supporting electrolyte in a three electrode system composed of a platinum-disk
electrode as the working electrode, a platinum-mesh electrode as the counter electrode and a
silver electrode as the pseudo reference electrode. A potentiostat (Pine AFCBP1, ID 23051890)
was integrated into the electric circuit. The software AfterMath.Inc. (version 1.2.4532) was used
for controlling the potentiostat and recording the data. CV measurements followed standard
procedures. All glassware was dried in the oven at 100 °C for 24 hours before use. Tetra(n-
butyl)ammonium perchlorate (0.342 g, 0.001 mol) was transferred into the electrochemical cell
and dried in vacuo for 15 min. In parallel, dimethyl sulfoxide was degassed with N, gas. Using
Schlenk techniques, 10.0 mL of the degassed dimethyl sulfoxide was transferred onto the tetra(n-
butyl)ammonium perchlorate inside the electrochemical cell. The mixture was stirred vigorously
until the electrolyte salt had completely dissolved.  Throughout the experiment the
electrochemical cell was kept under N, gas at all times. Firstly, a blank voltammogram of the
electrolyte solution was recorded. Secondly, the compound to be measured was added as a solid
and dissolved in the electrolyte solution (0.01 mmol, respectively: Hvox, 41 mg; [Fe(vox);], 12.6
mg; [Ga(vox)s;] 12.0 mg). Measurements on these compounds were performed in the general
voltage range between + 1.3 V and - 2.3 V, starting from an initial voltage of 0 V and ending at a
final voltage of 0 V. The sweep rate was 100 mV-s™', the electrode range was varied between
5—10 pA, and the number of segments was set to 5 as default. The experiment concluded with a
reference measurement of ferrocene. All electrodes were cleaned accordingly. The platinum-

mesh electrode and the silver pseudo-reference electrode were submerged in methanol (separate
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vials) and sonicated for 30 min. The platinum-disk electrode was polished using Buehler
MicroPolish II Alumina Powder (0.3 pm and 0.05 pm); polish residues were rinsed off with

deionized water and the electrode was dried.

Results and Discussion

Stability Constants

Vosaroxin and doxorubicin each contain ionizable protons. The pK, values for each ligand, as
determined by spectrophotometric titration, are given in Table 1. In acidic solutions,
doxorubicin exists as the singly charged species [Hydox]" with the positive charge at the sugar
amino group. Initial dissociation (pK, 7.67) is assigned to the amino sugar group followed by
the dissociation of the phenolic hydrogens (pK, 9.46 and 10.96). These assignments are in
agreement with those in the literature.®” It is interesting to note that there is some variation in
literature data on the amino group pK, value 6.8-8.99,% and pK, of 9.01-11.2 for the phenolic
group. These differences can be attributed, in part, to self-association and decomposition of the
drug at higher concentrations (> 30 uM).** The concentrations of doxorubicin used in the
present studies were purposefully low enough to avoid self-association (~20 uM). Vosaroxin
has four ionizable protons, existing as the triply charged species [Hsvox]’" under acidic
conditions. The pK, values determined in this study are in close agreement with those
extrapolated from a co-solvent system.®> The small differences observed may be attributed to the
use of sodium chloride at biologically relevant concentrations (/ = 0.15 M) as background

electrolyte in our studies. We are in agreement with the ionization process previously

established.®’



Page 15 of 38

Dalton Transactions

Manuscript: Mjos, K.D. et al. Page 15/37

The formation of the Fe(Ill)-doxorubicin and Fe(Il)-vosaroxin complexes as a function
of pH and [Fe’']:[HL] molar ratios was investigated by spectrophotometric titration. The
formation of the Fe’*-doxorubicin complexes elicited broad absorption bands centered at 600 nm

(see the Electronic Supporting Information, ESI), as previously reported.®>%*¢7

Experiments
with Fe(Ill)-doxorubicin proved problematic due to drifting electrode measurements, formation
and precipitation of Fe(OH); as well as low concentrations of complex formed under the
experimental conditions utilized. Despite the apparent distance between the amino group and the
iron binding site of doxorubicin, the charge on the amino group is known to influence the
strength of interaction with the metal ion.”® These problems interfered with convergence
within HypSpec when fitting the data, and there were large uncertainties in the log K values that
were obtained. Consequently, the log K values for doxorubicin presented in Table 1, have been
taken from the literature.®®

The visible absorption spectra of solutions containing Fe(III) and vosaroxin as a function
of pH (ESI) are characterized by a new, broad absorption band centered around 400 nm as shown
in Figures 2 and 3. In order to fit the iron(Ill)-vosaroxin titration data, it was necessary to select
a model incorporating all possible species. We have utilized computational modelling in order to
identify the preferred binding site of the Fe’" ion to vosaroxin.”’ For this, we performed
geometry optimisation (energy minimization) calculations on different states whereby the Fe®*
ion was placed at various locations around the vosaroxin ligand; however, not to bias the
interaction, the Fe’" ion was never placed in a distance closer than ~ 3.5 A to vosaroxin, the
potential binding partner. The most stable conformer involves the ferric ion being chelated by the

ketone oxygen and the deprotonated carboxylate moiety (Figure 4). It is interesting to note that

energy minimisation of vosaroxin alone or in the presence of iron results in rotation of the
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thiazole ring such that the orientation of this group differs between bound and unbound species.
For unbound vosaroxin, the thiazole group is almost co-planar with the naphthyridine ring and
the sulfur atom nearest the ring nitrogen atoms. Following complexation of Fe’* at the diketone,
the thiazole group rotates so it is now almost at a right angle to the naphthyridine ring. This was
confirmed by scanning the potential energy surface for rotation around the N-C bond of the
thiazole, and is consistent with the '"H NMR data collected following titration of Fe’" with
vosaroxin. These data show that addition of Fe’" influences the chemical shift of neighboring
hydrogens including those around the thiazole and naphtyridine rings, not just those expected to

be influenced by chelation (data presented in ESI).
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Table 1 Protonation and Fe’" formation constants for doxorubicin and vosaroxin.

Doxorubicin Vosaroxin

log K110 17.985" 16.31(3)
log K2 11.049 8.70(2)
log K30 4.379 7.80(3)
log fi30 33.413 32.80(3)
pM 17.0 15.9

pKar 10.96(1) 9.97(2)
pKaz 9.46(1) 7.091(4)
pPKa3 7.67(2) 5.125(4)
PKas 2.779(4)

pM = -log[Fe], pH 7.4, [L]r = 10 uM, [Fe]r =1 uM. * 37 °C, I =0.15 M (NaCl).**
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([Fe*"]=5.8 x 10 and [vosaroxin] = 2.24 x 10” M) (m) and vosaroxin only (o) with varying pH

in aqueous solution (/= 0.15, NaCl).
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Fig. 3 Representative fit at 400 nm using obtained stability constants for a solution of Fe(III)-

vosaroxin in 1:3 molar ratio: o experimental data, — fitted absorbance.



Page 19 of 38

Dalton Transactions

Manuscript: Mjos, K.D. et al. Page 19/37

Fig. 4 Interaction of the Fe’" ion (lavender) with one anion of vosaroxin, showing the most
stable diketone-coordinated conformation obtained following energy minimization using

B3LYP/6-31+g(d,p). The tris complex would have three such ligands around the Fe’".

Speciation plots for solutions of vosaroxin with Fe(IIl) as a function of pH are shown in
Figure 5 (respective doxorubicin plot in ESI). At a ratio of 3:1 ligand to metal, the predominant
species in the Fe(IlI)-doxorubicin system at pH 7.4 is the non-coordinated, singly charged ligand
(Hzdox"), in contrast to the Fe(IIl)-vosaroxin system where [Fe(vox)s;] is the predominant
species. This reflects the differences in both stability of the metal-ligand and metal-protonated
ligand complexes, and also the ionization state of the ligands at physiological pH. For vosaroxin,
the [Fe(vox)s;] complex is the single, dominant species from pH 6.5 onwards into the basic pH

. . 3+ ..
range; however, the interaction between Fe’ and doxorubicin appears to be more complex as
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various species of iron coordinated and protonated doxorubicin are observed in the distribution.

[Fe(vox)s] only slowly starts to form at pH 8 and higher, while at physiological pH free ligand

100 Vosaroxin: Fe* Speciation

90 +
Fel
80 4
70 4
60

50

% speciation relative to Vosaroxin (L)

40 LH, Fe(LH),
30 _{
\\
AN
20 1 MO Fe(LH) Fel,
104 LH3 FeL,(OH)
]
0 T 1 T
5 6 7 8 9

Fig. 5 Species distribution curves for the iron(IIl)-vosaroxin system. [Fe’ ]t =3.3 x 10*M, [L]r

=1x10°M.

in various protonation states (Hodox, Hzdox") exist next to the hydroxide adduct [Fe(dox)(OH)] .
The latter is a minor species (< 30 %) between pH 6.5 — 9. In their study of the stability and iron
coordination in DNA adducts of anthracycline based anticancer drugs, Ericksson and
coworkers’ found that the Fe’" in the [dox-DNA]Fe’" system was coordinated to four O-atoms
belonging to the [dox-DNA] adduct, and was in addition coordinating five water molecules as
well. They suggested that the lower number of O-atoms and the higher number of H,O
molecules bound to the Fe’* were related to a lower binding energy of the metal ion possibly
resulting in an increased production of hydroxyl radicals in vivo. This suggests that the

[Fe(vox)s] species is potentially more thermodynamically stable, because the central Fe'" is

Page 20 of 38
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coordinated to a total of six O-atoms of the three vox-ligands, versus the [Fe(dox)(OH)] species,
in which the metal is only coordinated to two ligand O atoms and a hydroxide. The coordination
number of iron(Ill) is six. In the [Fe(vox)s;] complex, all six iron coordination positions are

occupied leaving no access for further hydroxyl coordination to the unoccupied iron orbitals.

Synthesis and characterization tris(vosaroxino)iron(Ill) and -gallium(III) complexes
Aqueous solutions of vosaroxin were mixed with aqueous solutions of iron(Ill) nitrate

nonahydrate, and gallium(III) nitrate nonahydrate respectively, in a 3:1 ratio (Scheme 1).

o
0O OH M//O s
/ N (0] NaOH 5q) ™o N'—<\]
HN I +  M(NOg)3-9 H,0 N
N NN <H,0 /CHZ0H > 72
H 1 N
N7 s N
H D \—/ %o\
H
°N
H H
— —I3

Scheme 1 Synthetic route to tris(vosaroxino)metal(IIT) complexes [M(vox)s;], M = Fe’*, Ga’".

The coordination of vosaroxin was favored over the formation of metal-hydroxide.
species around pH 5, as indicated by the lack of precipitation due to hydroxide formation, and by
MS-samples taken out of the reaction solution with a peak for ML, (100 %). Allowing the
reaction solution to stand at ambient temperature, or in the fridge at 4 °C, for several days did not
promote precipitation, and the MS signal continued to show that characteristic ML, peak (100
%). Upon removal of the solvent in vacuo, and thorough washing of the obtained solid with
small amounts of water and methanol, the respective metal-vosaroxin complexes were isolated

and characterized by high resolution electrospray ionization (HR-ESI) mass spectrometry. The
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data were consistent with the formation of tris(vosaroxino)metal(IIl). The compounds are
nonvolatile and stable, decomposing at approximately 200 °C. The solubility of the obtained
[M(vox);] (M= Fe’*, Ga®") complexes is generally low and shows a high pH dependence;
therefore, solution characterization of these complexes by MS was carried out with solutions in
methanol, acetonitrile and nitromethane. Structure analysis by 'H and >’C NMR spectroscopy
was only possible in ds-DMSO due to the extremely low solubility of both complexes in D,O
and other standard NMR-solvents. This low solubility, in addition to the various stereoisomers,
negatively impacted both elemental analyses and attempts to grow single crystals suitable for X-
ray analysis of either complex. It has been reported previously that it is challenging to grow
single-crystals of quinolone-metal complexes.”' Over the past eighteen months, a multitude of
attempts were undertaken to grow single crystals according to various crystallization methods
and personal tricks of fellow researchers in the department. Diffusion methods in varying
volumes, concentration and glass ware set-ups were used, employing mainly acetonitrile,
chloroform, diethyl ether, DMSO, methanol and water, according to solubility. Respective
crystallization vials were placed in the freezer, the fridge, on the window sill and in a dark
cupboard at room temperature, but crystals suitable for single x-ray diffraction did not grow. In
addition, reactive crystallization experiments were conducted, in which the starting materials
were dissolved in different solvents over a range of pH conditions and layered on top of each
other in one vial according to the density of the solvent. Unfortunately, the diffusion reaction did
not lead to crystals but instead to an amorphous powder in some cases (systems of DMSO,
methanol, water) or to no reaction at all.

The mass spectra, however, were diagnostic of the complex formulations at a 3:1 ratio of

vosaroxin:metal. With both metal ions (Fe’, Ga®"), loss of one ligand from a ML; unit was
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observed giving the ML, fragment with 100 % intensity. In addition, the
tris(vosaroxino)iron(IIl) complex in methanol cationized in the high-resolution ES+ by
attachment of one sodium or potassium cation to form [NaML3]" or [KML3]" as the parent peak.
[Ga(vox);] was dissolved in low concentrations in various solvents (methanol, acetonitrile,
nitromethane, DMSO) for further characterization with low- and high-resolution ES+ techniques.
The spectra clearly reflected the effect of the different solvents on the mass pattern. In addition
to the [NaMLs]" parent peak, recombination signals corresponding to [M,Ls]” were observed for
[Ga(vox)s] in nitromethane, which we have previously reported as characteristic for
tris(ligand)metal(IIT) complexes.”

Spectroscopic analysis in the mid-infrared region (IR) (4000 — 650 cm™") supported the
complete coordination of the respective metal through the carboxylate O atom. Although the IR
spectra of the quinolones are in general quite complex because of the numerous functional
groups in the molecule, the stretching frequencies of the carbonyl and carboxyl group are strong
and can be identified as prominent absorption bands among the many and varied C,yi—H and

C—N vibrations in the same IR region.*”"!

The IR spectrum of the free ligand showed a strong
characteristic band at 1728 cm™ attributed to the stretching frequency of the carboxyl-OH-group
on the aromatic ring system; upon coordination of Fe’* or Ga®" it disappeared completely, as the
IR-spectra of the respective metal-vosaroxin complexes show (Figure 6). In the IR spectra of
both vosaroxin-metal complexes, two distinct bands in the range 1620 — 1315 cm™ could be
assigned to the vco, asymmetric and symmetric stretching vibrations. The difference A [cm™']=
Vasym(CO2) - veym(COy) is quite large with A= 304 cm’ for [Fe(vox)s], and A= 297 cm™ for

[Ga(vox)s], likely characteristic for a monodentate coordination mode of the carboxyl group.””*
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"H NMR spectra of vosaroxin were recorded in D,O as well as in ds-DMSO, showing a
negligible solvent effect. Vosaroxin can form four different stereoisomers around the metal(III)
center upon coordination of three bidentate anions in an octahedral fashion (possible
stereoisomers of [M>(vox)s]: A—fac; A—fac; A-mer; A—mer). In the case of the diamagnetic
[Ga(vox)s], the different stereoisomers gave a multitude of signals ina "H NMR spectrum
recorded at 298 K, but at 393 K the interchange happened so rapidly on the NMR time scale that

a separation of signals occurred and a clear assignment was possible (T dependent NMR study
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Fig. 6 IR spectra of vosaroxin (Hvox, black, top), [Fe(vox);] (red, middle) and [Ga(vox)s]
(green, bottom); the spectrum of Hvox shows the peak at 1728 cm™ disappearing upon
coordination to Fe*" or Ga®".

presented in ESI). In the case of [Fe(vox)s], the Fe’" ion retains a paramagnetic high-spin state
upon complexation. As a result, the NMR signals are broadened considerably and impossible to
assign with certainty. In an attempt to support the DFT calculations, which favored coordination
through the carboxyl-substituent and the carbonyl-group on the aromatic ring system, and to rule
out experimentally that the metal was not also coordinated to vosaroxin via the nitrogen atoms at
the substituent on N,.1 and C,,6, complexes were characterized by '"H NMR after incremental
addition of AAS-standard iron(III) solution. Vosaroxin (c= 5x10™* M, V=5 mL) was dissolved
in deuterated phosphate buffer pH 7.20 (pD 7.0), as the ligand was insoluble in deuterated
phosphate buffer at pH 2.15. Small increments (V= 2 pL) of AAS-standard iron(IIl) solution
were added to the titration solution, which was then stirred rigorously for three minutes, before a
sample of the solution (V= 0.5 mL) was transferred into an NMR tube. The titration was
monitored via 'H NMR at 600 MHz (data presented in ESI). Unfortunately, upon addition of
iron(IlT) all NMR signals broadened significantly; therefore, it was impossible to detect a
measurable increased broadening in the aromatic region, which would have supported
coordination through the carboxyl-group on C-3 and the carbonyl-group on C-4, over the
aliphatic region. This would indicate coordination via the substituent ring systems on N1 and
Ca6. The experiment was further complicated by the precipitation of a dark red solid,
(presumably [Fe(vox)s;]) from the solution, although the chemical identity of the precipitate

could not be determined to our full satisfaction.
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Cyclic voltammetry studies

To evaluate redox/decomplexation of [Fe(vox);] and [Ga(vox)s], the complexes were studied via
cyclic voltammetry (CV curves of Hvox and [Ga(vox)s;] presented in ESI). For [Fe(vox)s]
(Figure 7), the Fe(III)/Fe(Il) couple at 0.771 V vs NHE” could not be clearly identified in the
recorded cyclic voltammogram. The cyclic voltammogram, while irreversible, was found to be
reproducible over multiple cycles without a large decrease of intensities of either peak. For the
Fe(IIT) as well as for the Ga(Ill) complex of vosaroxin, a dissimilar peak shape was observed,
which indicates a reorganization in the coordination sphere and therewith the coordination
symmetry around the metal center upon reduction of the metal, as had been previously observed

for ‘[ris(ciproﬂoxacino)iron(IH).45

1.5x10°® |-
1x10°® [ /}

5x1077 — YA

Current [A]

-5x107 |~ — P
axos /N /

-1.5x10°® |-
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-2x10°8 L—— 1
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Fig. 7 Cyclic voltammograms, 0.001 M [Fe(vox);] in DMSO (red), 0.1 M tetra(n-

butyl)ammonium perchlorate, scan rate 100 mV-s™ (background, grey).
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Conclusions

Spectrophotometric titrations in 0.15 M NaCl, at ambient temperature, in the pH range from pH
2 — 12, showed that the two anticancer agents doxorubicin and vosaroxin bind Fe’* with similar
strength; however, at physiological pH, [Fe(vox)s] is the predominant species in contrast to the
mixture of protonated ligand species observed for the Fe:doxorubicin system. Here, Hodox
(~30%) and Hidox  (~40%) in addition to the minor (~30%) [Fe(dox)(OH)] are observed,
indicating a more labile interaction between Fe’" and doxorubicin than between Fe’ and
vosaroxin at physiological pH. Furthermore, two novel vosaroxin-metal(Ill) complexes were
successfully synthesized. In tris(vosaroxino)iron(Ill) as well as in tris(vosaroxino)gallium(III),
the metal ion is coordinated through the deprotonated carboxylate oxygen on the naphthyridine
ring system in a monodentate coordination mode leading to the formation of four stereoisomers.
The diamagnetic [Ga(vox)s;] complex was studied by NMR at different temperatures. For the
[Fe(vox)s] complex, the iron redox couple was observed in the recorded CV spectrum. We
report the characterization of stable complexes of vosaroxin, an anticancer quinolone derivative,
with gallium(IIl) and iron(IIl). These results are consistent with the well-studied clinical and
chemical interaction between iron preparations (ferrous gluconate/sulfate, various multivitamin
preparations) and quinolone-based drug molecules.”” When co-administered, the ferrous iron is
oxidized to its ferric form, which rapidly forms quite stable tris(quinolono)iron(IIl) complexes.
In vivo, the quinolones are very likely stable in the presence of iron’’ in contrast to the
anthracyclines whose interaction with iron presumably leads to the formation of free radicals and

18,19

lipoperoxidation. The stable [Fe(vox);], dominant at physiological pH, is unlikely to produce

toxic metabolites and ROS associated with the more labile interaction from doxorubicin and
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Fe’". The data presented here suggest that vosaroxin treatment may not result in the cumulative-

dose cardiotoxicity associated with doxorubicin.
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Notes

Electronic Supplementary Information (ESI) available: UV-vis spectra of one titration run of
vosaroxin to determine the pK,s of the test solution, of Hvox:Fe in the ratio of 1:1, of Hvox:Fe in
the ratio of 2:1, of Hvox:Fe in the ratio of 3:1; as well as UV-vis spectra of one titration run of
doxorubicin to determine the pK,s of the test solution, of Hdox:Fe in the ratio of 1:1, of Hdox:Fe
in the ratio of 2:1, of Hdox:Fe in the ratio of 3:1; cyclic voltammetric curves for 0.001 M of
vosaroxin (Hvox) and [Ga(vox);] in DMSO solution containing tetra(n-butyl)ammonium
perchlorate 0.1 M at a scan rate of 100 mV-s"'; '"H NMR spectra of the titration of Hvox with
Fe’" at pD 7 (deuterated phosphate buffer) at 298 K; 'H NMR spectra of the temperature
dependence study conducted on [Ga(vox);] in the range of 298 — 363 K, species distribution

curves for the iron(Ill)-doxorubicin system, characterization of vosaroxin.
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The two anticancer agents, doxorubicin and vosaroxin, bind Fe’* with comparable

strength; however, at physiological pH tris(vosaroxacino)iron(III) is the dominant

species.
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