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ABSTRACT

The transport and cytotoxicity of molybdenum-based drugs have been explained with the concept
of chemical transformation, a very important idea in inorganic medicinal chemistry that is often
overlooked in the interpretation of the biological activity of metal-containing systems. Two
monomeric  [MoO2(LY)(MeOH)] (1) [MoO2(L?)(EtOH)] (2) and two mixed-ligand dimeric
[{MoO2(L2)}2(u-4,4'-bipy)] (3—4) MoY'O, species were synthesized and characterized. The
structures of the solid complexes were solved through SC-XRD, while their transformation in water
was clarified by UV-Vis, ESI-MS and DFT. In aqueous solution 1—4 lead to the penta-coordinated
[MoO2(L'2)] active species after the release of the solvent molecule (1-2) or removal of the co-
ligand 4,4'-bipy bridge (3—4). [MoO2(L!"?)] are stable in solution and do not react with serum
bioligand nor with cellular reductants. The binding affinity of 1-4 towards DNA and HSA were
evaluated through analytical and computational methods and in both cases a non-covalent
interaction is expected. Furthermore, the in vitro cytotoxicity of the complexes was also evaluated
and flow cytometry analysis showed the apoptotic death of the cancer cells. Interestingly, the p-
4,4'-bipy bridged complexes 3—4 were found to be more active than the monomeric 1-2, due to the
mixture of species generated that is [MoOz(L!?)] and the cytotoxic 4,4'-bipy after their
dissociation. Since in the cytosol the reduction of Mov' to Mo"""V does not take place nor reactive
oxygen species (ROS) are produced in Fenton-like reactions of 1-4 with H.O>, the mechanism of
cytotoxicity should be attributable to the direct binding with DNA that occur with a minor-groove

binding which results in the cell death through an apoptotic mechanism.
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INTRODUCTION

Despite the rapid development of anticancer drugs, cancer remains one of the leading causes of
death worldwide. This is due to the associated disadvantages of prevalent chemotherapeutic drugs
like high toxicity to normal cells, limited ranges of activities, acquired tumour resistance, and
metastasis (secondary) cancers.!?> Therefore, in an attempt to replace these drugs with suitable
alternatives, numerous transition metal complexes are being synthesized and tested for their
anticancer activities.

For the design and evaluation of the action mechanism of new metallodrugs, transport in the
bloodstream and the binding to cellular targets are the key steps. In blood, serum albumins are the
most abundant soluble proteins in higher animals and play many crucial physiological functions.
These proteins tend to increase the solubility of hydrophobic compounds in plasma and regulate
their delivery to target cells. Consequently, properties like absorption, stability, distribution,
metabolism and toxicity of the pharmacological active metallocompounds can be significantly
affected by their binding to albumins.® On the other hand, DNA is the primary target of many metal
based anticancer drugs,*® and metal complexes may bind to it leading to alteration and/or inhibition
of its functioning.®°

Although considerable attention is paid toward the interaction of metal complexes with
biomolecules and their transport processes to the target tissues, their possible transformation in
aqueous solution is often not completely taken into account during the design stage and while they
are being tested as potential metallic anticancer agents. As for organic drugs the chemical changes
are overlooked and it is often assumed that the administered compound reaches the target organs in
an unaltered form, the situation is different for metal-based drugs, for which ligand exchange,
hydrolysis, chemical bond breaking and redox reactions can occur in the biological media.
Therefore, these processes must be taken into account to explain the experimental results. The

importance of these transformations have been demonstrated for cisplatin, cis-[Pt(NH3).Cl2], and
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oxaliplatin, [Pt(dach)(oxalato)], which, upon hydrolysis, lose the labile chloro and oxalato ligands,
respectively, to form the active moiety cis-Pt(NHs),?* and Pt(dach)?* that interact with DNA 1112 A
similar situation was also observed with titanocene, Cp2TiCl2.}3* Other studies on Pt-, Au-, Ru-
and Rh-based potential drugs pointed in the same direction, identifying the active moieties involved
in the ligand exchange or protein-metalation.!®>22 On the other hand, other facts must also be taken
into account: polynuclear Au(lll), Pd(Il), Pt(ll) complexes have higher cytotoxicity than
mononuclear species,? 26 and many dimeric and polymeric copper compounds have been described
as very promising candidates,?’3° without considering their possible dissociation in mononuclear
units that was demonstrated unambiguously in aqueous solution and coordinating solvents by EPR
spectroscopy.3t

Recently, our groups have established that the enhanced protein interaction and cytotoxicity
measured for few oxido and non-oxido vanadium complexes are due to the presence of several
species in cell media and not (only) for the intact complexes.*®3" Though the importance of the
chemical transformations has been studied for several metals like vanadium (for instance, the anti-
diabetic non-oxido V'V complexes are active only if they transform into the V'VO form which is
able to inhibit the protein tyrosine phosphatases®), little attention has been paid to the
understanding of these factors for molybdenum(V1) complexes.*

Potential molybdenum based anticancer agents have been synthesized in oxidation states of +II, +V
and +VI over the last few years.*** They could reach the nucleus in an intact form and interact
with DNA. Recent studies on the anticancerogenic activity of MoY' complexes have demonstrated
that they have a binding affinity toward Calf Thymus DNA (CT DNA), showing a good cytotoxic
action on the cell lines HT-29 (human colon cancer) and HelLa (human cervical cancer).*®
Alternatively, the activity of these species can be related to their capability to produce reactive
oxygen species (ROS) in solution, which cause cell damages to DNA, lipid peroxidation and

cellular signal alteration.*” Mo"' compounds could be reduced in the cellular environment and give



MoV species that are able to form ROS through a Fenton-like reaction MoVO3®* + H,0, — MoY'02?*
+ H* + "OH and this finding would indicate that MoV could be the active species. Therefore, further
experimental investigations on the precise mechanism of the potential molybdenum drugs in
solution are needed to exploit their biological activity.

In continuation of our research on the pharmacological properties of various transition metal
complexes, 30464852 herein the synthesis of two monomeric [MoO2(LY)(MeOH)] (1),
[MoO2(L?)(EtOH)] (2) and two mixed-ligand dimeric [{MoOz(L}?)}2(u-4,4'-bipy)] (3 and 4)
dioxidomolybdenum(VI) complexes from two aroylhydrazone ligands (H2L'2) are reported. The
complexes revealed a distorted octahedral geometry with the sixth labile coordination site occupied
by the solvent molecule (MeOH/EtOH) in case of the monomeric complexes and the co-ligand 4,4'-
bipyridine in case of the dimeric complexes.>*™>° Hydrazones are important set of ligands, as they
manifests a vast range of pharmaceutical activities.’*>° It has been demonstrated that their
biological properties are considerably enhanced upon complexation to metal ions.%° Moreover, the
incorporation of co-ligands with powerful ¢ donor functions, such as 4,4'-bipyridine might affect
the planarity, hydrophobicity, and general anticancer action of metal complexes.5%? The interaction
of the synthesized compounds with human serum albumin (HSA) and CT-DNA has been studied
with the combined application of instrumental and computational methods. Further, studies on their
redox properties and capability to produce ROS were also carried out. Finally, the Mo complexes
were screened for their anticancer activity against human cervical cancer (HeLa) and human colon
cancer (HT-29) and noncancerous mouse embryonic fibroblast (NIH-3T3) cell lines. In order to
assess their potential anticancer mechanism, apoptotic activity, and cell cycle analysis were also
carried out. Notably, the results can be related to the transformation of 1-4 in biological media and
allow to discuss the importance of the chemical changes in the explanation of the pharmacological

activity of metal-based potential drugs.



EXPERIMENTAL AND COMPUTATONAL SECTION

Materials and methods

Reagent grade solvents used in the study were dried and distilled prior to use. All chemicals were
commercially procured and used as received. [MoV'O2(acac),] was prepared as described earlier.%®
Reagents for biological assays were procured mostly from HiMedia laboratories and Sigma Aldrich
(USA).

Elemental analyses were performed on a VarioELcube CHNS Elemental analyzer.

ESI-MS spectra were recorded in the positive-ion mode on an SQ-300 MS instrument operating in
ESI mode or on a Thermo Fisher Scientific Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™
spectrometer. The solutions were infused at a flow rate of 5.00 uL/min into the ESI chamber and
the spectra were obtained in the m/z range 150-2000 with a resolution of 140,000 and accumulated
for at least 5 min to increase the signal-to-noise ratio. The instrumental settings were: spray voltage
2,300 V, capillary temperature 250 °C, sheath gas 10 (arbitrary units), auxiliary gas 3 (arbitrary
units), sweep gas O (arbitrary units), probe heater temperature 50 °C. The spectra were measured
after dissolving the solid Mo complexes 1-4 in LC-MS grade solvent (MeOH, MeOH/H20 90/10
v/v or CH3CN) to obtain a concentration of 45-50 uM.? Spectra were analyzed by using Thermo
Xcalibur 3.0.63 software (Thermo Fisher Scientific).

IR and UV spectra were recorded on a Perkin-Elmer Spectrum RXI and Perkin-Elmer Lambda 25,
Lambda 35 or Varian Cary 1E spectrophotometers, respectively.

NMR spectra were recorded on a Bruker Ultrashield 400 MHz spectrometer at 298 K room
temperature using SiMes (*H and *3C) as an internal standard.

EPR spectra were recorded at room temperature using a Bruker AquaX cell with an X-band Bruker

EMX spectrometer equipped with a HP 53150A microwave frequency counter. The microwave

& In the manuscript, all the concentrations of the Mo complexes are given based on their molar concentration.



frequency was 9.83-9.85, microwave power was 20 mW, time constant was 81.92 ms, modulation
frequency 100 kHz, modulation amplitude 0.4 mT, resolution 4096 points.

Synthesis of ligands

The aroylhydrazone ligands, H.L2 were prepared by the condensation of 4-diethyl amino
salicylaldehyde with its corresponding hydrazides (2-furoic hydrazide and thiophene 2-carboxylic
hydrazide) in a slightly acidic ethanolic medium for 2 h. The resulting yellowish white compounds
were filtered, washed with ethanol and dried over fused CaCl..

HzL!: Yield: 0.24 g (70%). Anal. Calcd for C16H19N3Os: C, 63.77; H, 6.36; N, 13.94. Found: C,
63.72; H, 6.39; N, 13.91%. FTIR (KB, vmad/cm™): w(O-H) 3214, w(N-H) 2972, »(C=0) 1634,
v(C=N) 1592. 'H NMR (400 MHz, DMSO-ds): J (ppm) = 11.83 (s, 1H, -NH), 11.32 (s, 1H, —OH),
8.41 (s, 1H, —CH), 7.94-6.11 (m, 6H, aromatic), 3.36 (g, 4H, —CH>), 1.10 (t, 6H, —CH3). 3C NMR
(100 MHz, DMSO-de): J (ppm) = 162.87, 160.15, 157.89, 152.65, 144.66, 140.56, 128.06, 126.31,
118.24, 116.31, 108.46, 99.67, 45.32, 14.65.

HzL2: Yield: 0.22 g (74%). Anal. Calcd for C16H19N30S: C, 60.54; H, 6.03; N, 13.24; S, 10.10.
Found: C, 60.59; H, 6.08; N, 13.20; S, 10.02%. FTIR (KB, vmax/cm): v(O-H) 3204, v(N-H),
2969, v(C=0) 1630, v(C=N) 1598. *H NMR (400 MHz, DMSO-ds): 5 (ppm) = 11.82 (s, 1H, —NH),
11.47 (s, 1H, —OH), 8.37 (s, 1H, —CH), 8.23-6.11 (m, 6H, aromatic), 3.33 (q, 4H, —CH>), 1.08 (t,
6H, —CHs). 3C NMR (100 MHz, DMSO-ds): 6 (ppm) = 163.87, 160.07, 154.26, 150.65, 142.66,
138.56, 129.06, 119.72, 115.26, 112.12, 105.54, 98.82, 45.49, 13.24.

Synthesis of complexes 1-2

MoOz(acac)z (1 mmol) was added to an alcoholic solution of ligand HzLY2 (1 mmol). The earlier
yellow solution containing the ligand immediately turned into dark red after the addition of the
metal precursor. The solution was allowed to reflux for 3 h. Thereafter the solution was filtered and

dark red crystals suitable for X-ray analysis was produced upon its slow evaporation over 2 days.



[MoO2(LY)(MeOH)] (1): Yield: 0.22 g (65 %). Anal. Calcd for C3sHs2M02NsO12: C, 44.45; H,
4.61; N, 9.15. Found: C, 44.50; H, 4.58; N, 9.10%. FTIR (KBr, vmax/cm™): »(C=N) 1609, v(M=0)
934, 917. UV-Vis (DMSO): Amax, nm (&, dm?® mol™ cm™): 473 (6777), 355 (9378). *H NMR (400
MHz, DMSO-dg): 6 (ppm) = 8.50 (s, 1H, —-CH), 7.77-6.13 (m, 6H, aromatic), 4.37 (1H, OH
methanol), 3.94 (S, 3H, —CH3 methanol), 3.34 (q, 4H, —CH>), 1.09 (t, 6H, —CHs3). *C NMR (100 MHz,
DMSO-dg): & (ppm) = 162.53, 161.28, 155.77, 152.58, 135.59, 133.83, 131.89, 130.49, 124.66,
108.80, 105.58, 98.56, 56.65, 44.46, 13.12.

[MoO2(L2)(EtOH)] (2): Yield: 0.23 g (68 %). Anal. Calcd for C1sH2sMoN3zOsS: C, 44.18; H, 4.74;
N, 8.59; S, 6.55. Found: C, 44.10; H, 4.77; N, 8.50; S, 6.58%. FTIR (KBT, vmax/cm%): v(C=N) 1614,
y(M=0) 941, 918. UV-Vis (DMSO): Amax, nm (g, dm® molt cm™): 478 (7207), 360 (8721). 'H
NMR (400 MHz, DMSO-dg): ¢ (ppm) = 8.58 (s, 1H, —CH), 7.88—6.14 (m, 6H, aromatic), 4.38 (1H,
OHethanot), 3.46 (g, 4H, —CH>), 3.43 (g, 2H, —CH2 ethanat), 1.11 (t, 6H, —CHs3), 1.06 (t, 3H, —CHs
ethanol). 3C NMR (100 MHz, DMSO-ds): J (ppm) = 162.83, 161.63, 154.87, 153.58, 135.91, 133.93,
131.24, 130.49, 128.66, 108.87, 106.58, 99.56, 56.50, 44.59, 19.03, 13.01.

Synthesis of complexes 3—4

MoOz(acac)2 (1 mmol) was added to an acetonitrile solution of ligand HzL'2 (1 mmol), followed by
the addition of 4,4'-bipyridine. The earlier yellow solution containing the ligand immediately turned
into dark red after the addition of the metal precursor and the co-ligand. The solution was allowed
to reflux for 3 h. Thereafter the solution was filtered and dark red crystals suitable for X-Ray
analysis was produced upon its slow evaporation over 2 days.

[{MoO2(LY)}2(u-4,4'-bipy)] (3): Yield: 0.32 g (55 %). Anal. Calcd for Ca2H42M02NgO10: C, 49.91;
H, 4.19; N, 11.09. Found: C, 49.88; H, 4.15; N, 11.12%. FTIR (KBr, vma/cm™: v(C=N) 1618,
v(M=0) 934, 927. UV-Vis (DMSO): Amax, NM (g, dm® mol™ cm™): 475 (6052), 356 (8154). H

NMR (400 MHz, DMSO-dg): 6 (ppm) = 8.73 (s, 1H, —CH), 8.58-6.14 (m, 10H, aromatic) 3.40 (q,



4H, —CHy), 1.11 (t, 6H, —CHs). *C NMR (100 MHz, DMSO-ds): 6 (ppm) = 161.68, 159.26,
155.39, 153.64, 151.02, 146.38, 145.56, 144.79, 135.96, 122.02, 121.77, 118.56, 114.86, 112.69,
108.83, 106.59, 99.58, 44.59, 13.00.

[{MoO2(L?)}2(u-4,4'-bipy)] (4): Yield: 0.29 g (52 %). Anal. Calcd for Ca2Hs2M02NgOsS:: C,
48.37; H, 4.06; N, 10.75; S, 6.15. Found: C, 48.30; H, 4.02; N, 10.64; S, 6.13%. FTIR (KBr,
vmadem™ v(C=N) 1589, v(M=0) 936, 920. UV-Vis (DMSO): Amax, nm (g, dm3 mol™ cm™): 479
(9226), 358 (11269). 'H NMR (400 MHz, DMSO-ds): & (ppm) = 8.75 (s, 1H, —CH), 8.56—6.16 (m,
10H, aromatic) 3.38 (g, 4H, —CH>), 1.10 (t, 6H, —CHs). 1*C NMR (100 MHz, DMSO-ds): 6 (ppm) =
161.66, 159.54, 156.07, 153.52, 150.74, 146.35, 145.31, 143.61, 137.94, 124.01, 120.51, 117.11,
115.59, 111.94, 109.22, 106.58, 99.56, 44.55, 13.15.

Crystallography

Suitable single crystals for X-ray diffraction study of the complexes (1-4) were mounted on a
mylar loop in oil. Data were collected using a STOE IPDS 2 diffractometer equipped with an
Oxford Cryosystems low-temperature device operating at T = 250(2) K. Crystallographic data and
details of refinement for all the complexes are listed in Table S1. Data were measured using
rotation method using MoKoa. radiation. The structure was solved with the ShelXT® solution
program using dual methods and by using Olex2% as the graphical interface. The model was
refined with ShelXL5* using full matrix least squares minimisation on F2. All non-hydrogen atoms
were refined anisotropically. Hydrogen atom positions were calculated geometrically and refined
using the riding model. Hydrogen atom positions were calculated geometrically and refined using
the riding model.

The disorders of the complexes were refined by SIMU and DELU commands. These restraints were
introduced to improve displacement parameters of methyl moieties and the oxygen atoms bonding
to Mo2 in complex 1. As for the rest complexes, the displacement parameters of partially

overlapping atoms of the disordered moiety were stabilized with SIMU and DELU commands.
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Additional DFIX and DELU restraints were introduced to optimize ethyl moieties in complex 2.
The proton on O5 was refined with fixed bond distance of 0.87 A.

DFT Calculations

The geometry of the monomeric [MoY'02(LY2)], [MoV'02(L2)(Ac)]", [MoV'O2(L:2)(Melm)] and
dimeric [{MoO2(L}?)}2(u-4,4'-bipy)] complexes were optimized with Gaussian09% at DFT theory
level using the hybrid B3LYP functional combined with Grimme’s D3 correction®’ for dispersion;
the split-valence plus polarization functions 6-31g(d,p) basis set was applied for the main group
elements, while SDD plus f-functions®® and pseudopotential for Mo. The effect of solvation was
taken into account using the SMD continuum model of Marenich et al. for water and methanol.®®
For all the structures, minima were verified through frequency calculations.

The thermodynamic stability in solution was estimated computing the Gibbs free energy change in
implicit solvent continuum model.” The final Gibbs free energies were obtained by addition of the
thermal and entropic corrections (G"®™), obtained in the optimization stage, to the potential energy
of single point calculations with the extended basis-set def2-TZVP for the main group elements™
and the quadruple-¢ def2-QZVP basis set for Mo.”

Serum bioligand binding assays

Solutions containing 1 or 2 and a serum bioligand (citrate, lactate and histidine) were prepared in
mixtures H.O/MeOH 90/10 v/v (for 1), H2.O/MeOH 80/20 v/v (for 2) or H.O/MeOH 50/50 v/v (for
both of them). Citric acid (citr) was purchased from Fluka (code 27490) L-lactic acid (lact) from
Sigma (code L1750), L-histidine (His) from J. T. Baker (code 1603). The molar ratio was 1/1, Mo
concentration 50 or 10 puM and pH 7.4 or 5.0. Electronic absorption spectra were recorded
immediately after the preparation of the solutions at room temperature.

HSA binding assays

The experiments concerning the binding of the complexes with protein were performed with fatted
human serum albumin (HSA) (Sigma, A9511) in 50 mM Tris—HCI buffer (pH 7.4) containing 10%
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DMF.”? Concentration of HSA stock solution was determined by taking its molar absorption
coefficient at 278 nm (35700 M~ cm™) through UV absorbance.” The solution was preserved at 4
°C in the dark and used within 4 days of its preparation.

Fluorescence quenching study of the complexes with HSA protein

Interaction of the synthesized complexes with HSA was investigated through fluorescence
quenching experiments. The emission spectra were recorded at 345 nm and excitation wavelength
at 280 nm by addition of an increasing concentration of complex 1-2 (0—100 uM) and 34 (0-300
uM) to a fixed concentration of HSA (10 uM) with a Fluoromax 4P spectrofluorimeter (Horiba
Jobin Mayer, USA) at room temperature.

Molecular docking on HSA

Docking calculations to HSA were carried out through GOLD 5.8 software,’* according to
the procedures recently reported.®””>"82 The XRD structure of albumin crystallized in presence of
stearic acid was used as a model for fatted HSA (PDB code: 1E71).83 The PDB structure was
cleaned removing all the crystallographic waters, and hydrogen atoms were added with the
UCSF Chimera program.8* Based on the DFT results, only classical dockings were carried out, in
which the complex [MoY'O2(LY)] can bind only through second coordination sphere interactions.
The blind exploration was performed on the rigid protein building four evaluation spheres of 20 A
containing globally the whole protein. Genetic algorithm (GA) parameters have been set in 50 GA
runs and a minimum of 100,000 operations. The other parameters of GA were set to default. The
scoring (Fitness of GoldScore) was determined through the recent validated versions of GoldScore
accounting for metal-complexes surface interactions.”® The best solutions (binding poses) were
evaluated taking into account the mean (Fmean) and the highest value (Fmax) Of the scoring and
population of the cluster containing the best pose.

Forster resonance energy transfer (FRET)

Ro value was calculated with the help of eq. (1):8586
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Ry =0.02108(K>d, 77*1) (1)

In the above equation (eq. (1)), the orientation factor between the emission dipole of the
donor and the absorption dipole of the acceptor K2 is taken as 2/3, the fluorescence quantum
yield of the donor ®p is 0.118, refractive index of the medium 7 is 1.33 and J is the extent
of spectral overlap of the donor (HSA) emission and the acceptor (complex) absorption
spectra.®® The resonance transfer is more efficient when the spectral overlap of the emission
spectrum of the donor molecule and the absorption spectrum of the acceptor molecule is
large.®’

The values of the parameter J were calculated by using eq. (2):38°

J= j Ty (M) g 1 dA @)

In eq. (2), A represents the wavelength, I (1) is the normalized fluorescence emission of the donor

HSA at the wavelength A and ea(A) is the molar extinction coefficient of the acceptor metal
complex at wavelength A.

DNA binding assays

All the experiments concerning the binding of the complexes with DNA were performed with calf-
thymus DNA (CT DNA, Sigma, D1501) in 50 mM Tris—HCI buffer (pH 7.4) containing 10%
DMF.”2 The concentration of the stock solutions of CT DNA was calculated from its absorption

intensity at 260 nm with a molar extinction coefficient of 6600 M~ cm™;®8 its ratio of 1.8-1.9 for
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UV absorbance at 260 nm and 280 nm indicated that the DNA was sufficiently protein free. CT
DNA was stored at 4 °C and utilized within 4 days of preparation.

Absorption Titration

The UV-Vis absorption titration experiments were performed in order to examine the binding
affinity of the Mo complexes (1-4) with CT DNA. A fixed concentration of the complex 1-2 (10
uM) and 3-4 (30 uM) was titrated along with increasing concentrations of CT DNA (0-100 pM).
An equal volume of CT DNA was added to the blank solution cuvette to eliminate its absorbance.
The solutions were allowed to incubate at room temperature for 5 min before recording the related
spectra.

Competitive DNA binding fluorescence measurements

The competitive binding experiments were performed as described earlier against various DNA
binding probes namely ethidium bromide (EB), 4’,6-diamidino-2-phenylindole (DAPI) and methyl
green (MG). As DAPI and MG bind to minor and major groove of the DNA, respectively, and EB
bind to DNA by intercalation, their displacement from DNA leading to a quench in the fluorescent
intensity may be an indication of the binding mode of the tested complexes.**#°

In brief, DNA binding probe i.e. EB, DAPI or MG was allowed to incubate with CT DNA in 50
mM Tris—HCI buffer (pH 7.4) containing 10% DMF’? at room temperature for 30 min.
Subsequently, the fluorescence intensities of the complexes 1-4 was measured with DAPI, MG and
EB bound CT DNA with increasing concentration of the Mo complexes (0-100 pM). The
fluorescence emission intensities of EB, DAPI and MG was monitored at 597 nm (excitation 510
nm), 455 nm (excitation 358 nm), and 672 nm (excitation 633 nm) with a Fluoromax 4P
spectrofluorimeter (Horiba Jobin Mayer, USA).

Circular Dichroism Study

Circular Dichroism experiment was performed as described earlier.*®%° Briefly, spectra of CT DNA

(100 uM) was recorded in the absence and presence of complexes 1-2 (25 uM) and 34 (75 pM) at
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25 °C in the wavelength range of 240-400 nm using a JASCO J-1500 CD spectrophotometer. All
the experiments were performed in a 50 mM Tris—HCI buffer (pH 7.4) containing 10% DMF using
a quartz cell with 10 mm path length.”

Molecular docking on DNA

Docking calculations to DNA were carried out through GOLD 5.8 software,”® according to
the procedures recently reported.>” > The NMR solution of DNA adduct with pyrrolo[2,1-
c][1,4]benzodiazepine was used as a model for CT-DNA after removing the bound substrate (PDB
code: 2K4L%). Based on the binding assays and DFT results, only classical dockings were carried
out, in which the complex [MoY'O2(LY)] can bind only through second coordination sphere
interactions. The blind exploration was performed on the rigid DNA, building one evaluation sphere
of 20 A containing globally the whole structure. GA parameters have been set to 50 runs and a
minimum of 100,000 operations, while the other parameters were set to default. The best solutions
(binding poses) were evaluated taking into account the mean (Fmean) and highest value (Fmax) of the
GoldScore and the population of the cluster containing the best pose.

Cytotoxicity activity and mechanism of action

Cell culture

In the present study, two cancer cell lines, that are human cervical cancer (HelLa) and human colon
cancer (HT-29) and noncancerous mouse embryonic fibroblast (NIH-3T3) cell lines, were used.
These cell lines were purchased from NCCS, Pune, India. The cells were maintained in Dulbecco’s
Modified Eagle Media (DMEM) supplemented with fetal bovine serum (FBS) and antibiotics at 37
°C in a humidified incubator (5% CO>) with regular passaging.

Determination of the cytotoxic potential

The cytotoxic potential of the complexes 1-4 was determined against the above cell lines through a
conventional MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide]

inspection.*®4°5191 Briefly, after the cells attained 80% confluency, the cells were seeded in a 96
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well plate at a concentration of 5 x 10* cells per well. These cells were then treated for a period of
48 h, with different concentrations of each complex that was initially dissolved in DMSO and
further diluted in DMEM media. Final working concentration of DMSO was maintained at less than
0.1% (v/v). Untreated cells were taken for control group experiment. After the treatment period, 20
pL of MTT (5 mg/mL in PBS) solution was added to each well and incubated for 3 h.
Subsequently, 200 pL of DMSO was added to each well and further incubated for 30 min before
measuring the absorbance in a spectrophotometer at 595 nm. Cytotoxicity was evaluated by the ICso
value (concentration of the complex inhibiting 50% of cell growth with respect to the control) for
each complex.

Reduction by cellular reductants

The tendency of the examined Mo complexes to be reduced and complexed in the cytosol has been
studied in solutions containing L-ascorbic acid (Asc) and reduced glutathione (GSH) through the
combined application of EPR, ESI-MS and UV-Vis techniques. Asc was purchased from
Honeywell Riedel-de Haen (code 33034) and GSH from Sigma-Aldrich (code G4251).

For EPR spectra, a 20 mM solution of L-ascorbic acid in PBS (pH 7.4) was prepared; subsequently,
different solutions containing Asc and the complexes 1—4 with variable ratios ranging from 1/1 to
10/1 (Asc/1-4) were studied in mixtures PBS/DMSO 1/1 (v/v). Similarly, a 20 mM GSH solution
was prepared in PBS (pH 7.4) and solutions containing different ratios GSH/1-4 ranging from 1/1
to 10/1 were examined in mixtures PBS/DMSO 1/1 (v/v). After the preparation of the solutions,
EPR spectra were recorded at room temperature using an AquaX cell.

For ESI-MS experiments, solutions containing 1 and Asc or GSH were prepared in a mixture
MeOH/H0 90/10 v/v with molar ratio 1/1 and 1/10 and Mo concentration 5 or 50 uM.

For electronic absorption spectra measurements, solutions containing 1 and 2 with Asc or GSH
were prepared in mixtures HoO/MeOH 90/10 v/v (for 1) or H.O/MeOH 80/20 v/v (for 2) with a
molar ratio of 1/1, Mo concentration of 50 uM and pH 7.4 or 5.0.
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DMPO assay

The capability of MoY' compounds to produce hydroxyl radicals "OH by Fenton-like reactions in
presence of reducing agents was studied with the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) assay
on complexes 1-4. In this assay "OH radicals eventually generated in solution are trapped by a spin
trap (DMPO) to form a stable radical adduct (DMPO-OH) which can be detected by EPR
measurements.

Solutions containing H202 (1 mM), DMPO (600 uM) and Mo"! complex (1-4, 10 pM) in presence
or not of reducing agents (GSH or ascorbate, 100 uM) were prepared. Aqueous stock solutions of
H202, DMPO, GSH and Asc were used, while solutions with 1-4 were prepared in DMSO. EPR
spectra were recorded at room temperature after the preparation of the mixture reactions using a
Bruker AquaX capillary cell.

Nuclear staining

The status of nuclear disintegration in cancerous cells in response to complex treatment was
examined by staining with DAPI.*34951%1 Hel a and HT-29 cells were treated with ICso
concentration of the complexes. Complexes were not added to cells for control group experiment.
After 12 h of treatment, 4% paraformaldehyde solution was added to both control and treated cells.
Thereafter, the above fixed cells were stained with DAPI. The cells were then examined under

fluorescence microscope (Olympus IX 71).

Cell Cycle Analysis

HeLa (5 x 10° cells per well) were grown in a 6-well plate suspended in 2 mL of DMEM medium
under previously described culturing conditions. The cells were then treated with different
concentrations of the complexes for 24 h. Post treatment, cells were harvested as pellets and fixed
using an ice-cold 70% ethanolic solution at —20 °C overnight. Further, the cells were washed twice

with ice-cold PBS, and then re-suspended in 1x PBS solution containing Pl (10 ug mL™?) and
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RNaseA (10 pg mL™?) solution. The cell suspension was gently mixed and incubated for 30 min at
37 °C in the dark. Cell cycle was analyzed using a BD Accuri C6 flow cytometer %2

Cell apoptosis assay

Analysis of apoptotic populations of HelLa cells induced by the complexes (1-4) were determined
by Annexin V and PI staining according to the manufacturer’s protocol for the Annexin V: FITC
Apoptosis Detection Kit (Abgenex) by flow cytometry. In brief, the cells were treated with the
complexes for a period of 48 h. After drug exposure, cells were collected by centrifugation, and
washed with PBS. The cells were then re-suspended in 100 pl of Annexin V-FITC 1X binding
buffer. The cell suspension was incubated at room temperature in the dark for 15 min after mixing
with 4 ul of Annexin V-FITC and 4 ul of PI. Subsequently, the samples were analyzed by a BD

Accuri C6 flow cytometer.®

RESULTS AND DISCUSSION

Synthesis

The synthetic procedure of 1-4 from two aroylhydrazone ligands containing a diethylamine
substituent is represented in Scheme 1. Upon reaction of H:L? with MoOz(acac); in
alcoholic medium, deep red crystals of 1 and 2 were obtained from slow evaporation of the
filtrate, while the addition of 4,4'-bipyridine as a co-ligand in acetonitrile medium to the
above reaction mixture yielded reddish brown crystals of 3 and 4 directly from the reflux

conditions.
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Scheme 1 Schematic representation for the synthesis of [MoO2(LY)(MeOH)] (1),

[MoO2(L?)(EtOH)] (2), and [{M0oO2(LY?)}2(u-4,4-bipy)] (3 and 4).

X-ray structure description

In order to predict a specific coordination mode of H:LY? or stereochemistry for the
monomeric MoV' complexes, the structures of 1-4 were determined through X-ray
crystallography. The crystal data and structure refinement details are given in Table S1. The
solid state structures of the complexes 1 and 2 are shown in Figure 1 and S1 and the
selected bond lengths and bond angles are enlisted in Tables S2 and S3.

The crystal lattice of complex 1 is composed of two units with identical coordination
geometry, differing only in the position of the alkyl chains. The structures of 1 and 2
(Figures 1 and S1) reveal that the ligand is coordinated to MoV'O2?* ion as an O,N,O-donor,
with bite angles of ~71° and ~82° for O(1)-Mo(1)-N(2) and O(2)-Mo(1)-N(2), respectively
(Tables S2 and S3). Further, a solvent molecule is also coordinated to the metal center in

trans to one Mo=0 bond; therefore, the complex can be formulated as [MoO2(L')(MeOH)]
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(1) [M0oO2(L?)(EtOH)] (2) where L refers to an aroylhydrazone ligand. This composition is
found to be consistent with the microanalytical data. In these structures, the coordination
geometry around molybdenum center can be described as distorted octahedral as given in
the bond parameters around the metal center. A solvent molecule like methanol and ethanol
completes the distorted octahedral coordination sphere of 1 and 2 respectively and provides
stability to the system in solid state. The Mo=0, Mo—O, Mo—N, C=N and N—N bond lengths
are within the normal range for MoV'-L fragment.®*®® The longer bond length of Mo—
O(Solv) found in these complexes in comparison to the normal single bond length [2.354(3)
A against 1.932(3)-2.024(3) A], indicates a weak site available for ligand substitutions
(Tables S2 and S3). This feasibility is realized in the facile formation of adducts with

formula [{MoO2(L'?)}.(u-4,4"-bipy)] (3 and 4).

Figure 1 Molecular structures of the complex 1 (a) and 3 (b) with atomic numbering

scheme used.
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On the other hand, the dimeric complexes [{MoO2(L12)}.(u-4,4'-bipy)] (3 and 4, Figures 1
and S1) crystallize in orthorhombic crystal system and Pbca space group, while the molecule
IS present in a crystallographic center of inversion. Each half of the dimeric structure is
identical to the other one. There is a distorted octahedral coordination environment around
the MoV' center, where the dianionic and tridentate ligand (L' 2)?~ with its meridionally
situated donors O(1), N(2) and O(2) lay in the equatorial plane along with the oxido ligand
O(3) for 3 and O(4) for 4. The Mo-O distances range from 1.700(3)-1.698(4) A for the
oxido ligand O(4) for 3 and O(3) for 4, located in an axial position, and 1.912(3)-1.921(3) A
for the phenolato oxygen O(2). The Mo(1)-O(1)(enolato) distance is 2.001(3)-2.007(4) A,
while the second axial position is held by a nitrogen atom of the bridging 4,4'-bipyridine
ligand, and is observed to be significantly further from the Mo center than the other five
ligated atoms. Mo(1)-N(4), at 2.420(3)-2.421(4) A, is the most long of all the six Mo—L
bonds and, therefore, the most susceptible to ligand exchange.®® The chelate bite angles for
the five- and six-membered rings have values within the expected ranges [O(2)-Mo(1)-

N(2), 81.83(14)°; O(1)-Mo(1)-N(2), 71.57(14)°] (Table S3).

Spectral characteristics

Spectral characteristics of the ligands (H2L'?) and complexes 1-4 have been listed in the
Experimental and Computational Section. FT-IR spectra of the complexes exhibit two
stretching bands in the range 917-941 cm™, indicating the dioxido nature of MoO2?*
ion.>%%%:9 Electronic spectra of 1-4 display strong or moderate intensity bands in the range
473-479 nm and 355-360 nm due to ligand to metal charge transfer (LMCT) and ligand
centered transitions, respectively.5%%>% The representative absorbance spectrum of 2 is
given in Figure S2. In comparison to the signals of the ligands, NMR spectra of the

complexes show a disappearance of —OH and —NH protons due to deprotonation and
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coordination of the metal atom. Monomeric complexes 1 and 2 exhibit additional peaks in
the expected region for the axially coordinated MeOH and EtOH molecule respectively.
Besides, there is an increased number of resonances in the aromatic region for the dimeric
complex 3 and 4 as compared to its free ligands H2LY 2 which is due to the coordinated co-
ligand 4,4'-bipy. Due to crystallographic center of inversion, resonance peaks of only one
half of the molecule are visible in the spectra.

The BC NMR signals of the complexes, as listed in the Experimental and Computational
Section, confirm that the coordinated labile solvent molecule (alcohol) for 1 and 2 remains
coordinated in an organic solvent like DMSO. In the downfield region (6 = 156.07-99.56
ppm) an increased number of aromatic carbon peaks for complexes 3 and 4, in comparison
to their corresponding ligand backbone, confirm the presence of the 4,4'-bipy co-ligand in
the vicinity of the metal and also supports that the two structurally characterized dimeric

complexes retain their identity in DMSO.

Stability in aqueous solution: spectroscopic/spectrometric behavior and DFT
calculations

The stability of all the complexes has been established in water through UV-Vis
spectroscopy, ESI mass spectrometry and DFT methods. The electronic absorption spectra
recorded as a function of the time on 1-4 in 50 mM Tris—HCI buffer (pH 7.4) containing
10% DMF are depicted in Figure S3. The first thing that must be noticed is that they are
different compared to those in DMSO. This suggests that the complexes 1 and 2 probably
lose the weak axial solvent molecule. The transformation is almost instantaneous and, once
it happens, there are no further changes observed over time. The behavior of 3 and 4 is
similar (Figure S3): each series of spectra is different with respect to that recorded in

DMSO solution and do not change after 48 h.
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Overall, the results can be rationalized postulating that the Mo complexes undergo ligand
dissociation in aqueous solution; 1 and 2 lose the weak axial solvent molecule, while for 3
and 4 the breaking of the p-4,4'-bipy bridge occurs. The comparison of the spectra indicates
that 1 and 3 on one hand (Amax = 380—381 nm) and 2 and 4 on the other (Amax = 383—384
nm) behave similarly; therefore, from these data, it can be argued that 1 and 3 give the
mononuclear species [MoY'O2(L1)] and 2 and 4 give [MoV'O2(L?)].

ESI-MS spectra of the complexes 1-4 were recorded in a mixture MeOH/H20 90/10 v/v in
the positive-ion mode. It was not possible to record the spectra in water alone for the scarce
solubility of the metal species. The characteristic pattern of molybdenum, due to
9294,95,96,97.98.100\ ¢ jsotopes, allows to assign unequivocally the nature of the signals (see
Figure 2 and Figures S4—S6 of the Supporting Information).

For 1 and 2 the "molecular ion™ peaks are observed at m/z 452.01 and 467.99, respectively,
and are attributed to the adducts [MoOz(L1?)]+Na* (Table S4-S5 and Figure S4-S5),
suggesting that the solvent ligand (MeOH for 1 and EtOH for 2), weakly bound in the axial
position, is removed in water according to the reaction (3). No m/z signals assignable to
[MoO2(L*?)(Solv)] were observed. Less intense peaks of proton and potassium adducts,
[M0oO2(LY2)]+H* (at 430.03 and 446.01 m/z for 1 and 2, respectively) and [MoOz(L¥?)]+K*
(at 467.99 and 483.96 m/z for 1 and 2) were also identified. The comparison between the
experimental and calculated isotopic pattern for [MoO2(L'?)]+H*/Na*/K* ion peaks is

shown in Figures S7 and S8.

[MoO, (L"2)(Solv)] —2*5 [MoO, (L"?)] + Solv (3)

The complexes 3 and 4 (in MeOH/H2O 90/10 v/v) show signals similar to 1 and 2,

respectively (Tables S4—-S5 and Figures 2 and S6). In particular, the peaks of
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[MoO2(L¥?)]+H*/Na*/K* were revealed plus an intense absorption attributable to [4,4'-
bipy]+H* at m/z = 157.08, suggesting that in solution 3 and 4 transform to [MoO2(L'2)] and
4,4'-bipy (reaction (4)). No peaks attributable to [{MoO2(L1?)}2(u-4,4'-bipy)] in the m/z
range 1000-1100 were found and this indicates that in methanol/water the reaction (4) is

completely shifted toward right.

[4,4-bipy]+H* [H,L2J+H*
1 8.13

157.08 31

8 7 [MoO,(L2)]+H*

& 10 446.01

=]

S ] [MoO,(L?)]+Na*

2 467.99 2[MoO,(L2)]+Na*

2 ° [HoL2+Na* | | [MoO,(L2)]+K" 910.99

& 340.11 483.96 2[MoO4(L2)]+H*

¢ | . / 889.01
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200 300 400 500 800 900 1000 1100

m/z
Figure 2 ESI-MS spectrum recorded in the positive ion mode dissolving the complex 4 in a

mixture MeOH/H>0 90/10 v/v, 50 puM.

[{MoO, (L)}, (u - 4,4 - bipy)] —=—> 2[M0O, (L"*)] + 4,4'- bipy (4)

To confirm these insights, the speciation of 1-2 and 3-4 in aqueous media has been also
studied by computational methods evaluating the relative stability of the species
[MoV'O2(LY?)(Solv)], [{MoV'02(L1?)}2(u-4,4'-bipy)] and [MoY'O2(L2)], where Solv is
MeOH, EtOH and H20. The solvent effect was included in the framework of the SMD
model.%°

Notably, the results indicated that the reactions (3)—(4) are strongly shifted towards right in
agreement  with ESI-MS  measurements. In  the hexa-coordinated species
[M0O2(L1?)(MeOH/EtOH/H,0)], the monodentate O-ligands leave spontaneously the axial

site and cannot be characterized as energy minima. From this finding, it can be argued that
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AGgyq IS Very negative for reaction (3). For the sake of the completeness, the simulations
were repeated for 1 in MeOH continuum model; the results indicated that methanol
spontaneously leaves the axial site, suggesting that the weak MeOH coordination observed
in the X-ray structure could be ascribed to solid state aggregation and stabilization effects in
the crystal lattice. Similarly, the dissociation of [{MoO2(L'?)}.(u-4,4'-bipy)] (reaction (4))
is highly favorable with AGaq values of -26.4 and -25.7 kcal mol~! for 3 and 4, respectively.
From this analysis, it can be inferred that in agueous solution the two 5-coordinated species
[MoO2(LY)] (from 1 and 3) and [MoO2(L?)] (from 2 and 4) are formed. The optimized
structure of [MoV'O2(LY¥2)] is shown in Figure S9; the electronic and Gibbs energies of the
species involved in the equilibria are reported in Table S6, while the AG values in aqueous

solution for the reactions (3) and (4) are shown in Table S7.

Binding to serum bioligands with low molecular mass

For a potential metallodrug, the study of the interaction with serum bioligands is essential to
ascertain its possible biotransformation and the transport of the active species in blood up to
the target cells. Obviously, proteins play an important role, in particular HSA (vide infra),
but the involvement of low molecular mass bioligands (bL) cannot be ignored. Among the
serum bL, citrate (citr), lactate (lact), and amino acids, especially histidine (His) may
interact with [MoO2(L*2)] to form ternary MoV'O.—L¥2-bL species or the corresponding
binary complexes MoY'O,—bL. The systems were explored by electronic absorption
spectroscopy in mixtures H.O/MeOH 90/10 v/v, 80/20 v/v and 50/50 v/v varying the pH
(5.0 and 7.4), and metal concentration (50 and 10 uM). The results indicated that no binding
occurs (Figures S10-S11) and [MoO2(L*2)] do not form ternary species with the examined

bioligands, as also pointed out by DFT methods (vide infra).
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HSA binding

UV-Vis absorption study

After a potential metal-containing drug is administered (orally or intravenously), it enters the
bloodstream where the binding with blood carrier proteins such as HSA plays a significant
role in assessing its potentiality. The strength of these interactions can determine the overall
pharmacokinetic properties of the drugs, such as storage, transport and removal, thereby

regulating its efficiency.821%
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Figure 3 Fluorescence quenching of HSA (10 uM) along with successive addition of 10 uM
of complex 1 (0-100 uM) with its Stern-Volmer plot in the inset. Arrow indicates the
decrease in fluorescence intensity with respect to an increase in complex concentration.

Scatchard plot of 1 is shown in the right panel.

Fluorescence quenching study
Fluorescence spectroscopy is commonly used to study the binding of potential drugs with
serum proteins and to get information on their structure and dynamics in the presence of

metal complexes.
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Fluorescence emission spectra of HSA, containing one tryptophan moiety, were recorded in
the absence and presence of the Mo complexes (quenchers) in 50 mM Tris—HCI buffer (pH
7.4) containing 10% DMF. The intrinsic fluorescence intensity of HSA was significantly
qguenched upon the gradual addition of increasing concentration of the quencher
accompanied with hypsochromic shifts of 10, 14, 11 and 10 nm for the complexes 1, 2, 3
and 4, respectively (Figures 3 and S12-S13). In order to quantitatively estimate the
magnitude of interaction between the compounds and HSA, the data were analyzed using
the Stern-Volmer equation, which includes a bimolecular quenching rate constant and

average life time of the fluorophore as shown in the following equation: 1!

T =1k Q1 =1+ K, [Q) ©
where F and Fo are the fluorescence intensities with and without the quencher, respectively,
kg the bimolecular quenching rate constant, to the average lifetime of fluorophore in the
absence of a quencher and [Q] the concentration of a quencher, i.e. the Mo species. Ksy IS
the Stern—Volmer quenching constant in M. The quenching constants Ksv for the
complexes are collected in Table 1.

Furthermore, the linear curve of Fo/F versus [Q] also suggests a static quenching, i.e.
formation of fluorophore quencher adducts in the ground state. In protein binding studies,
the binding constant (from the intercept) and number of binding sites (from the slope) were

obtained using the Scatchard equation, given by:

F,-F

log =log K, +nlog[Q] (6)
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where Ka and n are the binding constant and number of binding sites, respectively. It has
been demonstrated above that the monomeric and dimeric complexes form one and two
equivalents of the penta-coordinated [MoO2(L*?)] species, respectively, along with the
release of the solvent molecule (1 and 2) and the co-ligand 4,4'-bipy (3 and 4). Hence, for
the calculation of the various binding parameters, one mole for monomeric and three moles
for the dimeric complexes, considering the contributions to the fluorescence of [MoO2(L*2)]
and 4,4'-bipy, were taken up (Figures 3 and S12-S13). It is noticed that the values of
binding constants for monomeric complexes 1 and 2 were close to each other, and similar
observation were also made for dimeric complexes 3 and 4, though experimentally a
variance was observed. Overall, the binding constants of the complexes show a reversible
binding and release of the complex from HSA. The number of binding sites for all the

complexes was found to be ~1.

Table 1 Parameters obtained from HSA interaction study for complexes 1-4.

Complex
Parameter

1 2 3 4

Ksv (M) (7.04 £0.13)x10° (6.80 £0.26)x10°  (4.96 £ 0.10)x10° (3.66  0.20)x10°
ke (Mtsh) (1.13+0.16)x1012 (1.10 £0.26)x10*2  (8.02 +0.15)x10* (5.92 + 0.21)x10%
Ka(M)  (1.86£0.17)x10* (1.37 £0.22)x10*  (9.33 £ 0.19)x10* (2.75 + 0.24)x10*

n 1.10+0.04 0.89 +0.03 1.35+0.02 1.24+0.01

Ka values, in the range 10%, highlight a low or moderate interaction of the Mo species with

HSA that may lead to a reduction in bioavailability taking into account that only the free
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drug can diffuse across cell barriers and reach therapeutic targets.%? Therefore, HSA may be
considered as a good carrier for complexes 1-4,1031% while a higher binding affinity would
inhibit the subsequent release of the potential drug, leading to a decrease of in vivo

anticancer activity.

DFT and docking calculations

The binding of Mo complexes 1-4 to HSA was also studied by DFT and docking
calculations. We demonstrated above that 1-3 and 2—4 undergo transformation in aqueous
solution to give the penta-coordinated species [MoV'O2(LY)] and [MoY'O2(L?)], which — in
the bloodstream — could react with HSA in two ways, through a coordinative or a non-
covalent binding on the protein surface. To evaluate the possibility of formation of a

coordinative binding through His or Asp/Glu residues, the reaction (7) was considered:

[MoV'02(LY2)] + Melm/AcO™ 2 [MoV'02(LY?)(Melm/AcO)* (7)

where 1-methylimidazole (Melm) and acetate (AcO~) are models for the binding of His-N or
Asp/Glu-COO to molybdenum and x is O for Melm and 1 for AcO™. The solvent effects were
considered through the SMD model for water.®® The values of AGaq for the formation of
[MoV'O2(LY?)(Melm)] and [MoV'O2(LY?)(AcO)] are in the range 11.5-12.6 kcal mol?,
inducing us to discard the possibility that 6-coordinated species are formed in solution
(Table S7). These results suggest that the direct coordination of amino acid side-chain of a
protein is disfavoured and that HSA interacts with Mo species only in a non-covalent mode.
For this reason, only [MoV'O(L1)] was used as a model for the classical (non-covalent)

blind docking assay.
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Docking results for [MoY'O2(LY)] with fatted HSA highlight several clusters with similar
scoring values (Fmax ranging from 16.2 to 20.0 GoldScore units), indicating the absence of
binding specificity.”® This is in line with the intermediate-low values of the binding
constants K, (Table 1). The best solutions are located at the interfaces of subdomains
IIA/IB (Figure 4a) and 111A/IB (Figure 4b); others are found at interface 11I1A/I1IB (Figure
4c). Each structure is stabilized by at least one hydrogen bond between the aza or Ofuran
functionalities of (L')?>~ and/or the oxido ligands with OH group of Tyr or NH groups of
Asn, Lys or Arg residues (Table 2). It must be highlighted that interfaces IIIA/IB and
IHIA/111B define an internal pocket in HSA, reported as a common site for ligand interactions
including metal species.'%% Interestingly, the adducts formed at these sites indicate that
the molybdenum species are close to the unique tryptophan (Trp214) of the protein, in

agreement with fluorescence quenching experimentally observed.

Table 2 Blind docking results for the interaction of [MoY'O2(L1)] with fatted human serum

albumin.

Region  Fma®  Fmen®  Interactions Pop. Rank
IHA/INIB  20.00 19.12 NH3" Lyssa1---NN; NH2,arga10° - - M0QOax 4 |
I1A/IB 1944 17.11 NH2 arg222--*NN; NH3" Lys195- - -M0Oax 97 I

A/IB 1930 1811  NHaargise:--M0Oaxieq; NH2,Ginaso---M0Oeq 13 1

HIA/INIB 1759 1662  NHs* yssa1---M0Oax; NHzArgato---M0Oeq 21 v
HIA/IIB  17.28 1626 NH3*yssa1---M0Oeq; NH,argat0---M0Oax 60 WY,
IA/IB  16.88 1614  NHs"ys0s --NN/Otyran; OHryrasz --M0Oeq 85 VI
HA/IB 1621 1545  NHz,Argzs7--M0Oax 18 VII
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2 Fitness value for the most stable pose of each cluster (Fmax). ° Mean Fitness value of the
GoldScore scoring function for each cluster (Fmean). © Number of solutions in the identified

cluster.

Figure 4 Best representative solutions of the most stable clusters for the interaction of
[MoV'O2(LY)] with fatted HSA: a) subdomains IIA/IB; b) subdomains HIA/IIIB; c)
subdomains IHA/IB, interfaces. Subdomains I1A, IIIA, IB and I1IB, are depicted in yellow,
purple, brown and cyan, respectively. Interacting residues are explicitly shown and Fmax

values are reported for each cluster with corresponding colors.

Forster resonance energy transfer (FRET)

In the above section, we mentioned that the molybdenum species are close to the unique
tryptophan (Trp214) of HSA. Therefore, fluorescence resonance energy transfer (FRET)
was used to estimate the distance between the Trp214 residue and molybdenum species.
FRET constitutes a non-destructive spectroscopic method that can provide useful
information about the distance of a donor and an acceptor molecule.®5%%7 According to

Forster’s nonradiative energy transfer theory, the efficiency of energy transfer between a
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donor and acceptor (E), and the average distance between them (ro) can be calculated®

using eg. (8):

-1-= (®)

where Ro is the distance at 50% transfer efficiency, and F and Fo are the observed
fluorescence intensities of HSA in the presence and absence of Mo complexes, respectively.
The spectral overlap between the normalized donor emission spectrum of HSA and molar
extinction coefficient spectrum of the acceptor complexes 1-4 is shown in Figure S14 and

the FRET parameters calculated from egs. (8) and (1)—(2) are summarized in Table 3.

Table 3 Forster energy transfer parameters for interactions of the complexes 1-4 with HSA.

Complex E J(nm*M1cem™) Ro (nm) ro (nm)
1 0.090 3.23 x 10 2.90 4.23
2 0.167 3.88 x 101 2.99 3.88
3 0.163 5.42 x 10% 3.16 4.13
4 0.141 4.86 x 10 3.11 4.18

The values obtained for Ro and ro are much less than 8 nm which is essential for FRET108:109
to take place between donor (Trp214) and the specific molybdenum complex (acceptor)
bound to HSA (as found from molecular docking study). Furthermore, the obtained ro value
obeys the relation 0.5Ro < ro <1.5Ro, which implies that the energy transfer takes place in the

interaction with high probability. 108110111
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DNA binding

Absorption Titration

The cytotoxicity of metal complexes is often attributed to their ability to interact with DNA,
changing its structure and stability by hydrogen bonding and r stacking between the
strands.!!27116

Electronic absorption spectroscopy is a conventional method used to investigate the
interaction of metal complexes with DNA (covalent or non-covalent such as intercalation
and electrostatic or groove binding).!'’"!'® On gradual addition of CT DNA to a solution
containing 50 mM Tris—HCI buffer (pH 7.4) containing 10% DMF and the Mo complexes
with constant concentration, an appreciable hypochromic shift is observed for the LMCT
bands, while absorption bands in the region 275—390 nm show a hyperchromic effect along
with a red shift of 815 nm (Figure S15). The hypochromicity observed in the spectra
reveals the presence of charged cations which bind to DNA via an electrostatic attraction to
the phosphate groups of the DNA backbone, thereby damaging its secondary structure. The
hyperchromicity may be also assigned to external contact (electrostatic binding) or to partial
uncoiling of the DNA double helical structure, exposing a higher number of its bases.
Moreover, an isosbestic spectral change was also observed for 2—4, which suggests the
existence of a chemical equilibrium between the bound and unbound state of the
complexes.t’

The hypochromic shifts in the LMCT absorption bands for each complex were chosen to

determine their binding constant (Ky) using eq. (9):1%°
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[DNA]  [DNA] N 1
€ &¢ €y~ &¢ Kp(ep—&¢)

)

where, €a, & and &b are the apparent extinction coefficients of the complexes in the presence,
in absence and to fully bound DNA, respectively, [DNA] is the concentration of DNA base
pairs, and Ky is the intrinsic binding (equilibrium) constant. The values of Ky, calculated
plotting [DNA]/(ga — &) vs. [DNA], for the complexes 1—4 were 2.08 + 0.27 x 104, 1.40 +
0.39 x 103, 2.04 + 0.16 x 10% and (2.11 + 0.40 x 10%), respectively. As described in the
Fluorescence quenching section, here too, the contribution to the absorbance of two moles
of [MoO2(L*?)] and one mole of 4,4'-bipy was considered for the calculation of the DNA
binding constant. The results indicate a comparable and nearly identical binding affinity for
both the monomeric and dimeric complexes. This could be explained with the results of the
stability studies in solution and DFT, which suggest that the 4,4'-bipy bridge of the dimeric
complexes is broken in agueous solution to give rise to two monomeric moieties. On the
other hand, measurements of the binding of CT DNA with the ligands alone do not reveal

any significant interactions.

Competitive DNA binding fluorescence measurements

The exact mode of binding manifested by the complexes 1-4 with CT DNA was determined
with three fluorescent dyes namely EB, DAPI and MG in 50 mM Tris—HCI buffer (pH 7.4)
containing 10% DMF through competitive binding experiments, where EB (ethidium
bromide) binds to DNA through intercalation, DAPI (4’,6-diamidino-2-phenylindole) and
MG (methyl green) are minor and major groove binders respectively.*®*21122 For this study,
titration of an increasing complex concentration on EB bound to CT DNA, led to the
guenching of the emission intensity of the latter adduct at 597 nm (Figures S16-S17). All

the complexes exhibited a substantial displacement of the EB bound to CT DNA, which was
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in the range of ~50-75%. EB displacement parameters were also calculated through the
same approach as described above for the binding interactions with HSA. Hence, the
intercalative binding affinity of the complexes were evaluated using the Stern-Volmer
equation, giving rise to Ksy values of 4.41 + 0.32 x 103 M, 4.35 £ 0.47 x 10° M1, 5.26 +
0.35 x 103 Mt and 4.95 + 0.27 x 10° M for complexes 1—4, respectively. The relevant
binding constants (Kp) are 1.85 + 0.17 x 10° M%, 1.58 + 0.37 x 103 M, 7.33 + 0.26 x 10°
M- and 2.08 + 0.20 x 10° M for complexes 14, respectively, and were derived from
Scatchard equation. In this case too, the values are comparable, confirming the dissociation
reactions (3) and (4).

In addition, the minor groove binding affinity of 1-4 was assessed by the titration of DAPI
bound CT DNA with increasing the complex concentration. There was a decrease in the
emission intensity of the DAPI bound to CT DNA at 455 nm, indicating that the complexes
could also interact with CT DNA through a minor groove binding (Figures S18—S19).
Quantitatively, complexes 1-4 were found to be quenched of the emission intensity at 455
nm of ~70, ~66, ~85, ~75% respectively. Therefore, our results clearly demonstrate that 1—
4 are able to interact with CT DNA through both intercalation and minor groove binding
modes. We also performed similar competitive experiments with MG bound CT DNA; the
results suggested that the Mo complexes were not able to quench the emission intensity at

597 nm (data not shown).

Circular Dichroism Study

Along with the above methods, circular dichroism (CD) spectroscopy was also used to study
any conformational modifications taking place in CT DNA upon interaction with the metal
complexes. As benchmark, the CD spectra of CT DNA alone reveal a positive band at 275

nm due to base stacking interaction and a negative band at 245 nm due to right handed
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helicity.123124 Generally, groove binding interactions shows little or no perturbation of the
base stacking and helicity bands, while there is a change in the intensity of both bands for
intercalation mode. 12412

Owing to the interaction with the complexes 1-4, the CD spectra of the CT DNA showed
less change in the positive band at 275 nm, whereas a considerable change was observed in
the negative band at 245 nm (Figure 5). The results suggested that, along with intercalative
mode of binding which is quite evident from the spectra, the Mo complexes could also
interact through groove binding and this is in good agreement with the competitive DNA

binding results described above.

44 | ——CT-DNA
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Figure 5 Circular dichroism spectra of CT DNA (100 uM) in the presence and absence of
1-4 in 50 mM Tris—HCI buffer (pH 7.4) containing 10% DMF. The path length of the

cuvette was 2 mm.

Docking studies

The binding mechanism of the Mo complexes 1-4 to DNA was also theoretically evaluated.
Based on the above mentioned DFT stability studies, the penta-coordinated species
[MoV'02(L1)] was used as a representative case in a DNA non-covalent docking assay. As a
result, a unique fully populated cluster of solutions with high affinity (Fmax = 62.6 and Fmean

= 60.0 GoldScore units) was predicted, indicating a clear, high specific minor-groove
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binding in which the complex is oriented with the MoO2?* moiety toward the solvent
(Figure 6a).

The stability of the MoY'O2(L1)-DNA adduct stands on the hydrophobic interactions
between DNA bases and the aroylhydrazone ligand L1, as highlighted by the Non-Covalent
Interaction (NCI'%°) analysis reported in Figure 6b with the green blobs. These results are in

accordance with the previously discussed spectroscopic evidence.

Figure 6 a) Docking solutions of the Mo"Y'O2(LY)-DNA minor-groove adduct; b) NCI
intermolecular analysis. The surfaces are reported in a blue-green-red scale according to
values of sign(A2)xp.1?” Blue surfaces indicate strong attractive interactions (such as dipole-
dipole or hydrogen bond), red indicates repulsion, while green means van der Waals

interaction.

Cytotoxic activity and mechanism of action
Determination of the cytotoxic potential
In order to determine the cytotoxic effect of the Mo complexes, MTT cell viability assay

was carried out.*6484952 In the present investigation, the complexes — with a different
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number of metal centers and substituents in their ligand backbone — were tested for their

toxicity on three different cell lines: human cervical cancer (HelLa), human colon cancer

(HT-29) and noncancerous mouse embryonic fibroblast (NIH-3T3) cell lines.

Table 4 I1Csp values of complexes 1-4 for HeLa, HT-29 and NIH-3T3 cell lines.

ICs0 (UM)
Complex HelLa HT-29 NIH-3T3
1 10.29 +2.78 24.14 +0.96 41.47 £ 0.84
2 16.42 £3.94 25.68 + 1.32 49.58 % 0.37
3 9.73+3.90 18.05 + 1.53 48.60 % 0.98
4 10.01 % 2.22 25.04 +1.71 51.30 + 0.52
Cisplatin 12.2 70 4.7

From the results, it can be established that the toxic effects are specific for each compound
and are cell type dependent. The aroylhydrazone ligands do not show any significant
toxicity compared to the complexes (ICso > 100 pM), while the cytotoxicity of 4,4'-bipy is
well established in the literature.’?812° As compared to the other cancer cell line (HT-29),
HelLa shows better sensitivity towards all the complexes (Figure 7). The ICso values
indicate that these complexes may act differently on different cell lines ascertaining them to
be cell specific. Overall, the 1Cso values for Mo complexes (Table 4) were found
comparable or also better than cisplatin, a commonly used chemo-therapeutic drug.t303%ref

The 1Cso values for all the complexes have been calculated from the cell viability graph and
are listed in Table 4. The results could be rationalized considering the behavior of 1-4 in
aqueous solution. In particular, the dissociation of 3 and 4 complexes results in the release of

two moles of penta-coordinated [MoO2L' 2] species and the cytotoxic 4,4'-bipy molecule.
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This mixture of species present in the incubation media may be responsible for
comparatively higher cytotoxicity of the dimeric complexes. This finding has been recently
demonstrated in the metal systems where the active species could be more than one
depending on the conditions; this is particularly evident for vanadium compounds, for which
the ligand exchange, redox and chemical changes play a fundamental role to determine the
active species in the organism.17:36:381327137 Therefore, similar type of behavior could be
postulated for the present systems. This insight further supports the data in the literature that,
for metal complexes, the biotransformation under biological media must be taken into

account to explain the activity of a potential metal-based drug.
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Figure 7 Cytotoxicity profiles of complexes 1—4 for HeLa, HT-29 and NIH-3T3 cell lines.
The cells were subjected to treatment with varying concentrations of the Mo complexes for

48 h and the cell viability was measured using the MTT assay. Data are reported as the mean
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+ SD for n = 4 and * represents a statistical significance of p < 0.05 as compared to the

control.

So, to further establish the cell specificity of the Mo complexes and — in turn — to study their
anticancer properties, 1-4 were evaluated for their cytotoxicity against noncancerous mouse
embryonic fibroblast (NIH-3T3) cell line. The results demonstrated that they were
significantly less toxic towards the noncancerous than cancerous cells (Figure 7). Therefore,
it would be safe to claim that these complexes deserve to be further studied as potential
anticancer agents in other cell lines in the future.

The present set of complexes has shown superior or similar cytotoxicity when compared to
our investigations on other molybdenum(VI) species of aroylhydrazone ligands (ICso
between 4.41 and 162.55 pM for HelLa and ICso between 20.63 and 177.92 uM for HT-
29),4697 and salan (ICso between 10.74 and 275.20 uM for HeLa and 1Cso between 2.62 and
221.81 puM for HT-29).5° They are even better than what was reported for molybdenum(V1)
complexes of Schiff base ligands (ICso between 17 and 58 pM for HelLa®*®) and for
molybdenum(V) complexes of neutral bidentate ligands (LCso 35 uM for HelLa from other

groupst®?).

Reduction by cellular reductants

Since complexes 1-4 contain Mo in the oxidation state +VI, their tendency to be reduced to
a lower oxidation state has been verified by EPR, ESI-MS and UV-Vis spectroscopy,
studying the reaction with cellular reducing agents such as L-ascorbic acid (Asc) and
glutathione (GSH), which are present in the cellular environment.

The EPR studies were carried out at physiological pH in mixtures PBS/DMSO 1/1 (v/v)
containing the reductants and the Mo complexes in molar ratios ranging from 1/1 to 10/1. In

all the cases, the reduction of MoV did not take place and it was not possible to reveal any
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spectral signals attributable to MoV which — having a 4d? electronic configuration— is easily
detectable by EPR.140"142 However, a bielectronic reduction to Mo' (4d?) could not be
detectable by EPR due to the large zero-field splitting and fast relaxation time. 143144
Therefore, by EPR the reduction to MoV but not to Mo'V can be excluded.

To get other information on the possible reduction of 1 and 2, several experiments were
carried through the combined application of ESI-MS and UV-Vis with GSH and Asc in
mixtures H-O/MeOH, at different pH (5.0 and 7.4), metal concentration (5, 10 and 50 uM)
and reductant/Mo ratio (1/1 and 10/1). In the ESI-MS spectra recorded with 1 only the peaks
of [MoO2(LY)] ([MoO2(LY)]+H*/Na*/K* at m/z 430.03, 452.01 and 467.99, respectively) and
no signals of other Mo species were detected; moreover, the peaks of uncomplexed GSH
([GSH]+H" at m/z 308.09) and Asc ([Asc]+H™ and [Asc]+Na® at m/z 199.02) were
observed, while the possible peaks due to the oxidation products, GSSG and L-
dehydroascobate (for which the possible adducts with H* and Na* are expected at m/z
613.16 and 635.15, and at 175.02 and 197.01, respectively) were not revealed (Figure S20).
The UV-Vis spectra with [MoO2(L?)] do not show any appreciable variation, so the
reduction and/or complexation could be excluded (Figures 8 and S21). Moreover, a lower
energy UV-Vis absorption peak is expected due to a d—d transition, if Mo(V1) would have
been reduced to Mo(IV) or Mo(V);*>% as this was not the case, this possibility could be
further ruled out.

Therefore, the results demonstrate that the studied Mo species are stable and do not have any
tendency to be reduced even in the presence of cellular reductants. This finding has as a

consequence that Fenton-like reactions could be precluded for complexes 1-4.
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Figure 8 Electronic absorption spectra recorded on the systems containing [MoO2(L¥?)] (1—
2) and GSH or Asc with molar ratio 1/1, 50 and 10 uM, pH 7.4: a) 1, H.O/MeOH 90/10 vlv;

b) 2, H.O/MeOH 80/20 v/v. With the arrow the absorption of free Asc ligand is shown.

DMPO assay

The formation of hydroxyl radicals "OH was evaluated by DMSO assay according to the
procedure established in the literature.*> Under biological conditions the hydroxyl radicals,
taken as representative examples of ROS, can be generated by Fenton-like reactions when
both peroxide H2O, and a metal species are present in the organism and can cause serious

damages to the DNA.'#8147 |n the assay, a metal ion or metal complex reacts with H2O;
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hydrogen peroxide, forming "OH that is trapped by DMPO to yield the stable radical adduct
DMPO-OH, revealed in its turn by EPR spectroscopy with a distinctive four-lines signal
with a 1:2:2:1 ratio between the resonances.14®

The assay was carried out in the systems containing the Mo complexes 1-4 and H2O: in the
absence or presence of a reducing agent (GSH or ascorbate with a concentration 10 times
higher than the metal species). The results show that in both the situations EPR signal was
not detected and "OH radicals are not produced (Figure S22). This confirms the results
discussed in the previous section, i.e. that MoY' complexes are not reduced to lower
oxidation states which should give the Fenton-like reaction(s) MoV + H,0, — MoV"V +
OH™ + "OH. In contrast, no Fenton-like process is expected with MoV'. So, the mechanism of
action of 1-4 could not be based on the production of ROS but on the direct interaction with
DNA, which was demonstrated by absorption, fluorescence and CD spectroscopy and by

docking calculations (vide supra).

Nuclear staining

The mode of cell death (apoptotic or necrotic) induced by the Mo complexes was
determined through DAPI staining, which is a DNA binding dye. In line with MTT cell
viability results, ICso concentration of 1-4 was used in the staining study. Interestingly, it
was observed that the complexes cause cell death through apoptotic pathway since the
treated cells showed damaged DNA along with disrupted nuclear morphology, nuclear
fragmentation and chromatin condensation. In contrast, the nucleus appeared perfectly intact
in the control cells with a homogeneous shape (Figures 9 and S23). This confirms that the

mode of action of Mo compounds 1-4 must be explained with the interaction with DNA.
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Hela

Figure 9 Changes of HeLa cells observed by fluorescence microscopy upon staining with DAPI

following treatment with 1—4 (scale bar corresponds to 20 pum).

Cell Cycle Analysis

Cell cycle is of paramount importance in cell division and involves a sequential series of events
within the cell 143150 Generally, in treatments against cancer, cell cycle arrest is linked to induction
of cell apoptosis and consequently to cell death.’® Keeping in view the preliminary screening
results, it was found that HelLa cells showed more sensitivity towards the Mo complexes in
comparison to HT-29, and therefore HelLa cells were used for further testing the effect of 1-4 on
cell cycle progression and cell apoptosis. For this reason, HelLa cells were exposed to different
concentrations of the tested compounds for 24 h and analyzed with flow cytometry.?

Interestingly, it was observed that the cell population in sub-GO/G1 phase increased from 1.2%
(control) to 4.5, 4.8, 5.1 and 5.3%, for complexes 1-4 respectively at 5 uM. Upon increase in

concentration to 10uM, there was further increase in the population in sub-G0/G1 phase to 7.5, 5.5,
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5.9 and 7.6%. As shown in Figure 10, there was a decrease in the percentage of cells of the GO/G1
phase at both the tested concentrations. The cell populations in the other cell cycle phases (S and
G2/M) decreased with respect to the control. The significant increase in population of the sub-
GO/G1 reveals that apoptosis was indeed the mechanism by which these complexes induced cell

death.1%3
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Figure 10 Percentage of HelLa cells in different phases of cell cycle after 24 h of exposure with

complexes 1-4 determined by flow cytometry.

Cell Apoptosis

Cell death can be attributed to either necrosis or apoptosis. While apoptosis (programmed
cell death) is the systematic death of genes controlled by cells that maintain internal
stability,>*1° necrosis (sudden cell death) is usually any sort of injury which results in cell
damage. Generally, the competency of an anticancer drug to reduce tumor growth®® has
been linked to its ability to induce apoptosis in cancer cells. Hence, their potential to induce
apoptosis in HelLa cells was investigated by flow cytometric analysis after Annexin-V-FITC
and propidium iodide (PI) staining. The results presented in Figure 11 show incubation of

HeLa cells with the complexes for 48 h. Quantification of the data indicates that the
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percentage of the apoptotic cells (including early and late apoptotic cells) at a concentration
of 5 uM was found to be 56.7%, 20.6%, 53.6% and 13.1% for complexes 1-4, respectively.
With an increase in the concentrations of Mo complexes, greater populations of cells were
found to be in apoptosis. Finally, an 89.6%, 41.3%, 62.1% and 31.5% total proportion of
early apoptotic and late apoptotic cells were undergoing apoptosis at a concentration of 10
uM. In the same place, the untreated cells remained 90.3% and 95.0% viable. Altogether,
these results clearly indicate that these sets of complexes could Kkill human cervical cancer
(HeLa) cells via apoptosis, which is a hallmark of an anticancer drug. Similar findings have

been commonly reported following drug treatment.**’
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Figure 11 Induction of apoptosis in HeL a cells treated with 5 uM and 10 uM concentrations
of 1-4 for 48 h by flow cytometry using Annexin V/propidium iodide (PI1) staining method.
The percentage of cell population is indicated as non-apoptotic live cells (lower left), non-

apoptotic dead cells (upper left), early apoptotic cells (lower right), and late apoptotic cells

(upper right).
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CONCLUSIONS

The results of the present study reveal that the transformation in biological media plays a
key role in determining the active species and mode of action of the molybdenum
compounds 1-4. Both mononuclear 1 and 2 and dimeric 3 and 4 Mo complexes undergo
chemical changes in solution to give the penta-coordinated species [MoOzL'?]. This
dissociation process should be taken into account in the analysis of the cytotoxicity for other
polynuclear metal-based drugs. [MoO2L*?] species are stable and, in the bloodstream, do
not bind with low molecular mass bioligands. They only interact non-covalently with HSA
before crossing the cellular membrane to enter in the cytosol. The results from the protein
binding study suggested that the complexes could interact with HSA through static mode of
guenching with reasonably good HSA binding parameters.

In the cytosol, Mo species are redox stable and keep the oxidation state of +VI even in the
presence of reducing agents such as ascorbic acid or GSH and reduction of Mo"! to MoV or
Mo'Y do not take place. This precludes the Fenton-like reactions and formation of ROS that,
indeed, were not detected by EPR spectroscopy. Therefore, the mechanism of cellular
toxicity of these complexes could not be related to the production of ROS but to the direct
binding with DNA through an intercalative and minor-groove mode, as suggested by in
silico simulations. The steps that lead from the binding of the Mo complexes to DNA to the
cellular apoptosis are not clear at the moment and are currently under investigation in our
groups.

Further, the in vitro cytotoxicity of 1—4 was assayed against HeL.a, HT-29 and NIH-3T3 cell
lines. The results unveil the cytotoxicity potential of these complexes as indicated by their
ability to induce apoptosis in cancer cell lines. In spite of being fairly cytotoxic in cancer
cells, they were less toxic for the noncancerous cells. This could point towards a cancer cell

specificity of the complexes. Moreover, among all the tested species, the mixed-ligand
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dimeric complexes (3 and 4) were comparatively better than their corresponding monomeric
complexes (1 and 2) towards cytotoxicity. We hypothesize that this effect is due to the
presence of a mixture of [MoO2LY?] species and 4,4'-bipy after the dissociation of the
dimeric 3 and 4 complexes.

The findings of this study should contribute towards the development of molybdenum-based
anticancer agents and will pave a path to gain further insights into their mechanism of
anticancer activity. Moreover, they confirm that often for a metal-based drug the
transformation in biological media can be more important than the molecular nature of the
synthesized species in the explanation of the pharmacological action. These chemical
changes should be taken into account in the interpretation of the experimental results. In
other words, the concept that the administered Mo complex may be only a prodrug, which
releases the active species in the serum or cytosol, should be considered in the future in the
rational design and development of new potential molybdenum drugs and their drug-

delivery strategy.
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SYNOPSIS

The transformation of a series of mono- and dimeric molybdenum(VI) complexes in biological
media, their interaction with biomolecules and in vitro cytotoxicity has been studied. Both the
species undergo chemical changes in solution to give the penta-coordinated species [MoO2(L!™?)].
The enhanced biological potential revealed by the dimeric complexes have been attributed to the

mixture of [MoO2(L!7)] species and the cytotoxic 4,4'-bipy molecule.
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