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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 but often not completely considered. Two monomeric
[MoO2(LY)(MeOH)] (1) [MoO2(L?)(EtOH)] (2) and two mixed-
ligand dimeric  [{MoO2z(L'"?)}2(p-4,4'-bipy)] (3-4) Mo"'O2
complexes 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'?)] 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 and their in vitro cytotoxicity were
evaluated through analytical and computational methods.
Interestingly, the p-4,4'-bipy bridged complexes 3-4 were found
to be more active than the monomeric 1-2, due to their
dissociation into two equivalents of [MoO2(L'?)] and the
cytotoxic 4,4'-bipy molecule. 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
[MoO2(L'"?)] and the cytotoxic 4,4'-bipy, after their dissociation.

Introduction

Despite the rapid development of anticancer drugs, cancer
remains one of the leading causes of death worldwide. This is
due to the 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

associated

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 serum albumins.@ On
the other hand, DNA is the primary target of many metal based
anticancer drugs.P®! Metal complexes may bind to DNA leading to
alteration and/or inhibition of DNA 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 when new potential metallic
anticancer agents are tested. While 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 can be demonstrated for cisplatin cis-
[Pt(NH3)2Cl2] and 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.B! A similar situation was also



observed with titanocene, Cp2TiCl..®l 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.l”? 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,® and many
dimeric and polymeric copper compounds have been described
as very promising candidates,® without considering their
dissociation in mononuclear units that was demonstrated
unambiguously in aqueous solution and coordinating solvents by
EPR spectrosopy.lt

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.*Y
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(VI)
complexes.*

Potential molybdenum based anticancer agents have been
synthesized in oxidation states of +Il, +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 CT DNA, showing a good cytotoxic action
on the cell lines HT-29 (human colon cancer) and HeLa (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.* MoV
compounds could be reduced in the cellular environment and
give MoV species that is able to form ROS through a Fenton-like
reaction MoVO® + H202 — MoY'022* + H* + "OH; these results
indicate that Mo 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-hydrazone species,**1517]
herein, the synthesis of two monomeric [MoO2(LY)(MeOH)] (1)
[MoO2(L?)(EtOH)] (2) and two mixed-ligand dimeric
[{MoO2(L ¥ 2)}2(u-4,4'-bipy)] (3 and 4) dioxidomolybdenum(VI)
complexes from two aroylhydrazone ligands (HoL'?) are
reported. 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.l*9
Moreover, the introduction of nitrogen-chelating bidentate co-
ligands with powerful o donor functions, such as 4,4’-bipyridine
might affect the planarity, hydrophobicity, and general anticancer
action of metal complexes.?% The interaction of the synthesized
compounds with human serum albumin (HSA) and Calf Thymus
DNA (CT DNA) has been studied. Further, studies on their
antioxidant capability, redox properties, and molecular modeling
calculations 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.
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. To the best of our
knowledge this is one of the first reports where such a
comprehensive idea is applied to the pharmacological action of
molybdenum complexes.

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 HoL'? with MoO2(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(L2)(EtOH)] (2), and [{MoO2(L " 2)}(p-4,4'-
bipy)] (3 and 4).

X-ray structure description

In order to predict a specific coordination mode of H2L'™2 or
stereochemistry for the monomeric Mo¥' 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
Table 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
(Figure 1 and S1) reveal that the ligand is coordinated to
Mo"'02%* 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 (Table S2 and S3). Further, a solvent molecule
is also coordinated to the metal center in trans to one Mo=0O
bond; therefore, the complex can be formulated as
[MoO2(LY)(MeOH)] (1) [MoO2(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. Solvent
molecule like methanol and ethanol completes the distorted
octahedral coordination sphere of 1 and 2 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 MoY'-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 substitutions
(Table S2 and S3). This feasibility is realized in the facile
formation of adducts with formula [{MoOz(L' ?)}2(u-4,4'-
bipy)] (3 and 4).

Figure 1 Molecular structures of the complex 1 and 3 with atomic
numbering scheme used.

On the other hand, the dimeric complexes [{MoO2(L*"2)}2(u-
4,4'-bipy)] (3 and 4, Figure 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 Mo"' center, where the dianionic
and tridentate ligand (L*"?)* 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
complexes 1-4 have been listed in the Experimental
Section reported in the Supporting Information. FT-IR
spectra of the complex exhibit two stretching bands in the
range 917-941 cm indicating the dioxido nature of MoO2?*
ion.174:216:221 Elactronic spectra of the complexes display
strong or moderate intensity bands in the range 475-478
nm and 354-360 nm due to ligand to metal charge transfer
(LMCT) and ligand centered transitions,
respectively.[t7¢210:221  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 coordination of the metal atom.
Monomeric complexes 1 and 2 exhibited additional peaks in
the expected region for the axially coordinated MeOH and
EtOH molecule. 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 HzL'?which is due to
the coordinated co-ligand 4,4'-bipy. Due to their center of
symmetry, resonance peaks of only one half of the
molecule are visible in the spectra.

The ®C NMR signals of the complexes, as depicted in the
Experimental section of the Supporting Information, 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, is also evident of 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.

ligands (Hz:L'?) and

Stability in aqueous solution: spectroscopic/spectro-
metric 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 at pH 7.4 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.
Overall, the results can be rationalized postulating that
these complexes are not stable in aqueous solution and
probably 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 form the
mononuclear species [Mo"'O2(LY)] and 2 and 4 [Mo"'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 92:9495.96.97.98.100\q jsotopes,
allows to assign unequivocally the nature of the signals
(see Figure 2 and Supporting Information Figure S4-S6).
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 [MoO2(L*?)]+Na* (Table S4 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 (1). No m/z signals
assignable to [MoO2z(L'?)(Solv)] were observed. Less
intense peaks of proton and potassium adducts,
[MoO2(L*?)]+H* (at 430.03 and 446.01 m/z for 1 and 2
respectively) and [MoO2(L'?)]+K* (at 467.99 and 483.96
m/z for 1 and 2 respectively) were also identified. The
comparison between the experimental and calculated
isotopic pattern for [MoOz(L*?)]+H*/Na*/K* ion peaks is
shown in Figure S7 and S8.

[MoO, (L?)(Solv)] —¥€*_5 [MoO,(L"2)] + Solv 1)

The complexes 3 and 4 (in MeOH/H20 90/10 v/v) show
signals similar to 1 and 2, respectively (Table S5 and
Figure 2 and S6). In particular, the peaks of
[MoOz(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 (2)). No peaks attributable to
{MoO2(L*?)}2(u-4,4'-bipy)] in the m/z range 1000-1100
were found and this indicates that in methanol/water the
reaction (2) is completely shifted toward right.

[4,4-bipy]+H* [H,LZJ+H*

157.08 318.13

3 [MoO,(L2)J+H*

& 10 446.01

©

= ] [MoO,(L2)]+Na*

2 467.99 2[MoO,(L?)]+Na*

2 9] [HoL2J+Na* [MoO,(L2)+K* 910.99

L 340.11 483.96 2[MoO,(L2)]+H*

= iosh NI N SO 7 .. |
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,O 90/10 v/v, 50 uM.

[{MoO, (L")}, (1 - 4,4 - bipy)]—2 5 2[M00, (L"2)] + 4,4' - bipy (2)

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(L¥?)(Solv)], {Mo"'02(L*?)}2(u-4,4'-bipy)] and
[Mo"'02(L¥2)], 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 (1-2) are
strongly shifted towards right in agreement with ESI-MS
measurements. In  the hexa-coordinated species
[MoO2(L*?)(MeOH/EtOH/H20)], the monodentate O-ligands
leave spontaneously the axial site and cannot be
characterized as energy minima. From this finding, it can be
argued that AGaq is very negative for reaction (1). For the
sake of the completeness, the simulations were repeated
for 1 in MeOH continuum model; the results indicated that it
remains coordinated up to a distance Mo—O(MeOH) of
3.260 A. For larger distances, methanol spontaneously
leaves the axial site, suggesting that the weak MeOH
coordination observed in the X-ray structure should be
ascribed to solid state aggregation and stabilization effects
in the crystal lattice. Similarly, the dissociation of
{MoO2(L*?)}2(u-4,4'-bipy)] (reaction (2)) 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
aqueous solution the two 5-coordinated species [MoO2(L1)]
(from 1 and 3) and [MoO2(L?)] (from 2 and 4) are formed.
The optimized structure of [Mo"'O2(L*?)] 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 agueous solution for the reactions (1) and (2)
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 transport of the active species in
blood up to the target cells. Obviously, proteins play an
important role, in particular HSA (see 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*?)] to form ternary Mo"'O.—L'">-bL species or the
corresponding binary complexes Mo"'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 puM). The results indicated that no binding occurs
(Figures S10-S11) and [MoO2(L'"?)] do not form ternary
species with the examined bioligands.

HSA binding

UV-Vis absorption study

After a potential metal-containing drugs 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 as a drug. The
strength of these interactions can determine the overall



pharmacokinetic properties of the drugs, such as storage,
transport and removal, thereby regulating its efficiency.?4

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.

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). The intrinsic fluorescence intensity of
HSA was significantly quenched 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 (Figure 3 and S12-
S13). In order to guantitatively 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:?°!

L knlQ] =1+ Ky Q] ®)
where F and Fo are the fluorescence intensities with and
without the quencher respectively, kq 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 Ksy 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:

IogFOF;F =log K, +nlog[Q] )]

where Ka and n are the binding constant and number of
binding sites, respectively. It has been demonstrated
above, the monomeric and dimeric complexes form one
and two equivalents of the penta-coordinated [MoOz(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')] and 4,4'-bipy, were taken up
(Figure 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, as per our
above rationale, the monomeric and dimeric complexes
should have identical binding constants, but 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.
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Figure 3 Fluorescence quenching of HSA (10 pM) along with
successive addition of 10 uM for complex 1 (0-100 pM) 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 below.

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

Complex
Parameter
1 2 3 4
Ksv (M) (7.04 = (6.80 + (4.96 + (3.66 +
0.13)x10% 0.26)x10° 0.10)x103 0.20)x103
ko (M1 s7Y) 113+ (1.10+ (8.02 + (5.92+
0.16)x10*2  0.26)x10*?  0.15)x10'*  0.21)x10%
Ka (M) (1.86 + (1.37+ (9.33+ 275+
0.17)x10* 0.22)x10* 0.19)x10* 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 only the free
drug can diffuse across cell barriers and reach therapeutic
targets.?®! Therefore, HSA may be considered as a good
carrier for complexes 1-4,2"1 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 [Mo"'Oz(L%)]
and [Mo"'02(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 (5) was considered:

[Mo"'02(L¥2)] + Melm/AcO™ 2 [Mo"'02(L*2)(Melm/AcO)]* (5)

where 1-methylimidazole (Melm) and acetate (AcO~) are
models for the binding of His-N or Asp/Glu-COO to
molybdenum and x = 0 for Melm and x = 1 for AcO™. The
solvent effects were considered through the SMD model for
water.'”’ The values of AGa for the formation of
[MoV'O2(LY2)(Melm)] and [Mo“'O2(L*2)(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 [Mo"'Ox(LY)]
was used as a model for the classical (non-covalent) blind
docking assay.

Docking results for [Mo"'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 Ka (Table 1). The best
solutions are located at the interfaces of subdomains I1IA/IB
(Figure 4a) and IlIA/IB (Figure 4b); others are found at
interface IIA/IIIB (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
groups of Tyr or NH groups of Asn, Lys or Arg residues
(Table 2). It must be highlighted that interfaces IIIA/IB and
INA/IIIB 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'O,(LY)] with
fatted human serum albumin.

Region  Fmaxd®  Fmean!™ Interactions Pop.!  Rank

INA/IB  20.00 19.12 NH3* Lyssa1---NN; a |
NH2,Arg410---M0QOax

11A/IB 19.44 17.11 NH2 arg222+:-NN; 97 I
NH3* Lys195°--M0OOax

1IA/IB 19.30 18.11 NH2,Arg196* - M0OQaxseq; 13 m
NH2,6ina59::-M0Oeq

INA/NB 1759 16.62 NHs* Lyss41:-:MOOax; 21 v
NH2,arga10°*-M0OOeq

HNAMB 17.28 16.26 NH3* Lyssa1---MOOeq; 60 v
NH,arga10- - MOOax

IA/IB 16.88 16.14 NHs* Lys195---NN/Oturan; 85 Vi
OHryrasz:-*M0Oeq

IANB 1621 15.45 NHa,argzsr++-M0Oax 18 Vil

[a] Fitness value for the most stable pose of each cluster (Fnax). [b]
Mean Fitness value of the GoldScore scoring function for each
cluster (Fmean)- [c] Number of solutions in the identified cluster.

Figure 4 Best representative solutions of the most stable clusters
for the interaction of [MoY'O(LY)] with fatted HSA: a) subdomains
IIA/IB; b) subdomains IlIA/IIB; c) subdomains IIA/IB, interfaces.
Subdomains IIA, llIIA, IB and IlIB, are depicted in yellow, purple,
brown and cyan, respectively. Interacting residues are 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.?®! According to Forster’s
nonradiative energy transfer theory, the efficiency of energy
transfer between a donor and acceptor (E), and the
average distance between them (ro) can be calculated using
eq. (6):12%a0l

6
R’ 4 F 6)
RS +rt Fy

E
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
(see Supporting Information for further details). 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 eq. (6) and (S1-S2) are
summarized in Table 3.

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

Complex E J (nm*M™1cm™) Ro (nm) ro (Nm)
1 0.090 3.23 x 101 2.90 4.23
2 0.167 3.88 x 104 2.99 3.88
3 0.163 5.42 x 1014 3.16 4.13
4 0.141 4.86 x 101 3.11 4.18

The values obtained for Ro and ro are much less than 8 nm
which is essential for FRETEY 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.32



Antioxidant assays

DPPH assay

DPPH assay can be monitored wusing UV-Vis
spectrophotometry and/or EPR spectrometry. The ECso
values for the ligands H:L' and H:L? obtained by
spectrophotometric analysis are 378 and 96 M,
respectively; those obtained by EPR are 316 and 67 uM for
the two ligands. The UV-Vis and EPR spectra obtained for
H.L! are reported in Figures S15-S16. Unfortunately, due
to the low solubility of the complexes 1-4 in ethanol, the
determination of their ECso values is prevented. From a
qualitative point of view, the results obtained for 1-4 with
the two spectroscopic techniques are not exactly
coincident; probably for the intense color of the complex
solutions which interferes with the absorption at 517 nm. !

ABTS assay

The ABTS assay is based on the reactivity of antioxidants
towards the radical cation ABTS™ obtained by reacting 2,2'-
azino-bis(3-ethylbenzothiazolin-6-sulfonic acid) with potas-
sium peroxydisulfate. This radical has an absorption
maximum, in ethanolic solution, at 734 nm, while its
reduced counterpart does not absorb at this wavelength.!*4
This assay is used to determine the TEAC (Trolox
Equivalent Antioxidant Capacity) value of a specific
antioxidant, which is a dimensionless value, particularly
used because it allows comparing the antioxidant activity of
different compounds, all referred to trolox. Trolox (6-
hydroxy-2,5,7,8-tetra-methylchroman-2-carboxylic acid) is
chosen because its structural similarity with vitamin E and
good solubility in water. The TEAC values for the ligands
H2L'2 and for the complexes 1-4 are reported in Table 4.
Since all the TEAC values are < 1, all the examined
compounds (ligands and complexes) are less antioxidant
than trolox. Notably, the ligands H.L'? are more antioxidant
than the respective complexes. The ligand H.L? and the
complexes containing it (2 and 4) are less antioxidant than
H.L! and the corresponding complexes (1 and 3); this effect
is likely due to the replacement of the thiophene
heterocycle by furan. The results obtained for H.L! and
H.L? with the ABTS assay are not in agreement with those
obtained with the DPPH assay. In the ABTS assay HL!
results to be more antioxidant than HzL?2, while in the DPPH
assay the opposite is true.

This apparent anomaly is not surprising and can be related
to the type of assay used for the determination of the
antioxidant activity which reflects a particular reactivity
towards a substrate in a specific solvent or mixture of
solvents.%!

Table 4 TEAC values of the ligands H,L'~2 and of complexes 1-4.

Compound TEAC value
HoL! 0.977 £ 0.126
HaL? 0.805 + 0.039
1 0.245 + 0.002
2 0.067 + 0.003
3 0.506 +0.011
4 0.274 + 0.010

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 = stacking between the
strands.®

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) 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 8-15 nm (Figure S17). 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.F7@

The hypochromic shifts in the LMCT absorption bands for
each complex were chosen to determine their binding
constant (Ky) using eq. (7):1%

[DNA] _ [DNA] + 1 @)
€4 &f ep—&  Ky(ey—g)

where, €a, & and €» 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 Kb is the intrinsic binding (equilibrium)
constant. The values of Kp, calculated plotting [DNA]/(€a —
&) vs. [DNA], for the complexes 1-4 were 2.08 + 0.27 x 104,
1.40 £ 0.39 x 10%, 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 results which suggest
that the 4,4’-bipy bridge of the dimeric complexes is broken
in aqueous solution to give rise to two monomeric moieties.
On the other hand, 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) 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.!”*® For the study, titration of an increasing
complex concentration on EB bound to CT DNA, led to the
quenching of the emission intensity of the latter adduct at
597 nm (Figures S18-S19). All the complexes exhibited a
substantial displacement of the EB bound to CT DNA,
which was 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 Ksv values of 4.41 + 0.32 x 10°M™,
4.35 + 0.47 x 10° M, 5.26 + 0.35 x 10° M™* and 4.95 +
0.27 x 10°® M™ for complexes 1-4, respectively. The
relevant binding constants (Ks) are 1.85 + 0.17 x 10° M™%,
1.58 + 0.37 x 10°* M™%, 7.33 + 0.26 x 10°* M* and 2.08 +
0.20 x 10® M for complexes 1-4, respectively, and were
derived from Scatchard equation. In this case too, the
values are comparable, confirming the dissociation
reactions in egs. 1 and 2.

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 S20-S21). Quantitatively, complex 1-4 was found
to be quenched of the emission intensity at 455 nm of ~70,
~66, ~85, ~75% respectively. Therefore, our results clearly
demonstrate that the complexes 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 helicity.*® 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.[“4

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.

Ellipticity (mDeg)

250 2]:'5 300
Wavelength (nm)

Figure 5 Circular dichroism spectra of CT DNA (100 pM) in the
presence and absence of 1-4 in 50 mM Tris—HCI buffer (pH 7.4).
The path length of the cuvette was 2 mm.

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.[t>1720
In the present investigation, the complexes — with a
different number of metal centers and substituents in their
ligand backbone — were tested for their toxicity on three
different cell lines: human cervical cancer (HeLa), human
colon cancer (HT-29) and noncancerous mouse embryonic
fibroblast (NIH-3T3) cell lines.

Table 5 ICso 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 -

From the results, it can be established that the toxic effects
are specific for each compound and are cell type
dependent. The aroylhydrazone ligands does not show any
significant toxicity compared to the complexes (ICso > 100
uM), while the cytotoxicity of 4,4’-bipy is well established in
the literature.*?l As compared to the other cancer cell line
(HT-29), HelLa shows better sensitivity towards all the
complexes, followed by HT-29 (Figure 6). The ICso values
indicate that these complexes may act differently on
different cell lines ascertaining them to be cell specific.
Overall, the ICso values for Mo complexes (Table 5) were
found comparable or also better than cisplatin, a commonly
used chemo-therapeutic drug.3!

The ICso values for all the complexes have been calculated
from the cell viability graph and are listed in Table 5. 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 [MoO:L'™?] species and the cytotoxic
4,4'-bipy molecule. 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 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.l’¢1112441 Therefore, similar type of behavior could
be postulated for the present system. 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 6 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 = SD for n = 4 and * represents a statistical significance of
p<0.05 as compared to the control.

So, as to establish the cell specificity of the complexes
further and —in turn— study their anticancer properties, these
complexes 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 6). 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) complexes of aroylhydrazone ligands (ICso
between 4.41 and 162.55 pM for HelLa and ICso between
20.63 and 177.92 puM for HT-29),12521 salan (ICso between
10.74 and 275.20 pM for HelLa and ICso between 2.62 and
221.81 puM for HT-29).'78 They are even better than what
was reported for molybdenum(VI) complexes of Schiff base
ligands (ICso between 17 and 58 pM for HeLal*®) and for
molybdenum(V) complexes of neutral bidentate ligand (LCso
35 uM for HelLa from other groups!*®).

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 in mixtures PBS/DMSO
1/1 (v/v) at physiological pH containing the reductants and
the Mo complexes in molar ratios ranging from 1/1 to 10/1.
In all the cases, the reduction of Mo"' did not take place and
it was not possible to reveal any spectral signals
attributable to MoY which — having a 4d!' electronic
configuration— is easily detectable by EPR.*"! However, a
bielectronic reduction to Mo (4d?) could not be detectable
by EPR due to the large zero-field spliting and fast
relaxation time.*¥! Therefore, by EPR the reduction to MoV
but not to Mo" 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) 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) are observed the possible peaks due to the
oxidation products, GSSG and L-dehydroascobate (adducts
with H" and Na* expected at m/z 613.16 and 635.15, and at
175.02 and 197.01, respectively) were not revealed (Figure
S22). The UV-Vis spectra with [MoO2(L*2)] do not show
any appreciable variation, so the reduction and/or
complexation could be excluded (Figures 7 and S23).
Therefore, the results demonstrate that the studied
complexes 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,
such as Mo'0®* + H20: — MoY'02?* + H* + "OH, are
precluded for complexes 1-4 and that the mechanism of
action could not be based on the production of ROS but on
the direct interaction with DNA. This is only a hypothesis,
but it seems to be rather plausible remembering that the



anticancerogenic activity of Mo"' complexes has been
explained with the binding to DNA or the production of
reactive oxygen species (ROS); since it has been
demonstrated that Mo"' keeps its oxidation state, the
formation of ROS should be precluded, so the cytotoxicity
could be based on the interaction with DNA, which is
possible as demonstrated in the section above.
20
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Figure 7 Electronic absorption spectra recorded on the systems
containing [MoO,(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 v/v; b) 2, H,O/MeOH
80/20 v/v. With the arrow the absorption of Asc is shown.

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
(Figure 8 and S24). This confirms that the mode of action
of Mo compounds 1-4 must be explained with the
interaction with DNA.

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

10

Hela

Control

Figure 8 Changes of HelLa cells observed by fluorescence microscopy
upon staining with DAPI following treatment with 1-4 (scale bar
corresponds to 20 ym).

[MoOL*"?]. This dissociation process should be taken into
account in the analysis of the cytotoxicity of other
polynuclear metal-based drugs. [MoO:L'"?] 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 quenching 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 strong
reducing agents such as ascorbic acid or GSH. Since the
reduction of Mo"' to Mo" or Mo" does not take place in the
cellular environment, the mechanism of cellular toxicity of
these complexes could not be related to the production of
ROS through Fenton-like reaction; therefore, the cytotoxic
activity shown by Mo species should be attributable to the
direct binding with DNA. The complexes revealed
moderately good DNA binding propensity through an
intercalative and minor groove mode.

Further, the in vitro cytotoxicity of 1-4 was assayed against
HelLa, HT-29 and NIH-3T3 cell lines. In spite 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
complexes, the mixed-ligand 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
mixture of [MoOzL'"?] species and 4,4-bipy after the
dissociation of 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.

Experimental and Computational Section

For all experimental details see the Supporting Information.
CCDC reference numbers are 1997087 (complex 1), 1997086
(complex 2), 1997088 (complex 3) and 1997089 (complex 4).
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