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Abstract

The study of novel mechanism of action of vanadium compounds is critical to dilucidated
the role and importance of these kind of compounds as antitumor and antimetastatic
agents. This work deals with in silico and in vitro studies of one clioquinol
oxidovanadium(IV) complex [VO(clioquinol),], VO(CQ),, and its regulation over FAK.
In particular, we focus in elucidate the relationship in the FAK inhibition, MMPs activity

and the antimetastatic effects of complex on human bone cancer cells.

1. Introduction

Vanadium is an ultratrace element present in higher plants and animals !. The therapeutic
actions of vanadium convert its compounds into possible pharmaceutics agents to be used
in the treatments of different pathologies, including neurodegenerative diseases, diabetes,
and cancer.? In this sense, the anticancer activity of vanadium compounds has been widely
investigated on various types of cancer cell lines such us breast, colorectal, bone, lung,
among others. 3= Taking into account, that great amounts of vanadium are detected in
bones,! the antitumor properties of many vanadium complexes has been broadly explored
against osteosarcoma cells. ¢® Therefore, vanadium compounds have recently emerged
as non-platinum antitumor agents. ° Nevertheless, a few challenges remain for their uses
and application of this kind of compounds, such as lack of specificity, poor absorption,
unknown mechanism of action, among others. In this order, the study of cell signaling
pathways regulated by vanadium complexes is required for the discovery of new

mechanism of action for the treatment of cancer. Previously, we demonstrated that
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1
2
2 vanadium-chrysin and vanadium-clioquinol complexes inhibit the activation, of Focal /e "rine
5 Adhesion Kinase (FAK) decreasing the cell proliferation in human osteosarcoma cells
6
7 10.11 “Particularly, our results showed that vanadium-clioquinol exhibits a dual behavior
g since at 2.5 uM up-regulated Tyr576 and Tyr577 sites but at 10 uM the phosphorylation
10 of Tyr576 and Tyr577 decreased 14-fold '!. Moreover, ruthenium-based inhibitors have
1
J2 been developed in the last few years and crystallized in the Adenosine triphosphate (ATP)
A Ny . . Cq
éi binding site of a different protein kinases '2-15.
gg On the other hand, FAK is a tyrosine kinase which plays a key role in adhesion, survival,
47 motility, angiogenesis and metastasis of cancer cells '6. Besides, FAK is overexpressed
a8
39 in many types of solid and non—solid tumors 7 so FAK was proposed as a therapeutic
=
0
%1 target '3,
%g In recent years, several strategies have been developed to interfere with the expression
24 and activation of FAK. !° In this context, decoding the mode of interaction of vanadium
25 . .. . .. . .
56 compounds with FAK and related to the anti-migration and anti-invasion properties is of
27 -
38 great interest.
%9 In literature, inhibitors of the ATP site of FAK have been reported, reducing
0
31 phosphorylation in the residue Tyr397. TAE-226, PF-562,271, and 10N are examples of
gg this class of inhibitors 2° 2! 22 and they have been crystallized in the ATP site. This is a
%g previous step in the activation cascade of FAK by Src, responsible for the phosphorylation
36 of Tyr 576/577 2.
7
gg In addition, clioquinol is an FDA-approved topical antifungal agent that the chemical
gg composition is 5-chloro-7-iodo-8-quinolinol. This drug were proposed to the repurposing
%1 proposes but these efforts were not successful since very low intracellular leves of
2
43 clioquinol is appear into the cells. Therefore, many research approaches focus on chelate
44 . . . . . . .
45 the clioquinol with several metals to improve its poor absorption and pharmacological
46 activities 24,
47
48 As part of a project, this research deals with the deciphering of mode of interaction
49
50 between one oxidovanadium(IV) complex with clioquinol [VO(clioquinol), |, VO(CQ),,
g; (see Figure 1) and FAK. In particular, the present study mainly focused to elucidate the
;31 relationship in the FAK regulation, Matrix metalloproteinases (MMPs) activity and the
55 antimetastatic effects of complex on 2D and 3D human osteosarcoma cell models.
56
57
gg 2. Results and discussion
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Based in our previous results ! and with the aim of elucidate the mode of interactigy /e onine
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between VO(CQ), and FAK on Tyr576 and Tyr577 residues'!, computational studies

were performed, including Molecular Docking and Molecular Dynamics.

2.1 Docking results

Molecular docking was performed in the ATP binding site of the FAK Kinase Domain
under the hypothesis that a possible interaction in this region could lead to inhibition of
its activation. It should be noted that in the literature there are several examples of metal
complexes designed to establish binding interactions with residues surrounding the ATP

binding site of kinases 2.

In order to evaluate the performance of docking protocol using AutoDock 4.2 (see
Methodology) , three inhibitors co-crystallized with FAK: 2-[[5-chloro-2-(2-methoxy-4-
morpholin-4-ylanilino)pyrimidin-4-ylJamino]-N-methylbenzamide(TAE-226, PDB Id
2JKK), N-methyl-N-[3-[[[2-[(2-0x0-1,3-dihydroindol-5-yl)amino]-5-(trifluoromethyl)-
4-pyrimidinyl]amino]methyl]-2-pyridinylJmethanesulfonamide (PF-562,271, PDB Id
3BZ3), and N-{3-[(5-Cyano-2-phenyl-1H-pyrrolo[2,3-b]pyridin-4-ylamino)- methyl]-
pyridin-2-yl}-N-methyl-methanesulfonamide (10N, PDB Id 4GU6), which are shown in
Figure 1, were redocked into the ATP binding site of FAK. The resulting poses were
compared with the native conformations in the crystal structure, exhibiting a root mean
square deviation (RMSD) of 0.689 A, 1.181 A and 1.204 A respectively (Figure 2). A
value of RMSD less than 2 A between the docking pose and the experimental
conformation can be taken as criteria of a good performance of the docking
methodology?>2, so these results confirm the accuracy of the AutoDock 4.2 software for
this study. In general, the agreement was good except for methanesulfonamide group

orientation of 10N, which is rotated with respect to the experimental structure.

The VO(CQ), structure was modeled with Density-functional theory (DFT) and then, it
was docked following same protocol used for the previously mentioned inhibitors. A
unique conformational cluster was obtained, presenting a -4.94 kcal/mol score value, and
whose resulting binding mode of VO(CQ); is depicted in Figure 3a. The complex is
located near of the activation loop of the kinase domain and establishes interactions with

residues of binding site.
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1

2

2 In addition, the proposed location of VO(CQ), was compared with a crystallized: /s oo
5 ruthenium complex 3 in another kinase, Glycogen Synthase Kinase 3. For this purpose,
? ATP sites of both protein structures were aligned and metal center locations were
g compared. Figure 3b shows this comparison, where it is observed that the transition-metal
10 atoms are located in the same region.

b

gi 2.2 Molecular Dynamics and Binding Energies

gS

§.§ Molecular Dynamics (MD) simulation studies were then performed to investigate
22 stability of VO(CQ), in the ATP binding site and to explore further the interactions
%(1) established with residues. The poses of VO(CQ), and the three inhibitors obtained by
22 docking were selected and submitted to a MD with a minimization, heating and follow
gi for a 40 ns of equilibration/production period.

%2 RMSD plots (Figure SM1) show that both the ligands (PF-562,271, TAE-226, 10N, and
27 VO(CQ),) and FAK Kinase Domain reach stabilization during molecular dynamic
%g simulations.

g? Molecular Mechanics/Generalized Born Surface Area (MM-GBSA) binding energies
%g were (in kcal/mol, standard deviation in parenthesis), TAE-226: -46.8 (3.2), PF-562,271:
%g -46.7 (2.3), 10N: -44.9 (2.9), VO(CQ),: 1.90 (11.7). These results, taking into account
%6 the value and standard deviation, do not correlate with the greater stability of VO(CQ),
g; shown during the DM trajectory (see RMSD plots, Figure SM1).

gg With the intention of establishing a more reliable interaction energy, semi-empirical
21 calculations were performed with the PM7 method, implemented in MOPAC. These
foé calculations were made with the MOZYME approach, which allows treating large
j;' systems such as proteins. Binding enthalpies were calculated as HOF(complex)-HOF
j? (ligand)-HOF(protein), where HOF is the heat of formation of the most probable
48 conformation during the MD trajectory. It was found that the order of stability was TAE-
gg 226 > PF-562,271 > VO(CQ), > 10N. However, this result should be taken with caution,
g ; since the evaluation is on a single conformation, and despite including electronic effects,
53 vanadium is a transition metal which generally increases errors in calculations of this
gg type.

g? Despite the limitations that the MM-GBSA method may have for treating transition
gg metals, as it was implemented for VO(CQ),, we believe that it can be useful to analyze
60 the interactions with FAK residues.
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VO(CQ); localization can be appreciated in Figure 4. It is observed that therg were ey /e "rine
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major changes with respect to the pose obtained by docking.

Binding free energy decomposition by residue analysis allowed to identify the residues
[1e428, Leu501, Cys502, Gly505, Glu506, Asn551, Leu553, Gly563, Asp564, and
Leu567 whose contribution to the total interaction energy under molecular mechanics
energies combined with the generalized Born and surface area continuum solvation MM-
GB/SA model was significant for reference inhibitors. In addition, most of these residues
are important for interaction with VO(CQ), (histograms and a detailed description of the
interactions are shown in Figure 5 and Table SM1, respectively). It should be noted that
for reference inhibitors these results are in agreement with what has been experimentally
observed, also, interaction pattern is remarkably similar for the three reference inhibitors.
Besides, TAE-226 has already been studied computationally by Zhan et al 27 and our
results coincide with those reported in this scientific reports. Moreover, VO(CQ),
presents similar interactions to those described for the reference inhibitors: quinoline
rings moieties which establish hydrophobic contacts with the side chains of I1e428,
Leu501, Gly505, Glu506, Leu553 and Leu567. These residues provide the same type of
interaction with reference inhibitors. An additional carbon hydrogen bond is established
between the carbonyl group of 1le428 and a quinoline ring, which increases the magnitude
of interaction with this residue. Unlike reference inhibitors, a halogen bond interaction is
established between the carbonyl group of Cys502 with a chlorine atom of VO(CQ),.
The carbonyl group of Asn551 establishes a carbon hydrogen bond interaction with a
pyridine ring, same interaction type established by reference inhibitors with this residue.
On the other hand, VO(CQ), does not establish interactions of significant magnitude with
residues Gly563 and Asp564. This last residue exhibits for the three reference inhibitors
studied in this work an important interaction by hydrogen bond, although this is not a
fundamental condition for FAK inhibition. 7-(pyridin-2-yl)-N-(3,4,5-trimethoxyphenyl)-
7H-pyrrolo[2,3-d]pyrimidin-2-amine  inhibitors, ~which was crystallized and
computationally studied, did not show an appreciable interaction with this residue 27.

In addition, VO(CQ), shows interactions with Tyr570 and Lys581, that were not
observed for reference inhibitors. These residues, which are part of the activation loop,
are located far from the ATP binding pocket and undergo a displacement during MD
simulation, see Figure 4. Tyr570 residue establishes van der Waals interaction with a
quinoline ring system of VO(CQ), complex and this is maintained during the trajectory.

Lys581 also establishes both van der Waals and cation-n interactions with a quinoline
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2

2 ring system of VO(CQ); complex, which are maintained during the last 10 ns, There §% /s 00
5 not information in literature that supports a potential biological relevance of Tyr570
? residue. Moreover, Lys581 residue appears to have a certain biological relevance, as was
g previously reported by Gabarra-Niecko et al %%, showing that the double substitution of
10 lysine residues (Lys578 and Lys581) with glutamic acid residues leads to a FAK
é; hyperactivation state and, in consequence, biochemical and cellular events regulated by
gi it were increased.

g 5

96

§; 2.3 Synthesis and characterization of VO(CQ),

%g VO(CQ), was synthesized according to our previous results 2°. The structure of the
21 compound has been proposed on the basis of elemental analysis, Nuclear Magnetic
%g Resonance (NMR), and Infrared (IR) spectroscopy.

.?4

25

%g 2.4 Effect of VO(CQ); on cell migration

28

%g Cell migration is an important feature of live cells and crucial for normal growth, and
§; disease developments including cancer metastasis and inflammation. 3°

53 The study of cell migration in cancer research is of great interest since many patient’s
gg death due to metastatic progression. In this context, is relevant to highlight the role of
g? FAK in MG-63 cell migration and pharmacological importance related to FAK inhibition.
gg So, we evaluated the effect of VO(CQ), on cell migration (wound healing assay) on bone
40 cancer cells. Figure 6 showed that compound interfere with the cell migration of MG-63
%; cells from 2.5 to 10 pM. As it can be seen, that VO(CQ), inhibited cell migration of
ji bone cancer cells by 58% (2.5 uM) and 51% (10 uM), compared to 68% in untreated cells
22 (p< 0.01). Some oxidovanadium(IV) compounds inhibit the cell migration of human
47 cancer cells including stomach 3!, prostate 32, bone 33, breast and colorectal. 34

0

g? 2.5 Effect of VO(CQ), on MMP-2 and MMP-9 activity

52

53

54 Matrix metalloproteinases are proteolytic enzymes that show a key role in extracellular
gg matrix (ECM) remodeling but have also been shown to be involved in the regulation of
;73 multiple stages of cancer progression and metastasis.’> In this way, higher MMP levels
59 have been shown to be associated with metastasis and poor prognosis in different kind of
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solid tumors. 3¢ Moreover, MMPs play an important role in the degradation of, the ECM: "vice onine
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and promote the angiogenesis inducing the release of proangiogenic factors such us,
vascular endothelial growth factor (VEGF) and Transforming growth factor beta (TGF-
) from the ECM. 37

We used gelatin zymography to investigate the effect of VO(CQ), on MG-63 cell MMP-2
and MMP-9 enzymes activity.

As shown in Figure 7, VO(CQ), significantly reduced the activity of MMP-2 and MMP-9
in MG-63 cells in a dose-dependent manner (p<0.01). The incubation of the cells with
2.5, 5 and 10 pM of complex significantly reduced MMP-2 and MMP-9 activity
compared with untreated cells. In this sense, Narla et al published that [bis(4,7-dimethyl-
1,10 phenanthroline) sulfatooxovanadium(IV) (0.5-2 uM) diminished the level and
actions of MMP-2 and MMP-9 proteins on primary leukemic cells . Moreover, Petanidis
et al reported that V(V)-peroxido-betaine compound reduced MMP-2 levels on breast and
lung cancer cells but in higher concentrations (100-300 uM) 38,

In this order, Kunz et al. report that elevated ratio of MMP-2/MMP-9 is associated with
the poor response to chemotherapy on human osteosarcoma cells suggesting the key role
of these proteins in bone cancer chemoresistance. 3°

On the other hand, clinical evidences demonstrate that FAK contributes to cell migration
and invasion of several solid tumors partly through regulating expressions and activations
of both MMP-2 and MMP-9. 4%41 In this sense, many scientific reports showed the
importance to inhibit the FAK functions to block the activation of MMP-2 and MMP-
9.4243 Our previous results demonstrated that VO(CQ), reduces the phosphorylation level
of FAK Tyr 576/577 at 10 uM !! and this effects could be , at least partly, may be involved
in the lack of activities of MMP-2 and MMP-9.

2.6 Effect of VO(CQ); on 3D cell migration

With the purpose to clarify and determine the antimetastatic effects of VO(CQ),, we
evaluate their actions on cell migration in MG-63 multicellular spheroids.

Figure 8 show that the VO(CQ), inhibited cell migration properties of MG-63
multicellular spheroids in a concentration- manner response from 2.5 to 10 uM (p <0.01).
In this sense, at 2.5 uM, the compound decreases the cell migration on 44% compared to

basal conditions whilst, at 10 uM, these values decreased until 67% (p < 0.01). In
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1
2
2 addition, the antimetastasic effects of VO(CQ), are in accordance with the 2D el ice onine
5 migration (wound healing).
6
7
S 3. Conclusion
10
1 1 . . . . . . .
J2 Novel oxidovanadium(IV) compounds with potential anticancer and antimetastatic
512 properties currently require more intensive investigation since information obtained from
gg the in vitro studies may allow vanadium drugs to enter the preclinical in vivo phase. Based
%.7 on, we have thoroughly investigated the mode of interaction between FAK and the
a8
39 oxovanadium(I'V)—clioquinol compound using computational platforms (docking and
=
%(1) MD) and the anti-cell migration properties of this compound using 2D and 3D in vitro
%g cell experiments.
24 We have investigated and reported herein for the first time the possible mechanism of
25 e, . . . . .
56 inhibition of FAK by VO(CQ), and the relationship with the antitumoral properties on a
%é human osteosarcoma cell line (MG-63).
%9 The results showed that VO(CQ), is located near of the activation loop of the kinase
0
31 domain and establishes interactions with residues in the ATP binding site. The most
gg important residues that participate in the interaction are [1e428, Leu501, Cys502, Gly505,
%g Glu506, Asn551, Leu553, Gly563, Asp564, and Leu567.
%6 On the other hand, the compound reduced the cell migration on 2D and 3D human bone
7
gg cancer cell models. Besides, VO(CQ), significantly reduced the activity of MMP-2 and
gg MMP-9 in a dose-dependent manner suggesting the directly relationship between FAK
31 inhibition and the inactivation of MMPs.
2
43 Taken together, these results indicate that VO(CQ), is a promising candidate with
44
45 potential antimetastatic activity on osteosarcoma cells so it would be interesting to test
j? this complex in further in vivo assays for cancer treatments.
48
49
50
51 .
52 4. Experimental
53
54
55 4.1 Preparation of the Molecular Systems
56
57
gg The simulations were based on a X-ray crystal structure FAK Domain Kinase (PDB:
60

4GU6). The preparation of receptor was done with Molprobity 4. Water molecules and
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other ligands were removed. All Asp and Glu residues were considered to have a gegatiye: /- oo
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charge and all the Arg and Lys residues were considered to have a positive charge.
Histidine tautomers were assigned following the hydrogen bonding pattern.

Three reference FAK inhibitor structures: NVP-TAE226 2°[], PF-562,271 2![1, and N-
{3-[(5-Cyano-2-phenyl-1H-pyrrolo[2,3-b]pyridin-4-ylamino)-methyl]-pyridin-2-y1}-N-
methyl-methanesulfonamide 2?[ ], referred to as 10N, were obtained in complex with FAK
from RCSB protein Data Bank (PDB), prepared with Avogadro molecular editor +[].
Finally, the structures were optimized to a gradient norm of <0.1 in the gas phase using
PM7 46 semiempirical method implemented in Molecular Orbital PACkage (MOPAC)
program*’.

The structure of oxovanadium(I'V) complex, VO(CQ),, was built with Avogadro #°, based
on other experimental oxavanadium(IV) structures, and then optimized with Gaussian03
using B3LYP density functional *® and 6-311+G(d,p) basis set 4°, with default settings.
The VO(CQ), calculated structure is available in Supplementary Material. Due to the lack
of an experimental structure, a comparison was made with bis(2-methyl-8-
quinolinolato)oxovanadium(IV) x-ray structure obtained by M. Shiro et al *° (the most

representative angles and bond length are shown in Table SM2).

4.2 Molecular Docking Studies

Molecular docking was carried out to find and score protein-ligand binding poses on FAK
Kinase Domain with Autodock 4.2 3. To avoid biased results, initial coordinates of
reference inhibitors were modified before docking, generating random positions and
conformations. Protein and ligands were prepared with AutodockTools software! |, and
ligands were docked using a flexible-ligand/rigid-receptor approach. A docking box with
size 19.88 A x 17.25 A x 19.12 A were centered on the ATP binding site, applying a
space grid of 0.375 A. The lowest pose energy of most populated cluster was selected
after 100 cycles of running a Lamarckian genetic algorithm with a population size of 300,
a maximum of 2.5 million energy evaluations, a maximum of 27000 generations, a
mutation rate of 0.02, and crossover rate of 0.8. The results were clustered using a
tolerance of 2.0 A.

The post-docking analysis included visualization of the ligand-receptor complexes with

Pymol 32 to analyze the potential interactions with the amino acid components of ATP
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2

" binding site. DO 10.1039/BOMTOO1/6C
5

? 4.3 Molecular Dynamics (MD) Simulations

8

9

10 MD simulations were performed on poses of ligands in ATP site of FAK Kinase Domain
é; resulting from molecular docking. The complexes have a positive net charge, chlorides
gi anions were added as counterions with Leap module to achieve electroneutrality. The
gg neutralized complexes were immersed in a box of TIP3P waters which extended up to 15
47 A from the solute. Protein were described using the Amber14SB force field 3. Ligands
23 were described using the Generalized Amber Force Field (GAFF) 5[] with charges
%(1) derived from AM1-BCC, which were calculated with Antechamber module. Leap and
%g Antechamber are included in the package AmberTools 16.0 3. In particular, VO(CQ),
-*24 was modeled using the python-based metal center parameter builder, MCPB.py ¢ , also
%2 included in AmberTools 16.0. This software simplifies the process to obtain the metal
%é site force-field parameters and charges, which were derived from QM calculations at 6-
29 311+G(d,p) level of theory using Gaussian 03. Frequency calculations were also
%(1) performed at the same level to approximate the force constants, using Seminario method,
gg which is based on the Hessian matrix. In addition, it was observed during the DM
%g trajectory that the structure does not undergo significant changes with respect to the
36 optimized conformation with DFT.

g; All MD simulations were run using the NAMD 2.10 software 7. The van der Waals
gg interaction cutoff distances were set at 12 A and long-range electrostatic forces were
%; computed using the particle mesh Ewald summation method with a grid size set to 1.0 A.
43 The 1-4 contributions were multiplied by a factor of 0.83 to match the AMBER force
jg field requirements. The system was subjected to 100000 minimization steps and heating
j? from 0 to 300K. For all production simulations, constant temperature (300 K) was
48 maintained using Langevin dynamics with a damping coefficient of 5 ps-!, while pressure
gg was kept constant at 1 atm through the Nosé-Hoover Langevin piston method with a
g; decay period of 200 fs and a damping time constant of 100 fs. A time step of 1 fs was
gi used along molecular mechanics. Bonds involving hydrogen atoms of waters were
55 constrained using the SHAKE algorithm RMSD values were depicted as a line-style plot
?? to determine the convergence and stability of simulations.

58

59

4.4 MM-GB/SA calculations
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Reference inhibitors and VO(CQ); binding free energies with FAK Kinase Domain wete /- "rine

0MTO00176G
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computed using the MM-GB/SA method for all complexes, where the binding free energy

is calculated as the difference between the bound and unbound states of protein and ligand
58

The entropic changes upon binding were assumed constant. The solvation free energy
was calculated using the generalized Born (GB) model implemented in MMPBSA.py
module >° igb=2 as selected model. The hydrophobic contribution was determined using
the solvent-accessible surface area (SASA). The protein—ligand binding free energy was
calculated using a single trajectory (for ligand, receptor and complex) based on 500
snapshots taken from the last 10 ns portion (20 ps interval) of the MD simulation
trajectories. MMPBSA.py does not have the parameters for vanadium so it was necessary
to include its radio. Based on trends in the included parameters of other elements, it was
decided to use 1.2 A as V radius. We observed that the effect of varying this value did
not significantly affect the results, probably because the metal is little exposed to the

solvent.

For the purpose of obtaining the detailed representation of interactions, free energy
decomposition analysis was employed to decompose the total binding free energies into
ligand-residue pairs. These calculations were performed using a pairwise energy
decomposition scheme (idecomp option 3) also with the MMPBSA.py module. In this
scheme, interactions are decomposed by specific residue pairs by including only those
interactions in which one atom from each of the analyzed residues is participating,

following the work of Miller et al >°

4.5 Synthesis and identification of VO(CQ),

VO(CQ), was synthesized according to previously reported results 2. Briefly, clioquinol
(0.61 g) was dissolved in 150 mL of warm ethanol. To this solution, 0.35 g of VOSO, 5SH
O mixed in 10 mL of hot ethanol was added dropwise. The solution became dark and the
complex precipitated after stirring for a short while. After digestion for a short while over
a water bath, it was filtered, washed with absolute ethanol and dried for 3 days at 60 °C.
Anal. calc. for CIS H§ N2 O3 CI212 V C 31.91; H 1.18; N 4.14; V 7.54; exp. C 31.80;
H 1.27; N 4.26; V 7.66.
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1

2

2 The identification of the complex was done by Fourier-transform infrared specfrsgQpy sy ses

5 (FTIR).

6

7

S 4.6 Preparation of VO(CQ), solutions

10

11

J2 Fresh stock solutions of the complex were prepared in Dimethyl sulfoxide (DMSO) at 20

A . . . . .

512 mM and diluted according to the concentrations indicated in the legends of the figures.

g 2 We used 0.5% as the maximum DMSO concentration in order to avoid the toxic effects

47 of this solvent on the cells.

a8

a9

%(1) 4.7 Cell line and growth conditions

22

23

.*24 Human osteosarcoma cell line (MG-63) was grown in Dulbecco’s modified Eagle’s

25 . .. . . g

56 medium (DMEM) containing 10% fetal bovine serum (FBS), 100 IU/mL penicillin and

%é 100 pg/mL streptomycin at 37 °C in 5% CO, atmosphere. All cancer cell lines in a 75

%9 cm? flask were grown until they reach 70-80% of confluence. Then, the cells were
0

31 subcultured using TrypLE ™. For experiments, cells were grown in multi-well plates.

gg Dulbecco’s modified Eagle’s médium (DMEM) and TrypLE ™ were purchased from

%g Gibco (Gaithersburg, MD, USA), and fetal bovine serum (FBS) was purchased from

%6 Internegocios (Argentina). After 24 h the monolayers were washed with DMEM and were
7

gg incubated under different conditions according to the experiments. Tissue culture

gg materials were purchased from Corning (Princeton, NJ, USA).

-

42

43 4.8 Wound healing assay

44

45

j? Cells were grown in a 12 well cell culture plates with complete DMEM including 10%

48 FBS, until 100% of confluence. The monolayer was scratched and washed with PBS to

49

50 remove non-adherent cells. Then, the cells were treated with VO(CQ), (2.5 -10 uM) for

g; 24 hours. After this time, the monolayer was washed with PBS and stained with Giemsa.

gi Digital images were taken using an Olympus BX51 inverted microscope with a digital

55 camera. The inhibition of cell migration was analyzed with ImageJ software. The

56

57 percentage (%) of migration was calculated using the following formula: 100-(final

gg area/initial area x 100%).
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MMP-2 and MMP-9 activities were measured in supernatant of MG-63 cells treated with
different concentrations (2.5 -10 uM) of VO(CQ), for 24 h.

Samples were separated in polyacrylamide gels with a concentration of 8%
Acrylamide/Bisacrylamide, 0.1% SDS and a pH of 8.8, containing 1mg/ml of gelatin.
Proteins were separated under a constant voltage of 100 V. After electrophoresis, gels
were washed four times in Triton-X 100 for 15 min and incubated for 72 h at 37 °C in
developing buffer consisting of 200 mM NaCl, 10 mM CaCl, and 50 mM Tris pH 7.5, in
order to activate MMPs. After incubation, staining was performed with 0.5 mg/ml
Coomassie Brilliant Blue R-250 in 10% acetic acid and 25% methanol for 1 h with gentle
agitation, before being destained for 2 h in 8% acetic acid and 4% methanol.

Gels were photographed to enable densitometric analysis. MMP activity was determined
by the intensity of the pale bands against the stained background and MMPs were

identified by their molecular weights using ImageJ software.

4.10 Multicellular spheroids (MCS) formation

The development of MCS was achieved by the hanging drop technique with minor
modifications 7. The cell suspension was adjusted to a concentration of 2400 cells/mL.
This concentration was selected to get 500 um diameter spheroids at the beginning of the
treatment with the compound. After 48 h, the compacted spheroids were transferred to an
agar coated 96-well plate, and then, 200 uL. of DMEM plus 10 % FBS were added to each
well. The plate was cultured under the standard conditions for eight days, replacing 50 %

of the culture media every 48 h for 1 week.

4.11 Migration assay in 3D MCS

The 3D MCS migration assay spheroids was achieved following indications reported by
Ruiz et al

After the time-point required for cell aggregation (72 h), the spheroids were transferred
to agarose-coated 96-well plates (one droplet in one well) and cultured with 150 pl culture

medium (size= 300 pm diameter). Then, spheroids were then transferred to a
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conventional 48-well plate and treated with different concentration of the compleXy /s oo
Spheroids were allowed to adhere, and images were obtained after 48h, using an inverted
microscope. Effects of the compound were analysed by measuring the area covered by

migration cells using ImagelJ software.
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Figure 1. Structures of coordination complex VO(CQ)2 and inhibitors used in redocking study.
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Figure 2. Redocking of crystallized inhibitors with FAK in ATP binding site. Comparison of the docked
structures (green) with X-ray reference structures (orange). (a) TAE-226 (b) PF-562,271 (c) 10N.
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Figure 3. (a) VO(CQ)2 localization in ATP binding site and (b) comparison with ruthenium complex position
in Glycogen Synthase Kinase 3 [PDB Id 3M1S].
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Figure 4. Binding mode of VO(CQ)2 in ATP binding site after 40ns MD simulation (shown in violet) and
comparison with the docking results (protein structure and ligand pose are shown in white and yellow,
respectively). The activation loop is highlighted in red for both cases.
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VO(CQ)2, calculated with MMPBSA.py.
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Figure 6. Wound healing assay on MG-63 cells after 24 h of incubation with 2.5-10 uM of VO(CQ)2. * p<
0.01 differences between control and treatment with compounds.
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Figure 7. Effect of complex VO(CQ)2 on MMP2 and MMP9 activity on MG-63 cells after 24 h of incubation
with VO(CQ)2 (2.5-10 pM). %"*p<0.01 differences between control and treatment, %"
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