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Abstract

Autophagy has drawn attention from the scientific community, mainly because of its significant advantages over chemo-
therapeutic processes. One of these advantages is its direct action on cancer cells, avoiding possible side effects, unlike
chemotherapy, which reaches tumor cells and affects healthy cells in the body, leading to a great loss in the quality of life of
patients. In this way, it is known that vanadium complex (VC) [VO(oda)(phen)] has proven inhibition effect on autophagy
process in pancreatic cancer cells. Keeping that in mind, molecular dynamics (MD) simulations can be considered excel-
lent strategies to investigate the interaction of metal complexes and their biological targets. However, simulations of this
type are strongly dependent on the appropriate choice of force field (FF). Therefore, this work proposes the development of
AMBER FF parameters for VC, having a minimum energy structure as a starting point, obtained through DFT calculations
with B3LYP/def2-TZVP level of theory plus ECP for the vanadium atom. An MD simulation in vacuum was performed to
validate the developed FF. From the structural analyses, satisfying values of VC bond lengths and angles were obtained,
where a good agreement with the experimental data and the quantum reference was found. The RMSD analysis showed an
average of only 0.3%. Finally, we performed docking and MD (120 ns) simulations with explicit solvent between VC and
PI3K. Overall, our findings encourage new parameterizations of metal complexes with significant biological applications,
as well as allow to contribute to the elucidation of the complex process of autophagy.
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Introduction

Without a doubt, COVID-19 (Coronavirus Disease 2019),
caused by SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2), has taken the place of the dreaded disease of
the century [1]. However, until recently, this prominent place
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was taken by cancer. According to the most recent estimate,
cancer killed about 10.0 million people in the year 2020, in
addition to a total of 19.3 million new cases [2, 3].

Pancreatic cancer, also known as pancreatic ductal adeno-
carcinoma (PDAC), is among the most lethal cancers due to
the aggressive nature of the tumor and late diagnosis [4-6].
It is estimated that in the year 2020, there were approxi-
mately 496,000 pancreatic cancer diagnoses and approxi-
mately 466,000 deaths were reported, amounting to 4.7% of
cancer-related deaths worldwide [2].

The most up-to-date treatments are based on 5-fluoroura-
cil or gemcitabine. However, these drugs offer only a brief
survival period within months in the palliative care scenario
[7]. Despite advances in the field, it can be said that there is
no targeted therapy for pancreatic ductal adenocarcinoma,
which leads to traditional treatments such as chemotherapy
[8]. Nevertheless, despite aiming at eliminating cancer cells,
chemotherapeutic processes end up also damaging perfectly
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healthy cells and tissues, which induces side effects, leading
to a drastic decrease in the quality of life of patients [9].

The limited effectiveness of this type of treatment, in
addition to the increasing prevalence of drug-resistant
tumors are strong arguments for seeking new treatment
strategies. Thus, one of the most important challenges of
modern scientific research is the pursue of new compounds
that affect important processes in the development, progres-
sion, and metastasis of tumors [10, 11].

Keeping that in mind, the literature has increasingly
highlighted an important process that can be a great ally in
fighting cancer, which is the processes of autophagy [12].
Autophagy has shown itself to be a growing field in sci-
ence, mainly because it has recently been highlighted by the
recognition of the contributions of Dr. Yoshinori Ohsumi,
2016 Nobel Prize laureate in Medicine or Physiology [13].

Autophagy (or macroautophagy) consists of cell recycling
mechanism, where materials, such as damaged organelles
and malformed proteins, are taken to the lysosome for the
degradation of the damaged materials to occur [14—16]. Its
process starts when undue contents in the cytosol are encom-
passed by a membrane known as phagophore [17]. When
this phagophore elongates, the autophagosome is formed,
which will later fuse with the lysosome to form the autol-
ysosome. Then, the captured material is degraded by the
hydrolase enzymes present in the lysosome [18-21].

The important PI3K/Akt/mTOR pathway is a signaling
pathway of the autophagy process and begins with the PI3K
and Akt proteins that are responsible for positively regulat-
ing the mTOR protein [22-24]. In this sense, by means of
therapeutic agents, the possibility of manipulating the path-
ways and proteins involved in the autophagic process is a
welcome strategy in the fight against cancer [25].

It is known that autophagy, when related to cancer, has
a dual behavior, i.e., it can either help cancer cells not to
form or help already-formed cancer cells to survive [26].
This duality has so far divided numerous opinions in the
scientific community. While nowadays, it is possible to
understand that the possibility of manipulating autophagy,
either inducing or inhibiting it (by means of pathways, pro-
teins, drugs, etc.), is an important reality for cancer treat-
ments [25], after all, as it is known, cancer is divided into
stages and, therefore, the manipulation of autophagy can
be a great advantage [27].

On this basis, vanadium complexes are usefully reported
in the literature for acting in the autophagy processes
[28-35]. In this work, a vanadium complex that has proofed
efficiency in inhibiting the autophagic process in pancreatic
cancer cells (Fig. 1) was the object of study [31].

Understanding how the inhibition of autophagy occurs
at the molecular level, i.e., what are the interactions
between the molecular targets and the vanadium complex,
can be perceived as a study that will provide important
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Fig.1 Vanadium complex (VC) under study, [VO(oda)(phen)]

contributions to the field. In this sense, classical molecu-
lar dynamics (MD) simulations can assist in this type of
investigation.

However, MD simulations are strongly dependent on
the proper choice of force fields, and it is also known
that force field parameters for inorganic compounds
are scarce and often not represented by standard force
fields [36-39]. Furthermore, general force fields have
a small number of atomic types, making it impossible
to describe a wide-ranging number of compounds [40,
41].

Regarding the parameterization of vanadium com-
plexes, the development of specific force field parameters
for this coordination environment of vanadium and spe-
cific type of complex (Fig. 1) has not yet been reported
in the literature. Moreover, making use of a general force
field may not favor satisfactory results leading to unrealis-
tic structures [42]. Thus, the need to develop specific force
field parameters for the vanadium complex, the target of
this study, is crucial.

Based on the above considerations, the goal of this work
is divided into three parts: (i) To report the development
of AMBER force field parameters, specific for the com-
plex [VO(oda)(phen)], from a minimum energy structure,
obtained by quantum mechanics calculations (DFT). After
that, (ii) to validate this new force field by implement-
ing these new parameters to classical molecular dynamics
simulations and comparing the post-calculation properties
with experimental values [43] and the quantum reference
(DFT). Finally, as mentioned previously, the manipulation
of autophagy by therapeutic agents may be an excellent
strategy to combat cancer [25]. Thus, the last goal is (iii)
to investigate the types of interactions that occur between
the vanadium complex and the protein responsible for ini-
tiating the autophagy signaling pathway (PI3K).
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Computational details
QM calculations

The initial structure of the complex under study (Fig. 1)
was optimized through quantum mechanics calculations
with B3LYP level of theory (exchange-correlation func-
tional, used in Density Functional Theory-DFT) and the
basis set def2-TZVP for ligand and LANL2DZ ECP for
vanadium. This level of theory was successfully used and
validated by Kaur and collaborators in purely theoretical
investigations for vanadium complexes [44, 45]. In this
step, the Gaussian 09 software [46] was used.

Furthermore, using the software ORCA 4.0 [47], rela-
tivistic effects on the vanadium complex were investigated
with B3LYP/def2-TZVP level of theory through relativ-
istic method ZORA. The ZORA-def2-TZVP basis set was
successfully used for the vanadium metal by Cardenas and
co-workers recently [48].

Based on the lowest energy spatial arrangement found,
the calculations of the non-polarizable RESP (restrained
electrostatic potential) partial atomic charges [49] and
the Hessian matrix were performed with the same level
of theory and software as the optimization calculation.
This last calculation, based on the Seminario method [50],
allowed the values of the force constants for the bonded
terms to be obtained through the diagonalization of the
Hessian matrix, using the Paratool plugin [51], available
on the software VMD (visual molecular dynamics) [52].

To validate the developed force field, an MD simulation
was performed in vacuum (7 = 300K) using the AMBER
20 package [53], with a simulation time of 20 ns. The
developed parameters were validated through structural
analysis of the bond lengths and bond angles of the com-
plex, RMSD, and bond length alternation (BLA) analysis.
In addition, we investigated the symmetry of the mole-
cule through the developed force field (FF). All results
were compared with experimental values [43], quantum
mechanics calculations, and values obtained by GAFF.
Regarding the MD performed using GAFF, there are no
parameters for metals in this force field. Therefore, for the
bonded terms involving the vanadium atom, the param-
eters developed and validated by us in this work were used.

Development of force field parameters

In classical molecular dynamics (MD) simulations, the
force acting on each of the particles in the system is
obtained by the contribution of each interaction with the
other particles involved. Such forces are described by the
potential energy functions of the structural contributions,

bond lengths, bond angles, and dihedral angles, as well as
interactions between non-bonded atoms [54].

Thus, potential energy (V) is the energy that describes a
given system and can be expressed, in general, as follows:

Vo= 2 Ky(b=b)"+ Y K (0-0,)"+ Y Kylcos(np—5)+1]
bonds angles dihedrals
qi4;
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where K, Ky, and K, are force constants; b and 6 cor-
respond to the bond length and bond angle, respectively;
by and 6, are the equilibrium values; n is the periodicity; ¢
is the dihedral angle; 6 is the phase angle; r;; is the distance
between atoms i and j; € is the depth of the potential well;
o is the distance at which the Lennard-Jones potential is
zero; g; and g; are the charges of each atom; and ¢ is the
permittivity in vacuum. Equation (1) describes a typical
force field, known as AMBER force field [55].

In general, the parameterization of intermolecular
potentials (Viguiomp @0 Viennard-jones) 1S @ great challenge
and, in addition, obtaining these parameters in particular
may result in loss of precision of intramolecular param-
eters. Thus, it is important to inform that in this work,
the parameterization of the intramolecular potentials was
carried out, i.e., the parameters referring to the potentials
Vbonds’ Vangles’ and Vdihedrals'

The force constants presented in Eq. (1), the equilib-
rium values, as well as the periodicity and the phase angle
values were obtained by calculating the Hessian matrix
(“QM calculations” subsection). To collect the data pro-
vided by the diagonalization of the Hessian matrix, the
Paratool plugin [51], available in VMD software [52],
was used. In this step, the atomic types (atom types) were
defined.

Regarding MD simulations in AMBER, it is necessary
to define the atom types with only two characters. In this
work, the characters used were letters and numbers (Fig. 2).
In addition, for the values of the bond length (XK,) and bond
angle (K,) constants that were equivalent (i.e., mirrored), an
arithmetic average was performed to consider the symme-
try of the molecule. An example of symmetric bonds is the
V1-02 and V1-O5 bonds, and an example of angles that are
symmetric is the N1-V1-O2 and N2-V1-O5 angles.

Next, to obtain the Lennard-Jones potentials, ¢ and e, it
was necessary to search the literature for GAFF (general
AMBER force field) data regarding these two parameters.
Thus, based on the investigation conducted by Wang and
collaborators [57], it was possible to collect the parameters
o and e for all the vanadium complex atoms, except for the
vanadium metal. The van der Waals parameters for the vana-
dium atom were obtained based on a study of Sebesta and
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Fig.2 Atom types assigned to the atom types (VC). Image generated
using software ChemDraw Ultra 12.0 [56]

collaborators [58], since the parameterization of GAFF [57]
was done targeting organic molecules.

Finally, obtaining the Coulomb interaction parameters
of the vanadium complex, ¢; and g;, was performed by cal-
culating the non-polarizable RESP partial atomic charges
(“QM calculations” subsection). For this calculation, the
same functional and basis function used in the optimization
calculation was adopted.

The final layout of the topology file, according to Fig. 2
and containing all the information described in this sec-
tion, can be found in the Supporting Information (SI) file
made available by the authors (Section S2). The values cor-
responding to the RESP charges are also found in the SI
(Table S4).

PI3K protein treatment

The Protein Data Bank (PDB) database provides crystallo-
graphic structures of several proteins, including PI3K (code
3QJZ [59]; resolution = 2.90 A). Howeyver, there are absent
residues in the crystal of the molecule, which could lead, in a
way, to inaccurate results in its analyses. Thus, we performed
a treatment of the PI3K protein so that the missing residues
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are described within the PDB of the molecule, providing
more reliable results.

To generate the protein model that contains all the origi-
nal and the missing residues, the SWISS-MODEL plat-
form [60] was used. After that, it was necessary to evaluate
the model generated by the platform. Thus, we performed
an alignment between the protein generated by SWISS-
MODEL after completing the missing residues and the
original protein (code 3QJZ [59]), using the “LovoAlign”
protein structural alignment package [61]. From the aligned
protein, we calculate its RMSD with relation to the original
protein. The overlap between the two proteins (complete/
aligned and original) is available in the Supporting Informa-
tion file (Figure S1, Section S3).

Molecular docking calculations

Using the MolDock algorithm, present in the Molegro Vir-
tual Docker (MVD) software [62], VC was docked within
the human PI3K protein. The binding site considered for the
docking study was the same used by Gurumoorthy and col-
laborators [63], where it was shown that the phenanthroline
(phen) ligand promotes an interaction with the Arg839 resi-
due of PI3K. Such interaction was evaluated in this study.
After further investigation to evaluate the best parameters
for the best performance of docking with VC, a binding site
within a restricted simulation space of 10 A was considered.
In addition, residues within a radius of 12 A were considered
flexible. At the end of the docking simulation of the complex
on the protein, 100 poses were generated. Of these 100 poses
(conformations and orientations of the VC), the pose that
showed the lowest energy of interaction and indicated an
interaction with residue Arg839 was chosen as the starting
point for the next step, the molecular dynamics simulation.

Molecular dynamics simulations

The three preparation steps for Molecular Dynamics (MD)
simulation, plus the last production step, were performed
using PMEMD software [64], included in the AMBER 20
package [53].

As previous commented, the simulations were divided
into four steps, namely: minimization, heating, equilibrium,
and production. To perform the four steps, the force field
“leaprc.ff14SB” was used to simulate the protein [65, 66].
On the other hand, to simulate the vanadium complex, the
force field developed and validated in this work was used.
Furthermore, the simulations were carried out with explicit
solvation which incorporated a cubic TIP3P water box
[67]. Water molecules were added within a radius of 25 A
from the protein to the edge of the simulation box. Nine
counterions (Nat) were added to neutralize the system. To
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counterbalance the charges of the amino acids in the protein,
the neutral pH was considered, and the program leap was
used. All four steps were performed considering the work of
Arba et al. [65] and Farrokhzadeh et al. [66].

The first step (minimization) was performed to remove
the bad contacts between the atoms, and to prepare the sys-
tem for the heating step. This simulation was divided into
two steps, the first simulation (minl) performed with a sys-
tem restriction of 500.0 kcal/mol and the second simula-
tion (min2) performed without restriction. Both steps were
performed at constant volume with 500 cycles of steepest
descent and 5500 cycles of conjugate gradient methods.

In the next step, the system was heated gradually from
0 to 100 K (heatl), 100 to 200 K (heat2), and 200 to 300
K (heat3), each step being performed at 50 ps with a time
step of 0.0005 ps and a constraint with a force constant of
5 kcal/mol. The system was then equilibrated at 300 K. For
this third step, the simulations were divided into three parts,
the first two steps (Eqgs. 1 and 2) being performed both at 50
ps with a force constant of 5 and 3 kcal/mol, respectively.
Finally, the third equilibration step (Eq. 3) was performed
without restriction and with a time of 100 ps. In total, the
heating step was performed at 150 ps and the equilibration
step at 200 ps.

The MD simulation is finally performed in the produc-
tion step, where a simulation time of 120 ns was considered
in NPT ensemble without any restraint. All bonds involving
hydrogen atoms were constrained using the SHAKE algo-
rithm [68] with 2 fs integration time step. The particle-mesh
Ewald algorithm method was used to treat long-range electro-
statics interactions [69] of a periodic box with a non-bonding
cutoff distance of 10.0 A. In addition, the simulations were
carried out using the Berendsen barostat and the Langevin
thermostat [70] with a collision frequency of 1.0 ps~'.

The analyses of the trajectories of all simulation steps
were performed with the CPPTRAJ module [71] and visual
molecular dynamics (VMD) software [52].

Results and discussion
Static calculations

Computational modeling of drug-target systems is com-
monly performed to determine the likely mechanism of
action. In this context, molecular dynamics (MD) simula-
tions play a prominent role in this type of approach, provid-
ing further information about the structural properties and
thermodynamic parameters of molecular systems [72].
Nevertheless, one of the biggest challenges in perform-
ing MD simulations to investigate the behavior of ligands

with their molecular targets is to use a force field that
satisfactorily reproduces the properties of interest [73].
In the case of metal complexes, the difficulty increases
significantly [55, 74].

In the HyperChem 7.0 software [75], it is possible to
find the AMBER force field available for the vanadium
complex (VC) under study. In addition, the UFF (universal
force field) is also available for the target complex of this
study in the software Gaussian 09. The result containing
the relative errors of some bond lengths and bond angles
is available in Table S1.

In general, metal atoms that occupy lower periods in
the periodic table (sixth period onwards), have more pro-
nounced relativistic effects. On the other hand, atoms that
occupy the initial periods of the periodic table have a theo-
retical basis of study very well established by non-relativ-
istic quantum mechanics [76]. Thus, the vanadium atom,
which is located in period 4 of the periodic table, does not
have such expressive relativistic effects. Even so, we per-
formed calculations in the ORCA software [47], where the
relativistic method ZORA is available, and a comparison
of the previously mentioned data with calculations per-
formed in the Gaussian 09 software was conducted [46].

Thus, Table S2 presents some values of VC bond
lengths and bond angles, where three comparisons were
made. The first is the comparison of the experimental val-
ues with the values obtained by the quantum calculation
with B3LYP/def2-TZVP with ECP level of theory, where
the role of the effective core potential (ECP) is to modify
the basis function so that relativistic effects on the vana-
dium atom are considered.

The second comparison was made between the experi-
mental data and the data derived from the quantum-
mechanical calculation obtained by the same functional
and basis set, but without ECP and with the relativistic
method ZORA, which, in turn, modifies the Hamilto-
nian of the Schrodinger equation to consider relativistic
effects. Finally, the last comparison (Table S2, fourth col-
umn) concerns the comparison between the two quantum
mechanics calculations preciously mentioned, namely:
B3LYP/def2-TZVP with ECP and B3LYP/def2-TZVP
with ZORA.

It can be seen from Table S2 that the relative errors are
low in all three comparisons. Furthermore, the low rela-
tive error originated from [ECP/ZORA] comparison shows
that the level of theory used in this work to obtain the lower
energy spatial arrangement of the vanadium complex is as
effective as the relativistic method ZORA, thus validating the
use of the B3LYP/def2-TZVP level of theory with ECP for
vanadium. In other words, the lower energy geometry of the
vanadium complex obtained by optimization with ZORA is
appreciably equivalent to the result of optimization with ECP.

@ Springer



123 Page 6 of 17

Journal of Molecular Modeling (2023) 29:123

Dynamics calculations: validation of FF parameters

After the entire AMBER force field parameter devel-
opment step (“Development of force field parameters”
subsection), efforts were directed towards validating the
performed parameterization. To this end, a molecular
dynamics (MD) simulation was performed in AMBER 20
simulation package [53]. The simulation was performed
in vacuum with a total time of 20 ns, with the tempera-
ture equal to 300 K and a time interval of 1 fs. In order
to ensure that the system undergoing the simulation has
reached equilibrium, only the last 10 ns were considered
for further analysis.

In general, the analyses performed in this work to vali-
date the developed force field, called here as “New_FF,”
were structural analyses with comparisons between the
bond lengths and angles, obtained by different methods,
namely: data obtained by X-ray crystallography [43];
DFT calculations with B3LYP functional and def2-TZVP
and LANL2DZ ECP basis sets for vanadium; MD simula-
tion with the new force field developed in this study; and
finally, an MD simulation with GAFF force field, under
the same conditions as the previous MD. In addition,
analyses of RMSD, BLA, geometry, and symmetry of the
molecule were performed. All the mentioned analyses are
described in the following topic.

Analysis of structural properties

The first step to validate the parameterization performed in
this work was to analyze the deviation of the spatial coor-
dinate set of the complex in the simulation according to the
coordinate set of the optimized geometry with DFT. This
analysis was obtained by calculating the RMSD (root mean
square deviation) [77] that provides the information of the
difference between the predicted value (quantum reference)
and the calculated value (MD with New_FF).

Based on the graph shown in Fig. 3, it is possible to see
a very good agreement between the two overlapping geom-
etries. Subtracting the largest RMSD value from the small-
est value, it is possible to find an oscillation amplitude of
approximately 0.6 A. Furthermore, the average of the values
of the last 10 ns is 0.3 A + 0.003 A. From these results, it
can be clearly seen that the geometry provided by the force
field parameter set proposed in this work is quite similar to
the geometry obtained by quantum mechanics calculation.

The fact that the MD simulation was performed in vac-
uum enriches the good results obtained after the RMSD
calculation since the complex is totally free to oscillate, i.e.,
there are no other molecules restricting its motion in the
surroundings. In this sense, even oscillating freely, the VC
presents a low and stable conformational variation through-
out the simulation.

Furthermore, as a means of comparison, we carried out
an RMSD calculation between the MD coordinates with

Fig.3 RMSD values (A) versus 2 :
time (ns) of MD simulation
performed in vacuum at 300 K
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GAFF and the quantum reference (Figure S4). The average
of the RMSD values was equal to 0.4 A, which suggests
that the performance of GAFF to describe the geometry of
the VC, from the general point of view, was satisfactory.
In addition, we also performed the calculation of the mean
deviation for the bonds and angles of New_FF and GAFF,
both with respect to the DFT values (Table S6).

In the work reported by Alvarez and collaborators [43],
the geometries obtained by DFT calculations and X-ray crys-
tallography indicated that the vanadium metal and the other
atoms connected to it have a distorted octahedral geometry.
On this basis, a distorted octahedral is observed in Fig. 4(a),
where the spatial arrangement was obtained after a quantum
mechanical (DFT) calculation. The same can be observed
in Figure 4(b), where a slightly more distorted octahedral
geometry was obtained from the MD simulation performed
with the new set of force field parameters (New_FF). The
ideal octahedral geometry cannot be found since the angles
around the vanadium metal do not have 90°. In addition, as
a mean of comparison, the geometry obtained with GAFF
is shown in Fig. 4(c).

Moreover, it is also mentioned in the literature that the
oxydiacetate ligand (oda—which corresponds to the atoms
02, 04, and OS5 in Fig. 4) adopts the fac arrangement, and
the central oxygen atom in the ligand (in our reference,

\\\\\\“ '

oxygen O4) displays a trans geometry with respect to the
vanadyl group (V1=01) [43, 78]. The geometry obtained
by mean of the parameterization proposed in this work
also reproduces this spatial arrangement.

GAFF (general AMBER force field) is a force field
often used in MD simulations, with success in many cases
[57, 79-81]. Howbeit, the developers of this useful force
field aimed at organic molecules, which makes it difficult
to apply to metal complexes [55, 57]. Still, this work used
GAFF parameters in an MD simulation in vacuum (7 =
300 K) with a total simulation time of 20 ns [55]. The
obtained results were confronted with experimental values
[43] (Table 1).

From Table 1, the relative errors were calculated by
considering Eq. (2). For example, for the O4-C2 bond and
the O2-V1-O4 angle, the relative error values correspond
to 2.1% and 6.5%, respectively.

calculated value — experimental value

% = x 100
‘ experimental value &

The vanadium complex under study in this work is
comprised of 42 bonds and 80 angles. For each bond and
angle, a percentage of relative error was obtained. Thus,
the arithmetic mean of the module of values was obtained.

Fig.4 Distorted octahedral geometries of the VC obtained by (a) DFT calculation, (b) MD with New_FF, and (¢) MD with GAFF. The remain-

ing atoms in the complex were deleted
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Table 1 Bond lengths A)

and angles (°) selected for the Bond lengths Exp. DFT GAFF Bond lengths Exp. DFT GAFF
VC. Experimental values and V1-01 1.59 1.57 1.56 03-Cl1 1.22 1.22 121
average values obtained from V1-02 1.97 1.96 1.91 04-C2 1.43 1.43 1.46
the MD simulation with the V1-04 2.30 2.48 2.46 C1-C2 1.51 1.53 1.51
GAFF force field VI-N1 2.11 2.18 2.18 05-C3 1.28 1.30 1.33
02-C1 1.28 1.30 1.33 N1-C5 1.32 1.32 1.39
Angles Exp. DFT GAFF Angles Exp. DFT GAFF
V1-04-C2 108.55 10749 10291  02-V1-04 76.02 72.85 71.10
V1-N1-C5 127.87 12603 12789  02-V1-05 90.93 98.65 105.45
V1-02-C1 12336 12863 12927  02-VI-N1 90.78 87.36 82.26
01-V1-02 10132 10502 10766  02-C1-03 12434 12583 12170
01-V1-04 176.10 17653 16536  C2-04-C4 11477 11668  114.82
01-V1-N1 101.90  99.22 94.46 N1-C5-C6 12208 12201  119.28

About 80.9% of the VC bond values, obtained from the
MD simulation with the GAFF force field, varied in a rela-
tive error range of 0 to 11%. More precisely, the mean rela-
tive error of the comparison between the experimental and
GAFF values was exactly 5.7%, with an average standard
deviation of 0.001%.

The analysis of the bond angles was conducted in an
analogous way. The average variation of the relative error
of the comparison between the experimental values and the
values obtained by GAFF was equal to 2.7%. In other words,
the relative error ranged around almost 3%, with an average
standard deviation of 0.128%. Furthermore, it can be con-
cluded that 81.2% (which corresponds to 65 angles out of
80) ranged between 0 and 4%.

The MD simulation with the implemented GAFF force
field allowed the confirmation that GAFF is not a suitable
force field to describe the vanadium complex under inves-
tigation. Indeed, its purpose is to describe organic mol-
ecules; however, the VC has two organic ligands, which
makes the investigation of its applicability in our system
valid.

It is important to highlight that GAFF is an excellent force
field; however, it is usually applied to simulate organic mol-
ecules. In this sense, for the special case of [VO(oda)(phen)],
the use of a specific force field to describe this metallic com-
plex, such as New_FF, is an advantage compared to general
AMBER force field.

The proper choice of force field to use in molecular
dynamics simulations is a crucial step for successful calcula-
tions and results. As mentioned previously, GAFF force field
is not a suitable choice to describe the VC. Moreover, auto-
matic force fields and those available in software Hyperchem
7.0 and Gaussian (AMBER and UFF, respectively) are not
efficient to describe the molecule under study in this work. It
is clear then that force fields that do not describe the system
satisfactorily should be avoided.
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Taking this into consideration, it is evident the need to
develop a specific force field for the complex [VO(oda)
(phen)] is the focus of this work. After our efforts were
directed towards the parameterization of the complex,
validation was performed through an MD simulation in
vacuum with the new implemented force field (New_FF).
Table 2 gathers some values of bond lengths and bond
angles obtained from three methods, namely: X-ray crys-
tallography (Exp.) [43]; quantum mechanical (DFT) cal-
culations; and MD simulation with the new force field
(New_FF).

Analogously to the analyses performed in the comparison
between the experimental values and the MD values with the
GAFF force field, the analyses of the three comparisons of the
data in Table 2 were made. The comparisons conducted were
the experimental values with the New_FF values (Exp/MD);
values from the quantum reference (DFT) with the New_FF
values (QM/MD); and finally, the comparison between the
experimental values and the DFT values (Exp/QM).

Regarding the 42 VC bonds, we could conclude that
80.9% of the values of the relative errors of the Exp/MD
comparison ranged between 0 and 10%. Although this seems
like a wide range, the average of the values is only 4.8%,
i.e., most of the relative errors oscillate around this value. In
addition, the mean standard deviation was 0.001%.

The average relative error of the QM/MD comparison
was 0.6%, showing an excellent agreement between the MD
simulation with New_FF and the quantum reference calcu-
lation (DFT). The variation of the latter comparison was
between 0 and 2% for all bonds in the VC, where precisely
20 bonds had average relative error of 0%, 18 bonds with
1%, and 4 bonds with 2%, totalizing the 42 bonds present
in the molecule.

It is worth mentioning that the calculation of the rela-
tive error for the QM/MD comparison considered the value
of the quantum reference as the truest value. Thus, in Eq.
(2), instead of the experimental value, the value obtained
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Table 2 Bond lengths (;A) and

angles (°) selected for the VC. Bond lengths Exp. DFT New_FF Bond lengths Exp. DFT New_FF
Experimental values, quantum V1-01 1.59 1.57 1.56 03-C1 1.22 122 121
reference values, and average V1-02 1.97 1.96 1.91 04-C2 1.43 1.43 1.44
values obtained from the MD V1-04 2.30 2.48 2.48 C1-C2 1.51 1.53 1.53
simulation with New_FF V1-N1 2.11 2.18 2.19 05-C3 1.28 130 1.29
02-C1 1.28 1.30 1.29 N1-C5 1.32 1.32 1.34
Angles Exp. DFT New_FF Angles Exp. DFT New_FF
V1-04-C2 108.55 107.49 101.86 02-V1-04 76.02 72.85 74.06
V1-N1-C5 127.87 126.03 129.23 02-V1-05 90.93 98.65 101.45
V1-02-C1 123.36 128.63 127.10 02-V1-N1 90.78 87.36 84.57
01-V1-02 101.32 105.02 106.58 02-C1-03 124.34 125.83 123.55
01-V1-04 176.10 176.53 172.14 C2-04-C4 114.77 116.68 117.77
01-V1-N1 101.90 99.22 94.77 N1-C5-C6 122.08 122.01 121.96

by the quantum mechanics calculation (DFT) was consid-
ered. The relative errors of the other comparisons (Exp/
MD and Exp/QM) were obtained according to Eq. (2).

The comparison between the experimental data and the
quantum reference (Exp/QM) values was performed to
investigate whether the choice of the level of theory for the
DFT calculations was a good choice. The range of variation
for 34 bonds (representing 80.9% of the total bonds) was
between 0 and 10%; however, the average of the values is
only between 4.4%.

It is worth noting that the results obtained by compar-
ing the New_FF with the experimental values (Exp/MD)
showed great similarity with the comparison of the DFT
values and the experimental ones (Exp/QM). In other words,
our proposed new force field had errors in the same range as
the errors that the quantum structure presented. Moreover,
this is explicit by looking at the average relative error of the
QM/MD comparison, where the relative error values merely
ranged around 0.6%.

The same analyses were performed for the set of 80
angles of the [VO(oda)(phen)] complex. Results of the first
comparison (Exp/MD) provide a range of relative errors
from O to 3% for 81.2% of the total angles of the molecule.
The average relative errors were 2.0% and the mean standard
deviation was 0.153%.

The comparison of the results between the quantum refer-
ence values and the New_FF values (QM/MD) provided an
average of a mere 1.4% and range of variation for 78.7% of
the bonds (63 angles) from 0 to 2%. The Exp/QM compari-
son, on the other hand, indicates a range between 0 and 2%
for 66 angles (82.5%), with an average error of 1.3%.

Remarkably, low values are shown in the comparisons of
the angles of the MD using the New_FF with the experimen-
tal and quantum reference values. Strictly speaking, the force
field developed by us shows excellent agreements, with the
average relative errors of the bond angles for Exp/MD and
QM/MD comparisons being 2.0% and 1.4%, respectively.

In references [78, 82], the authors synthesized a few
vanadium complexes, among them, the complexes [V(O)
(oda)(H20)2] 1, [V(O)(oda)(N-N)].H20 (N-N = bipy, 4;
phen, 5). Complex 1 provides experimental values of some
structural parameters and parameters of the molecule with
fac arrangement, obtained after a DFT calculation (B3LYP/
LANL2DZ level of theory). Moreover, after X-ray analysis,
the authors showed that system 4 obtained two independ-
ent molecules and that such molecules show little difference
between each other.

Although complex 5 is identical to the complex under
study in this work, the authors reported that the crystal qual-
ity was poor, making it impossible to represent the complex
in detail. Even so, based on comparisons with the other
complexes, especially complex 4, the authors were able to
extract important information about complex 5. Thus, the
information obtained from the analysis of the three com-
plexes mentioned above were useful for our work.

Based on the parameters presented in Table 2, especially
regarding the Exp/MD comparison, some bond lengths and
bond angles showed relative errors greater than 3%. There-
fore, these parameters are discussed below.

The V1-O4 bond (2.48 10\), obtained by New_FF, was
overestimated compared to its respective experimental value
(2.30 A), providing a relative error of 8.0%. However, in [78]
this bond is also overestimated. This occurs both for com-
plex 1 ([V(O)(oda)(H,0),]) in its fac arrangement (2.44 A)
and for complex 4 ([V(O)(oda)(bpy)], which has great simi-
larity with the system under study in this work ([VO(oda)
(phen)]) in the two molecules found, with values of 2.32 A
and 2.33 A, respectively.

Additionally, when comparing the obtained value of the
V1-04 bond with the New_FF (2.48 A) and the quantum
reference (2.48 10%), a relative error of 0.04% is found. As
commented earlier, the comparison between the experimen-
tal and DFT (Exp/QM) data provided excellent agreement,
which allows us to validate the obtained value of the V1-O4
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bond (2.48 10\) based on the value obtained by the quantum
reference.

The V1-O2 bond (1.91 A) was underestimated by New_
FF compared to the experimental value (1.97 A). However,
in [78], the fac arrangement of complex 1, similar to the
fac arrangement of the VC under study in this work, shows
the value for the V1-O2 bond of 1.92 A, which provides a
small relative error (0.5%) compared to the value given by
New_FF.

Finally, the VI-N1 bond showed an experimental value
of 2.11 A, while the MD simulation with the new force field
provided a higher value of 2.19 A. This led to a relative error
of almost 4% (3.8%). In spite of that, looking at the bias
of the QM/MD comparison, a relative error of 0.46% was
found, since the quantum reference value for this bond was
2.18 A. This understanding is acceptable, mainly because
the validation of New_FF in this study is done based on
two references, experimental values and values coming from
quantum mechanics (DFT) calculations.

From the point of view of the bond angle analysis, it is
already expected that the angle values will oscillate more
compared to the bond length values. This is expected
because the angle force constants (K,) are smaller than the
bond force constants (K,) (see Section S2). Thus, the angu-
lar deformations are larger than the bond stretches. For this
reason, angles in Table 2 with relative errors above 5% are
discussed below.

Regarding the O1-V1-02 bond angle, the new force field
showed a higher value (106.58°) compared to the respec-
tive experimental value (101.32°). This angle also shows
overestimated values in [78], with the complex [V(O)(oda)
(H,0),] showing fac arrangement and experimental val-
ues of 106.95° and 108.30°, respectively. Furthermore, the
relative error of the QM/MD comparison for this angle was
1.5%, where the quantum reference value was 105.02°.

For the angle O2-V1-N1, the MD simulation with the
new force field provided a value of 84.57°. The experimental
value, on the other hand, was exactly 90.78°. Although sug-
gesting a somewhat high difference, the quantum reference
value (87.36°) was close to the New_FF value, yielding a
relative error of 3.2%.

The experimental value of the O2-V1-O5 bond angle,
obtained by X-ray crystallography, was 90.93°, a bit far
from the value provided by New_FF (101.45°). However,
this value can be validated by comparing with the value
(101.60°) provided in [78] of its analogous complex (1),
where the fac arrangement was found (spatial arrangement
equivalent to that of VC). Moreover, in the comparison with
the quantum reference (QM/MD), we found a relative error
of only 2.8%.

The O1-V1-N1 bond angle has an experimental value of
101.90°. The force field developed in this work provided an
underestimated value of 94.77° for this angle, but values of
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the similar complex (4) [V(O)(oda)(bipy)] [78] were also
underestimated when compared to the experimental data.
The DFT (quantum reference) value was 99.22°, giving a
relative error of 4.5%. We consider this error acceptable,
since angular deformations are more pronounced than bond
stretches, as commented earlier.

Finally, the value of the V1-O4-C2 angle obtained by
New_FF, DFT, and the experimental value were 101.86°,
107.49°, and 108.55°, respectively. The works cited do not
comment on this angle; however, an individual look at this
angle does not portray the efficiency of the newly developed
force field. Thus, the values of all the bond angles taken
together provide the understanding that New_FF can sat-
isfactorily describe the set of bond angles of the vanadium
complex [VO(oda)(phen)], the target system of this work.

By looking at Fig. 2, it can be seen that there is a sym-
metry in the vanadium complex, where, for example, the
V1-02 and V1-0O5 bonds are equivalent of each other, like-
wise the V1-N1-C9 and V1-N2-D5 angles are equivalent
of each other. Some selected bond lengths and angles are
gathered in Table S3, where a perfect symmetry between
the experimental values is remarkable.

Regarding the values found after the MD simulation with
New_FF, excellent results are found, with differences only
in the last decimal places. It is suggestive to remember that
in each value of length and bond angle from the New_FF
has an associated standard deviation. Thus, it is understood
that the new force field proposed in this work was able to
efficiently reproduce the proposed symmetry in the vana-
dium complex.

In the system under study in this work, one of the vana-
dium atom ligands is phenanthroline, phen. This ligand is a
bidentate heterocyclic organic compound, where three rings
are connected to each other with alternating single and dou-
ble bonds (Fig. 2). Thus, it was included in the Supporting
Information file an analysis of the bond length alternation
(BLA), Figure S5.

Biomolecular study: (vanadium complex)-
protein interactions

A treatment with the PI3K protein was performed so that
the missing residues were recovered. This procedure was
performed using the SWISS-MODEL platform [60], as well
as an alignment between the original protein and the one
obtained through the “LovoAlign” program [61].

From this treatment, it was possible to recover 150 resi-
dues that were absent. The new number of residues, as well
as those that were rescued, is available in the Supporting
Information file, Table S5 (Section S3). In this work, we
used the new numbering to identify the residues, since, from
the molecular dynamic simulation, we found interactions



Journal of Molecular Modeling (2023) 29:123

Page 110f17 123

between the VC and residues that were not described in
the original protein file. However, the reader will be able
to make the equivalence with the original protein file by
observing Table S5 in Section S3.

Even with the large number of new residues in the protein
file, a RMSD of only 0.84 A was obtained between the origi-
nal protein and the complete, aligned protein. Supported by
this value, as well as the good overlap observed between
the two proteins (see Figure S1, in Section S3), it was pos-
sible to use the improved protein and perform more reliable
docking and molecular dynamics simulations between the
vanadium complex and PI3K biomolecule.

Docking

Molecular docking simulations are well known for provid-
ing valuable information about the mechanism of action of
a given ligand within a biomolecule, as well as providing
remarkable relevance in the process of new drug discovery
[83]. One important information that can be extracted from
a docking calculation is the hydrogen bonds that a ligand
performs with specific residues of the protein. The Molegro
Virtual Docker (MVD) software [62] can be useful in evalu-
ating such interactions.

In this context, as can be seen in Fig. 5(b), four hydro-
gen bonds were indicated after docking simulation. The
vanadium complex (VC) forms hydrogen bonds with the
Arginine 697 (Arg697) and Lysine 526 (Lys526) residues
of PI3K.

The pose (conformation and orientation of the VC)
shown in Fig. 5(a) was chosen based on two criteria. The

Energy of interaction:
- 119.79 kcal/mol

first criterion was guided by the choice of conformation
and orientation of the complex within the protein. As men-
tioned earlier, it is known that the phenanthroline (phen)
ligand, present in VC (Fig. 1), exhibits interactions with
the amino group of Arginine 839 [63] (Arginine 697 in
our nomenclature). This information is reaffirmed by our
docking study. By looking at Fig. 5(b), it is possible to
see that the nitrogen (N1-Fig. 2) of phenanthroline forms
a hydrogen bond with the H of the aminogroup of the
Arg697 residue (2.27 A).

In addition, a second criterion was assigned from the
energetic information that the interaction of the VC with
the protein provides. The most favorable conformation
and orientation (i.e., lower energy, therefore more stable)
indicates better accommodation of the ligand within the
binding site of the protein.

The pose observed in Fig. 5(a) shows an intermolecular
interaction energy of —119.79 kcal/mol. Therefore, based
on the reported energy value, we can suggest that the vana-
dium complex does indeed interact with this PI3K binding
site with favorable energy and conformation. Thus, the
configuration obtained after the docking calculation is use-
ful to serve as a starting point for other simulations, such
as molecular dynamics simulations.

In general, it is important to note that, although dock-
ing studies provide important information at the molecular
level of ligand-protein interactions, this type of study is
not performed over time. In other words, investigations
of this type provide information about a certain instant of
time, which suggests to us that further investigations, over
time, would be necessary.

Bond lengths:
2274

1) 1.68 A
1) 2.14 A
IV)2.05 A

Lys526

Fig.5 (a) Most favorable pose of the vanadium complex within the PI3K binding site and its energy of interaction. Complex in red. (b) Hydro-
gen bonds (in orange) formed between VC and residues Arg697 and Lys526. The bond lengths are pointed out
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Molecular dynamics
RMSD analysis

As previously stated, the best pose found in the molecular
docking study was used to perform the MD step with explicit
solvent. The RMSD calculation was performed considering
the docking structure as coordinate reference. In this way, it
was possible to observe the behavior of the protein and the
complex over the course of 120 ns simulation (Fig. 6).

The RMSD showed a low standard deviation value indi-
cated throughout the simulation, only 0.74 A, i.e., the com-
plex had an oscillation smaller than 1 A.Tn addition, the MD
simulation revealed that the vanadium complex has two con-
formations, which can oscillate during the simulation time,
being conformation I with values below 1 A (highlighted in
orange in Fig. 6) and conformation II with values above 1 A
(highlighted in green in Fig. 6).

In Figure S2, we present the two conformations obtained
after the MD simulation. As can be seen, the difference
occurs with the oxydiacetate ligand (oda), where in con-
formation I, the O1 atom is away from the viewer and the
04 atom is towards the viewer. The opposite occurs with
conformation II. The spatial arrangement of the other atoms
of the (oda) ligand can be seen in Figure S2.

Regarding the protein, the average oscillation was 3.30 A.
Furthermore, the standard deviation value was only 0.42 A.
Since this is a simulation where the effect of the solvent and

the thermal effect are taken into account [84], we considered
the mean value of the oscillation to be low, especially the
observed standard deviation value.

Hydrogen bonds analysis

Using the VMD (visual molecular dynamics) software
[52], it was possible to identify hydrogen bonds (H-Bonds)
between the vanadium complex and the PI3K protein during
the MD simulation trajectory (120 ns). H-Bonds with cutoff
radius of 3.5 A and cutoff angle of 30° were considered.

The interaction reported in the docking study between
residue Arg697 and the phenanthroline ligand (Arg697 @
N1), mentioned by Gurumoorthy et al. [63], was not reported
in our MD simulation. In our best knowledge, we could not
compare our MD results with the work [63] since they did
not perform this simulation, only docking.

On the other hand, we found interactions between Argi-
nine 697 and the O1 of the vanadium complex. Therefore,
the two H-Bonds between O1 and the Arg697 residue found
after the docking simulation (see Fig. 5(b)), were also found
in our MD simulation, as can be seen in Fig. 7(a).

It is also noteworthy that in the docking study (“Docking”
subsection), in addition to indicating an interaction with the
amino acid Arg697, we have mentioned a new VC interac-
tion with the residue Lys526 (see Fig. 5(b)). We found this
bond (Lys526@06(1)) in the MD simulation as well, as it
can be seen in Fig. 7(b).
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ed) during 120 ns of simulation. The docking structure was used as coordi-
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Fig.7 (a) Two H-Bonds Arg697@O0O1(I). (b) H-Bond Lys526@06(I). (¢) H-Bond Glu350@06(I). (d) H-Bond Glu350@02(II). Hydrogen

bonds in orange

In addition to the abovementioned residues, another resi-
due stands out for having significant frequencies of occur-
rences throughout MD simulation, Glu350. Regarding con-
formations I and II, this residue presented a frequency of
71.29% and 57.88%, respectively. Thus, we tracked the main
atoms of VC that performed interactions with this residue.

Two intermolecular interactions between VC and Glu350
can be highlighted, the first interaction being with the O6
atom (Glu350@06(1)) and the second with the O2 atom
(Glu350@02(11)), Fig. 7 (c) and (d), respectively. Other VC
atoms also form H-Bonds with the amino acid Glu350 (as
01, 03, and O5); however, the predominant occurrence dur-
ing the 120 ns is of the Glu350@06(1I) and Glu350@O2(11)
interactions.

Through the analysis of Fig. 7, it becomes interesting to
observe that the vanadium complex always acts as an elec-
tron acceptor with respect to the PI3K protein residues. All
pointed residues donate electrons from the N-H bond. In
line with this, in all cases, the vanadium complex accepts
electrons through the high electron affinity of the oxygen
atoms in the complex.

The main hydrogen bonds, i.e., those involved in docking
and MD simulations, as well as those that appeared more
frequently, were described in the previous lines. However,
we did find other H-Bonds. Although less frequent than
those reported in Fig. 7(c) and (d), H-Bonds such as those

shown in Figure S3 were detected after the MD simulation,
namely: Asn829@03(I) and GIn899 @O 1(II). On the other
hand, H-Bonds with a minimum frequency of occurrence
were not presented.

An important observation to make is the fact that
H-Bonds such as Glu350@06(I) (Fig. 7(c)), Glu350@
02(II) (Fig. 7(d)), Asn829@03(I) (Figure S3(a)), and
GIn899@O1(1II) (Figure S3(b)), were found in residues that
were not present in the original PI3K protein file. This rein-
forces the importance of the treatment performed with PI3K
(“PI3K protein treatment” subsection), where we complete
and align the protein before submitting it to the biomolecu-
lar study. The interactions cited would never have been
observed if this previous treatment had not been carried out.

The combination of docking and MD simulations pro-
vides an elegant study of the interactions between a ligand
and a molecular target. After the molecular docking calcula-
tion, it is suggestive to complement it with an MD simula-
tion, due to the consideration of the effect of the solvent, as
well as the thermal effect, allowing energy barriers to be
overcome and thus new interactions to be pointed out [84].

In general, the atoms predominantly involved in hydro-
gen bonds were O1, 02, O3, 05, and 06. In addition,
in a nutshell, we can also mention that the residue most
involved in H-Bonds, in both conformations, was glutamic
acid 350 (Glu350).
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We suggest that the most stable conformation is confor-
mation I. This conformation has x, y and z coordinates very
close to the spatial coordinates of the docking structure (see
Fig. 6, where the RMSD was calculated with reference to
the docking structure). Conformation II has an RMSD close
to?2 A, i.e., it moves further away from the reference. From
our findings, conformation I is closer to quantum reference,
and more importantly, the spatial arrangement observed in
I is consistent with the crystallographic structure of the VC.
Furthermore, the difference between conformation I and II
was equal to 42.58 kcal/mol. Due conformation I being more
favorable, it is, possibly, the biologically active one.

Now, an important question is, what causes the VC to
remain in conformation I? At the beginning of the simula-
tion, where the complex is in conformation I, it is observed
that the residue Arg565 appears with high frequency
(138%), while after the change to conformation II, this per-
centage decreased sharply (1.20%). The same scenario is
observed with residues Lys526 (90%(1)-2.14%(1II)), Ser564
(71%(1)-0%(11)), Arg697 (41%(1)-2.48%(11)). Thus, our data
point out that these residues are responsible for sustaining
conformation I in the first moments of the simulation.

However, an important point is that, when returning
from conformation II to conformation I (after 60 ns), the
interactions with these residues are not restored. It is pos-
sible to attribute this to the fact that after more than half of
the simulation had taken place (52.8%), the ligand moved
slightly within the binding site. This can be confirmed by
the fact that the interactions previously observed in confor-
mation I (at the beginning of the simulation), are not the
same observed in the second moment (i.e., after 60 ns of
simulation). In this second moment of conformation I, the
most accentuated interaction happened with residue Asn829.
Thus, for this moment, our findings put in evidence that the
amino acid residue Asparagine 829 is responsible for sus-
taining the VC in conformation I.

Analysis of autophagy inhibition through PI3K activation

The autophagy signaling pathway, PI3K/Akt/mTOR, is initi-
ated by the PI3K and Akt proteins, which are responsible for
positively regulating the mTOR protein. The mTOR nega-
tively regulates the ULK1 protein, which in turn inhibits the
entire autophagy process [85]. This can be understood more
clearly through Scheme 1 presented below.

The vanadium complex (Fig. 1) studied in this work
is known for its ability to inhibit autophagy in pancreatic
cancer cells [31]. Using this information and knowing the
role of each protein in the autophagy signaling pathway
(Scheme 1), it is possible to understand the action of VC
against each of the proteins in the pathway.

For instance, the role of VC in interactions with the
PI3K protein would be to activate this molecular target. By
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Scheme 1 Negative regulatory pathway of autophagy and perfor-
mance of VC in interactions with each protein of the signaling path-
way

activating such protein, Akt will be activated, which in turn
will activate mTOR, and the whole cascade will follow to
inhibit autophagy. A different scenario would be seen in
VC’s actions with the ULK1 protein, where, in this case,
the complex would have the role of deactivating the protein
for autophagy inhibition to occur.

In this work, we sought to investigate the action of VC
with the protein responsible for initiating the autophagy
signaling process (PI3K). VC is able to inhibit autophagy, so
its action with respect to the PI3K protein is to activate this
molecular target. Thus, our study could contribute to under-
standing how this activation occurs at the molecular level.
For this purpose, the study of which hydrogen bonds occur
during the MD simulation (previous topic), could be useful.

It was previously mentioned that the amino acids Arg565,
Lys526, Ser564, Arg697, and Asn829 were responsible for
sustaining the conformation I (more stable). Furthermore,
the oxygen atoms of VC, with the exception of O4, were the
most frequent in the intermolecular interactions. Based on
this information, it is possible to suggest that the activation
of PI3K occurs through these residues with the oxygens O1,
02, 03, 05, and 06.

Thus, to explore the manipulation of autophagy (due to
its importance against cancer [25]), we can suggest that the
opposite scenario, for instance, the deactivation of PI3K
and thus induction of autophagy, can be achieved through
modifications in the VC structure. However, it is important
to emphasize that further studies are necessary for a better
understanding of the manipulation of autophagy by thera-
peutic agents such as vanadium complexes. Thus, in the near
future, efforts will be directed to a complete investigation of
the autophagy signaling pathway.

Conclusions

In this work, we proposed three steps, the first being the
development of the parameters; the second, validation of
the new force field; and finally, a biomolecular study on pro-
tein-ligand interactions. The first part consisted of obtaining
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each parameter present in the potential energy equation that
describes the AMBER force field. The second part focused
on the validation of the developed parameter set. For this
purpose, an MD simulation was performed in vacuum (300
K) with the new parameters implemented.

All our findings confirm the excellent performance of
the AMBER force field parameters developed specifically
for the vanadium complex under investigation in this work.
From the structural analyses, it can be considered that New_
FF has been properly validated through comparisons with
the experimental and quantum reference. Moreover, as com-
parative means, the difference in efficiency (when it comes
to VC) between our force field and the widely used GAFF
force field is clear.

In the last step of the work, we performed a study at the
molecular level of the interactions between the vanadium
complex and the PI3K biomolecule, a protein that is respon-
sible for initiating the signaling of the autophagy process.
This step consisted of two important types of molecular
modeling simulations: docking simulations and classical
molecular dynamics.

By performing the molecular docking simulation, the
interaction between VC and the target protein was investi-
gated. The interaction energy suggests that the VC interacts
with PI3K at the considered binding site in a favorable and
stable manner. Furthermore, our simulation demonstrated
that the N1 of the phenanthroline ligand of VC forms a
hydrogen bond with the amino group of the Arg839 (in our
nomenclature: Arg697) residue of PI3K, as reported by the
literature [63]. Therefore, the most stable conformation and
orientation from the docking simulation was used as the
starting point for the MD step.

The MD simulation provided an in-depth understand-
ing over time of the VC behavior within PI3K, with a total
simulation time of 120 ns. Through RMSD analysis, it can
be observed that the vanadium complex has two conforma-
tions (I and II). In addition, a standard deviation of 0.74 A
and 0.42 A was found for the VC and PI3K, respectively.
After the execution of MD, new H-Bonds were pointed out,
occurring predominantly with oxygen atoms of VC (O1, O2,
03, 05, and O6).

In order to contribute to the understanding of the mecha-
nism of action of autophagy, we suggest that the H-Bonds
between the PI3K protein and VC prevalent in the MD simu-
lation are responsible for activating the protein, so that inhi-
bition of autophagy occurs. Furthermore, we suggest that
modifications in the VC structure, such as new bonds on
oxygen atoms, would provide the opposite scenario, such
as deactivation of PI3K as well as induction of autophagy.
Future investigations of the autophagy signaling pathway
may occur to complement the present work.

In general terms, this work fills the gap left by the
absence of force field parameters for the vanadium complex

[VO(oda)(phen)], which has great potential for applications
in autophagy and, consequently, in anticancer treatments.

Thus, the authors acknowledge that this study contrib-
utes both to the theoretical perspective of developing force
field parameters for metal complexes, and to the perspective
of the biological applications, providing insights about the
interactions between VC and PI3K, allowing the contribu-
tion to the elucidation of the complex process of autophagy.
If appropriate force field methods are used for large systems,
in which ab initio calculations are highly computational-
demanding, great advances can, in principle, be performed
in designing proposing new vanadium complexes that are
able, this time around, to induce autophagy. Moreover, the
theoretical investigation developed here may serve as a start-
ing point for other important work.
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