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This study aimed to utilize molecular modeling and theoretical chemistry methods to contribute to the elucidation of the mechanism
of action of boldine, an alkaloid present in the Peumus boldo plant. Boldo holds a special place in traditional medicinal practices

throughout Brazil and has been officially recognized as medicinal plant. It is traditionally indicated for choleretic and cholagogue

effects, among other digestive disorders. Literature has provided experimental evidence demonstrating that boldine can bind to the
farnesoid X receptor, a key player in the production and excretion of bile. Our in silico study revealed that boldine exhibits stable
non-bonded interactions like those calculated for the endogenous ligand chenodeoxycholic acid and the synthetic agonist colifexor,
supporting what has been experimentally observed in the literature. The packages MOPAC, AutoDock, GROMACS and g_mmpbsa
were employed for structural optimization, molecular docking, molecular dynamics and bond energy calculations respectively. This

study demonstrates the application of theoretical chemistry and molecular modeling methods, including molecular docking, molecular

dynamics, and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA), in identifying molecular targets and providing

insights into the bioactivities of natural products.
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INTRODUCTION

Boldo (Peumus boldo Mol.) is a medicinal plant with widespread
and established usage throughout South America. This plant
originated from Chile and became known in Western cultures through
interactions between Spanish colonizers and the native Mapuche
people. While the etymology remains controversial, the term “boldo”
itself finds its roots in the Mapuche language. The properties of the
plant were systematically described by the Jesuit priest Juan Ignacio
Molina in the 18" century.!

In Brazil, boldo is referred to as “boldo do Chile” (Chilean
boldo), as it is frequently mistaken for the species Coleus barbatus,
commonly known as “boldo da terra” or false boldo. Boldo holds
a place in traditional medicinal practices throughout Brazil and
has been officially documented in the Brazilian Pharmacopoeia
since its inaugural edition. Popularly used in Brazil as a choleretic
and cholagogue, boldo is employed to address various digestive
disorders.>®

Medicines containing boldo extract as an active ingredient are
incorporated into the herbal medicine formulary of Agéncia Nacional
de Vigilancia Sanitaria (ANVISA).” Consequently, these medications
are officially recognized as herbal medicines and are manufactured by
several pharmaceutical industries in the country. They are available in
various forms such as tablets, oral solutions, and effervescent tablets.”*

The main secondary metabolite of boldo is the alkaloid
boldine (BDN) (Figure 1), which exhibits various biological activities
such as antioxidant properties,” hypoglycemic effects,'” osteogenetic
potential,'' and cosmetic applications.'> Recently, BDN has shown
promise as a molecule for the treatment of neurological disorders
such as epilepsy, Alzheimer’s disease, and Parkinson’s disease.'*!*

Several studies'>!” have gathered experimental evidence to
demonstrate that boldo, and consequently BDN, present choleretic
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and cholagogue effects. However, there are also studies'® that have
concluded exactly the opposite, suggesting that boldo or even BDN
lack any choleretic or cholagogue activity.

More robust evidence regarding the effects of BDN on bile
production was published by Cermanova et al.'® Their experimental
findings demonstrated that BDN enhances bile production, and
this effect may be associated with the farnesoid X receptor (FXR),
a bile acid receptor whose one of the endogenous agonists is the
chenodeoxycholic acid (CDA) (Figure 1). Besides, an FXR agonist
named cilofexor (CFX) (Figure 1) has recently garnered attention as
a potential therapeutic target for primary sclerosing cholangitis (PSC)
and non-alcoholic steatohepatitis (NASH).2->

Considering the aforementioned points, as boldo is a plant
traditionally used in Brazil, alongside the still controversial
mechanism of action of BDN at the molecular level and the
therapeutic potential of FXR agonists for treating PSC and NASH,
this study aimed to investigate the interactions and free energy of
binding between BDN and FXR using molecular docking, molecular
dynamics simulations, and molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) calculations. The results obtained were
compared to the endogenous CDA and the experimental FXR agonist
CFX (Figure 1).

Chenodeoxycholic acid (CDA)
Figure 1. Chemical structures of boldine (BDN), chendeoxycholic acid (CDA),
and cilofexor (CFX)
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EXPERIMENTAL
Homology modeling

The crystallographic structure of the Homo sapiens sapiens
farnesoid X receptor (HssFXR) co-crystallized with CDA was
obtained from the Protein Data Bank (PDB) server under the code
6HL1.% Since the protein structure was incomplete, it was necessary
to construct a homology model through the structural alignment
between the corresponding FASTA sequence (downloaded from the
PDB server)® to its incomplete crystallographic structure, using the
Swiss-PDB viewer program, followed by submission to the optimize
mode of the Swiss-Model server.”’ The further model validation was
performed using the PROCHECK software” hosted in the PDBsum
server. The Ramachandran plot obtained for the validated model is
shown in Figure 2.
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Figure 2. Ramachandran plot of FXR homology model build for this study
Molecular docking calculations

The 2D chemical structures of BDN, CDA, and CFX were drawn
and submitted to calculation of their protonation states and partition
coefficient octanol/water (LogP) under physiologic pH (7.4) using
the Chemicalize server.”” The dominant species at pH 7.4 for CDA
and CFX were the ones with the carboxyl groups ionized, and net
charge = —1, while for BDN the dominant species was the one with
the nitrogen atom protonated and net charge = +1.

The 3D chemical structures of the dominant ligand species
at pH 7.4 were built using the ChemSketch version 2022.1.2
(ACD/Labs 2022),* and submitted to the geometry optimization and
partial atomic charges calculations through the PM7 (Parametric
Method 7) semi-empirical method performed with the MOPAC2016
program.’!2 After partial atomic charges calculations, molecular
docking was performed employing the AutoDock suite:
AutoDockTools (ADT) for files preparation and AutoDock 4.2 to
run the docking calculations.

Redocking of the CDA co-crystallized on HssFXR afforded a root
mean square deviation (RMSD) value of 1.55 A (Figure 3) which is
< 2.0 A and, therefore, considered enough to validate the docking
protocol used according to the literature.**

For all dockings performed in this study, the binding site was

Quim. Nova

restricted into a cubic grid box with an edge = 30 A centered in
the co-crystalized ligand which the coordinates were x = —1.3579,
y =1.0506 and z = 7.6842. All the residues within this grid box were
considered flexible. The parameters used for AutoDock 4.2* docking
calculations were as follows: Lamarckian genetic algorithm was used
for the conformation search; the number of evaluations was set at
25 and the other parameters were set to default; all docking parameters
were saved as the .DPF file; the best-predicted conformation (lowest
estimated docking energy) for each ligand and each receptor was
selected and used for molecular docking visualization. The receptor-
ligand complexes were generated in ADT 4.2,% saved as a.PDBQT file
and after converted in a .PDB file and visualized using the Molecular
Operating Environment (MOE)® software.*® The best protein-ligand
complexes (most negative docking energies) were selected for the
further rounds of molecular dynamics (MD) simulations.

Figure 3. Redocking analysis for CDA: red co-crystalized structure, green
docked structure, RMSD = 1.55

Molecular dynamics simulations

The MD simulations were performed applying the bonded
and non-bonded parameters for the all-atom force field OPLS-AA
(optimized potentials for liquid simulations all atoms) inside the
GROMACS 5.1.4 software.*® The three-dimensional coordinates
and topologies of the protein were generated by the pdb2gmx
software, which is part of the GROMACS 5.1.4 package.’” Since the
OPLS-AA force field has no parameters for the ligands studied, the
programs ACPYPE* and MKTOP* were used to generate topology
and coordinates files for these ligands. The restrained electrostatic
potential (RESP) method parameterized to reproduce the Hartree-
Fock (HF) method and basis set 6-31G**3 was applied to calculate
the atomic charges.

The complexes protein/ligand were confined inside dodecahedron
boxes under periodic boundary conditions (PBC) where the effect
of the solvent was reproduced by the water model TIP4P.*¢ The
box volume of each system was 3,432 nm?, the average number of
TIP4P water molecules was around 101,000, and the electrostatic
neutralization was achieved through addition of Na* atoms.

All systems were submitted to two minimization steps, the first
with position restrained (PR) and the second without PR, using
the steepest descent algorithm with the convergence criterion of
100.00 kJ mol! nm™'. The equilibration of pressure and temperature
was achieved through 100 ps of simulation using the canonical
ensemble (NVT), keeping the number of particles, volume, and
temperature constant, followed by more 100 ps with an isothermal-
isobaric ensemble (NPT), keeping the number of particles, pressure,
and temperature constant.*’ After the equilibration steps, all systems
were submitted to production steps of 200 ns performed at 310 K
and 1 bar, using 2 fs of integration time with the lists of pairs being
updated at every 5 steps. The cut-oft for Lennard Jones and Coulomb
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interactions were between 0.0 and 1.2 nm. The leap-frog algorithm
was used in the production step with the Nose-Hoover thermostat*®
(t=0.5ps) at 310 K and the Parrinello Rahman barostat* (t =2.0 ps)
at 1 bar. All Arg and Lys residues were assigned with positive
charges and all Glu and Asp residues were assigned with negative
charges. The GraphPad Prism® software® was used to generate the
plots of energy, root mean square deviation (RMSD), root mean
square fluctuation (RMSF) and H-bonds, while the Visual Molecular
Dynamics software™ was used to visualize the simulation trajectories.

Binding energies

Binding energies involved in the stabilization of the protein/ligand
complexes were calculated by the MM-PBSA method employing the
g_mmpbsa software integrated with GROMACS 5.1.4.5"** Dielectric
constants of 8, 80, and 1 were considered for solute (complex protein/
ligand), solvent (water), and vacuum, respectively. Free energy (AG)
nonpolar includes repulsive and attractive forces between the solute
(generated by cavity formation) and solvent (generated by van
der Waals (VDW) interactions). The solvent accessible surface
area (SASA) was the only model used for AG,,,,,, calculation,
with surface tension simulated at 2.26778 kJ mol"! nm? and probe
radius = 0.14 nm. The number of grid points per area unit was set to
10 for AG,;,. and 20 for AG, 39,55,36

polar nonpolar*

RESULTS AND DISCUSSION
Docking studies

The docking results reported in Table 1 show that the best pose
of BDN ranked better (more negative) than CDA and close the
experimental HssFXR inhibitor CFX. Besides, all residues observed
in interactions with BDN were also observed in interactions with

O polar
O acidic +
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Table 1. Residues of interactions within the FXR active site for each ligand
with the respective energy values

. Energy / . .
Ligand (kJ mol) Interaction residues
Met25, Leu47, Thr48, Ala51, His54, Met88,
CDA —40.07 Phe96, Leul08, Tle122, Phe126, Tyr129,
Met210, Trp214
Leud7, Thrd8, Met50, Ala51, His54, Val57,
CFX —43.75 Met88, Phe89, Arg91, Ser92, Leul08,
Tyr121, Met125, Tyr129, Tyr121, Met125
Leud7, Thr48, Met50, Ala51, Met88, Phe89,
BDN —42.79 1el17, Tyr121, lle122, Met125, Phe126,

Tyr129, His207, Leu211, Trp229

FXR: farnesoid X receptor; CDA: chenodeoxycholic acid; CFX: cilofexor;
BDN: alkaloid boldine.

CDA and CFX. This suggests that BDN might qualify as a potential
HssFXR inhibitor.

The 2D interaction maps (Figure 4) show that the main
interactions observed for the best pose of CDA primarily comprised
H-bonds of the carboxyl moiety with His54 and Arg91, and polar
interactions with Thr48, Ser92 and Tyr129. For CFX, the main
interactions included the H-bonds between Leu47 and the OH of
the azacyclobutane ring, and between Arg91 and the carboxyl group
followed by polar interactions with His54, Ser92, Tyr121 and His207.
The best pose of BDN on this turn H-bonded to Leu47 (with one
of the aromatic OH) and Try129 (to the tertiary amine) and polar
interactions with Thr48, Ser92 and Tyr121.

MD simulations

The total energy graphs obtained for the three complexes protein-
ligand during the MD simulations consistently exhibited negative
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Figure 4. 2D interaction maps of the best poses of CFX, BDN and CDA inside the HssFXR active site
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values, Figure 5a, indicating that internal interactions within the
systems prevailed over tensions and repulsions, and pointing to
stabilization of the MD simulations. The temporal RMSD plotted in
Figure 5b show that the maximal fluctuations never passed 4.5 and
2.2 A for protein and ligand, respectively, while the local fluctuations
were always below 1.0 A in both cases. Besides, the RMSF plotted
in Figure 5c, shows no amino acid fluctuation above 4.5 A. These
results suggest that the three ligands stabilized inside the inside
HssFXR active site during the MD simulations, corroborating with
the docking studies.

Comparing the dynamical behavior of the ligands it is noticeable
the remarkable stability of BDN compared to the other ligands,
see Figure 5b. This ligand showed local fluctuation mostly around
0.25 A and total fluctuations mostly below 0.5 A, while CDA
and CFX fluctuated locally around 0.5 A and showed maximal
fluctuations of up to 2.0 A. This trend can be clearly visualized in
the overlapping of frames from the MD simulations in Figure 6
and might be correlated with the number of rotatable bonds present
in each ligand (which certainly increase flexibility), with CFX
possessing twelve, CDA containing ten, and BDN featuring only
five.

The plots of number of H-bonds formed during the MD
simulations, Figure 5d, show similar profiles with average numbers
around 2 in all cases. BDN and CDA formed up to 6 H-bonds while
CFX achieved 5. This result corroborates the affinities of the ligands
towards HssFXR observed in the docking and RMSD and RMSF
results and suggest that the three compounds can stablish strong
interactions in the active site.

A more insightful approach to assess whether a given ligand can
maintain stable interactions with active site residues throughout the
simulation time is to plot a time versus residue number graph. These
graphs for the three ligands are presented in Figure 7, where it is
evident that all three ligands remain within the active site, interacting
with aminoacids at the same five distinct regions simultaneously
during the whole MD simulation.

Quim. Nova

Binding energy

The results obtained from the MD simulations suggest that
BDN binds to the active site in a stable manner and exhibits similar
behavior to the endogenous agonist CDA and the synthetic agonist
CFX. However, it is important to note that the GROMACS package
is unable to directly calculate the binding free energy (AGy,q)
between a ligand-receptor complex. For this the method employing
MM-PBSA calculations is usually employed to provide a better (and
more accurate) estimate of the bond strength between ligand and
receptor. According to our MM-PBSA results (Table 2) BDN has
showed a total AG,,,, value of —132.8 + 9.6 kJ mol’!, better (more
negative) than CDA (-101.6 + 16.2 kJ mol") and worse than CFX
(=165.1 = 21.6 kJ mol!). The van der Waals contributions were the
most important for the three compounds but for BDN the electrostatic
ranked second while to the others it ranked third. These results align
with the docking and MD simulations and confirm BDN as potential
binder to HssFXR, despite showing some differences in binding mode,
and support the experimental results reported by Cermanova et al."’

CONCLUSIONS

Our calculations demonstrated that BDN can bind to the HssFXR
receptor similarly to the endogenous ligand CDA, thereby supporting
experimental findings reported in the literature. Furthermore, the
results revealed a behavior of BDN akin to CFX, suggesting the
potential utility of BDN in the treatment of primary sclerosing
cholangitis or non-alcoholic steatohepatitis.

This article illustrates the utilization of theoretical computational
chemistry methods to elucidate the molecular target underlying
the choleretic and cholagogue activity associated with BDN, the
primary alkaloid of Peumus boldo. By demonstrating the application
of molecular modeling in pharmacognosy and ethnobotany studies,
this research highlights the potential of computational approaches to
provide insights into natural product pharmacology.
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Figure 6. Overlapping of 200 frames for BDN, CDA and CFX (shown in sticks), collected at each I ns of MD simulation. HssFXR backbone is shown in ribbons

while the side chains of the interacting aminoacids are shown in wire
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Figure 7. Graph illustrating the interaction residues plotted against simulation time for the ligands, demonstrating the temporal evolution of ligand-receptor

interactions

Table 2. Energies values calculated by MM-PBSA

Free energy (AG) / (kJ mol™) CDA BDN CFX

van der Waals -1945+15.6 -171.0+8.6 -300.4+16.6
Electrostatic -155+88  -97.0+5.1 -3.6=x17.1
Polar solvation 128.6 114  1544+72  160.6 £29.2
SASA -213+0.7 -193+07 -275=%1.0
Binding -101.6 162 -132.8+9.6 -165.1+21.6

MM-PBSA: molecular mechanics Poisson-Boltzmann surface area;
SASA: solvent accessible surface area; CDA: chenodeoxycholic acid;
CFX: cilofexor; BDN: alkaloid boldine.
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