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Abstract
A total of thirty-seven benzofuran derivatives were analyzed as potential monoamine oxidase B (MAO-B) inhibitors using a variety 
of computational methods, including extra-precision docking, induced-fit docking (IFD), molecular mechanics/generalized Born 
surface area (MM/GBSA) re-scoring, ChemPLP re-docking, molecular dynamics (MD), and density functional theory (DFT). Dock-
ing simulations confirmed that thirteen of the selected compounds showed activity within the MAO-B active site, whereas only three 
were also bound to MAO-A. Compounds 10 and 16 exhibited the highest ChemPLP fitness scores (161.60 and 159.45, respectively), 
comparable to the score of the reference drug safinamide. MD simulations implied that the MAO-B/10 complex maintained a stable 
ligand RMSD value of approximately 0.3 nm, while the MAO-B/16 complex displayed higher fluctuations. Both complexes exhibited 
similar root mean square fluctuation (RMSF) and radius of gyration (Rg) profiles. Additionally, the electrostatic potentials, the 
energies of the HOMO and LUMO, the global reactivity indices, and Mulliken atomic charges of 10 and 16 were also calculated 
through DFT (B3LYP/ 6-311++G(d,p) level of theory). The drug-likeness and the predicted pharmacokinetic properties of the two 
compounds were additionally evaluated with SwissADME. Based on the conducted in silico study, compounds 10 and 16 emerged as 
the most promising candidates for further in vitro and in vivo validation.

Keywords
virtual screening, molecular dynamics, DFT, molecular docking

Introduction

Computer-aided drug design (CADD) combines molec-
ular modeling techniques with in silico simulations to en-
hance the efficiency of drug discovery, thereby supporting 
the identification and development of novel therapeutic 
candidates (Zhou et al. 2024). Molecular modeling en-
ables the rapid analysis of numerous molecules, providing 
insights into their interactions with pharmacologically 

relevant targets before their synthesis. Quantitative struc-
ture-activity relationship (QSAR) analysis, a ligand-based 
drug design approach developed over 50 years ago, re-
mains a widely employed computational method for con-
structing mathematical models that establish statistically 
significant relationships between molecular structure and 
biological or toxicological properties (Neves et al. 2018).

In silico methods have significantly advanced the early 
stages of drug discovery. Virtual screening is now an es-
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sential tool for identifying promising lead compounds for 
further optimization and development. The availability of 
large chemical libraries containing billions of compounds 
has increased interest in exploring chemical space to ac-
celerate the discovery of novel lead candidates (Lyu et al. 
2023). Structure-based virtual screening identifies poten-
tial hits more rapidly and cost-effectively than experimen-
tal high-throughput screening (HTS). Prediction accura-
cy can be further enhanced by integrating docking with 
post-docking refinement and rescoring (Rastelli and Pinzi 
2019; Ivanova and Karelson 2022).

Enzymes, by their nature, have attracted substantial 
scientific and pharmaceutical interest, as evidenced by 
the extensive body of published research, resolved crystal 
structures, and the discovery of small-molecule inhibitors 
targeting various components of the human genome (Sade-
ghi et al. 2024). Over the last few decades, numerous efforts 
have been made in order to effectively design and analyze 
new potential enzyme inhibitors with the desired selectivi-
ty, drug-likeness and adequate pharmacokinetic properties.

A clinically important target for such efforts is mono-
amine oxidase type B (MAO-B), a FAD-containing 
enzyme of the outer mitochondrial membrane that ox-
idizes dopamine and other arylalkylamine neurotrans-
mitters. Its central role in dopamine metabolism and in 
the generation of oxidative species makes it a validated 
drug target for Parkinson’s disease, addressed clinical-
ly by inhibitors such as selegiline, rasagiline, and safin-
amide (Mateev et al. 2025).

The structural basis for selectivity lies in the architec-
ture of the active site: MAO-B contains a bipartite pock-
et, which consists of an entrance cavity and a substrate 
cavity gated by Ile199, in contrast to the single cavity of 
MAO-A, while two tyrosine residues, Tyr398 and Tyr435, 
form an aromatic “cage” in front of the flavin that is de-
cisive for high-affinity binding (Binda et al. 2003; Li et al. 
2006). Designing ligands that fit the bipartite cavity and 
engage with the aromatic “cage” is essential for obtaining 
MAO-B-selective inhibitors.

Recently, extensive research has focused on the design 
and synthesis of novel and selective MAO-B inhibitors 
containing different heterocyclic moieties such as pyr-
role, pyrrolidine, and benzofuran. It is well known that 
benzofuran is a natural compound that displays excellent 
biological activity (Yi et al. 2023). According to the lit-
erature, benzofuran is regarded as a privileged scaffold 
in medicinal chemistry, and derivatives bearing this 
core display a broad activity range, including anticancer 
and antiviral effects (Jiang et al. 2008). Benzofuran is a 
suitable candidate for the purpose of this study, as it has 
produced a variety of potent and isoform-selective MAO 
inhibitors whose binding modes can be modulated by 
substituent variation (Pisani et al. 2013). Recent studies 
claim that compounds containing a benzofuran moiety 
have been found to be effective as selective MAO-B inhib-
itors (Delogu et al. 2021). These characteristics support a 
structure-guided investigation of benzofuran derivatives, 
specifically targeting the MAO-B enzyme.

Materials and methods
Ligands preparation

The benzofuran ligands were generated with the 
2DSketcher of Maestro (Maestro, 2025, Schrödinger, LLC, 
New York, NY, USA) and converted to the corresponding 
3D structures with the LigPrep module in Maestro. The 
former Schrödinger module added the hydrogen atoms, 
the bond orders were assigned, and energy was minimized 
with the OPLS4 force field. The ionization states were gen-
erated using the physiological pH values.

Proteins preparation

The crystal structure of human MAO-B in complex with 
safinamide (PDB ID: 2V5Z, resolution 1.60 Å) and that 
of human MAO-A in complex with harmine (PDB ID: 
2Z5X, resolution 2.20 Å) were retrieved from the Pro-
tein Data Bank (PDB). Both structures were processed 
with the Protein Preparation Wizard in Maestro and were 
minimized with the OPLS4 force field. Bond orders were 
assigned, hydrogen atoms were added, and active water 
molecules were retained. The FAD cofactor was retained 
and was modeled as non-covalently bound.

Docking studies

The docking simulations were carried out with Glide’s 
XP (Schrödinger Maestro Suite) scoring function. The 
grid boxes were arranged around the co-crystallized li-
gand (Safinamide for 2V5Z and Harmine for 2Z5X), re-
taining the active water molecules. The inner box, which 
defines the region accessible to the ligand centroid, was 
set to 10 × 10 × 10 Å, whereas the enclosing outer box 
was set to 30 × 30 × 30 Å; a ligand length cut-off of 20 
Å was applied. The active-site water molecules retained 
during protein preparation were included in the grid. 
The van der Waals radii of receptor atoms with partial 
charges below 0.25 were scaled by a factor of 1.00, and 
no positional, hydrogen-bond, or metal-coordination 
constraints were imposed.

Another docking software, GOLD 5.3 (CCDC, Cam-
bridge, UK), was used, considering the implemented Ge-
netic Search algorithm. As a scoring function, ChemPLP 
was applied. The grid box was set around the co-crystal-
lized ligand with an 8 Å grid box. The active water mol-
ecules were involved in the docking calculations. Genetic 
algorithm runs were carried out per ligand at a search 
efficiency of 100%, with early termination disabled; the 
top-ranked pose of each ligand was retained for analysis. 
The two programs were applied sequentially rather than 
as a consensus-scoring protocol. Compounds ranked fa-
vorably by both programs were prioritized; where the two 
rankings diverged, the GOLD ranking was used for the 
final selection because it was obtained on the reduced, 
visually validated set. Following docking, the top-ranked 
poses were subjected to structural filtering. Compounds 
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were retained when they displayed a sterically feasible ori-
entation within the MAO-B active site, occupied the en-
trance and/or substrate cavity appropriately, positioned an 
aromatic or hydrophobic moiety near the Tyr398/Tyr435 
aromatic “cage” and FAD cofactor, and formed plausi-
ble contacts with key residues, including Tyr326, Ile198, 
Ile199, Ile316, Leu171, or Cys172. Poses showing severe 
steric clashes, incomplete occupancy of the binding cavity, 
absence of meaningful contacts with the catalytic-region 
residues, or an orientation incompatible with the MAO-B 
cavity architecture were excluded.

Induced-fit docking (IFD)

Induced-fit docking (IFD) (Schrödinger) was used to en-
hance the robustness of the active conformations. The IFD 
enables full side chain flexibility and scores each new ac-
tive solution with Glide’s XP score. The extended IFD pro-
tocol was used. In the initial Glide docking stage, the van 
der Waals radii of receptor and ligand atoms were scaled 
by 0.45, and up to 50 poses per ligand were retained. Re-
ceptor residues with at least one atom within 5.0 Å of a 
given ligand pose were subsequently refined with Prime, 
allowing full side-chain flexibility, and the side chains 
were optimized with backbone relaxation.

MM/GBSA

The free binding energies of the top-scored compounds 
with XP Glide were calculated using Prime’s Molecular 
Mechanics/Generalized Born Surface Area (MM-GBSA) 
calculations. The latter method incorporates the OPLS4 
force field and VSGB solvation model to carry out the 
calculations (Pattar et al. 2020). The binding free energy 
was calculated as ΔGbind = Gcomplex – (Gprotein + Gligand), where 
the energy of each species was evaluated in the minimized 
complex geometry.

MD Simulation

Molecular dynamics (MD) simulations of the pro-
tein-compound complex obtained from the docking were 
performed using the GROMACS 2020 package to mea-
sure their stability (Abraham et al. 2015). Energy mini-
mization was performed using the steepest-descent algo-
rithm until convergence was achieved. Subsequently, the 
systems were equilibrated under the NVT ensemble and 
then the NPT ensemble, each for 100 ps, while applying 
position restraints to the protein and ligand heavy atoms. 
The temperature was maintained at 310 K using the V-res-
cale thermostat, and pressure was maintained at 1 bar 
using the Parrinello–Rahman barostat. Long-range elec-
trostatic interactions were calculated using the particle 
mesh Ewald method, and a 1.0 nm cut-off was applied for 
short-range electrostatic and van der Waals interactions. 
All bonds involving hydrogen atoms were constrained us-
ing the LINCS algorithm, allowing a 2 fs integration time 
step. Production MD simulations were performed for 200 

ns under periodic boundary conditions. The trajectories 
were analyzed for root-mean-square deviation (RMSD), 
root-mean-square fluctuation (RMSF), radius of gyration 
(Rg), and the number of protein-ligand hydrogen bonds 
using standard GROMACS analysis tools. The resulting 
plots were generated using QtGrace and subsequently an-
alyzed (Muhammed and Aki-Yalcin 2023).

DFT Calculations

DFT calculations of compounds 10 and 16 were under-
taken with the Gaussian program as per the method ex-
plained previously (Dennington et al. 2008; Muhammed 
and Aki-Yalcin 2023). The geometries were fully opti-
mized at the B3LYP/ 6-311++G(d,p) level of theory. Dis-
persion corrections were not applied, and the calculations 
were performed in the gas phase, and no continuum sol-
vation model was employed. The molecular electrostatic 
potential of the compounds was mapped onto the total 
electron density surface at an isovalue of 0.0004 a.u. The 
frontier molecular orbitals were plotted at an isovalue of 
0.02 a.u. From the energies of the highest occupied and 
lowest unoccupied molecular orbitals, the global reactivi-
ty descriptors were derived within Koopmans’ approxima-
tion as ionization potential I = –EHOMO, electron affinity A 
= –ELUMO, energy gap ΔE = ELUMO – EHOMO, chemical poten-
tial μ = –(I + A)/2, electronegativity χ = (I + A)/2, chemical 
hardness η = (I – A)/2, softness S = 1/2η, electrophilicity 
index ω = μ2/2η and maximum charge transfer ΔNmax = 
(I + A)/2(I – A). Mulliken atomic charges were extracted 
from the same calculations.

The distribution of the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular or-
bital (LUMO) orbitals was also drawn. The total energy, 
HOMO energy, and LUMO energy of the compounds 
were obtained from the Gaussian computation. Based on 
these values, the other related parameters were calculated, 
and then the resulting values were analyzed.

Drug-likeness and ADME predictions

The in silico study on the pharmacokinetic properties - ab-
sorption, distribution, metabolism and excretion (ADME) 
of the most promising compounds from the molecular 
docking study (10 and 16) was carried out using the Swis-
sADME online software.

Results and discussion
Benzofuran ligand dataset

The ligand dataset consists of 37 benzofuran derivatives 
that have been previously synthesized and characterized 
within our research group. The benzofuran core was paired 
with terminal aromatic and heterocyclic motifs selected 
to promote productive occupation of the MAO-B bind-
ing cavity and engagement of the aromatic “cage”, with the 
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overall design aimed at achieving favorable MAO-B inhi-
bition and selectivity. In this context, the present in silico 
study uses the existing benzofuran series as a structurally 

coherent platform to explore how systematic variation of 
substituents around the scaffold translates into differences 
in predicted MAO-B binding (Fig. 1).

Figure 1. Dataset of the 37 benzofuran derivatives used in the multilayered in silico workflow.
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Molecular docking in MAO-B and MAO-A

Extra-precision (XP) docking

The docking protocols were previously validated by 
the authors through re-docking, cross-docking, and li-
gand-enrichment studies (Mateev et al. 2022).

Initially, docking simulations of the 37 benzofuran de-
rivatives in MAO-B and MAO-A with Glide (XP scoring 

function) were performed. Thirteen of the derivatives 
returned valid poses within the MAO-B grid, and their 
scores are listed in Table 1; the remaining 24 compounds 
could not be accommodated within the grid and returned 
no pose. The validation of the docking protocols is de-
scribed in the Materials and Methods section.

Most of the ligands were successfully situated in the ac-
tive site of MAO-B. The top-scoring MAO-B inhibitor was 
compound 33 with –11.31 kcal/mol. The selective MAO-B 

Figure 1. Continued.
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inhibitor safinamide demonstrated a higher score of –15.25 
kcal/mol. The second-best benzofuran derivative was 16, 
which showed a result of –10.14 kcal/mol. Interestingly, 
the majority of the ligands could not fit in the active site of 
MAO-A. Only three compounds returned active docking 
poses – compounds 12, 11 and 3. A possible explanation 
for the examined result could be found in the difference 
between the active sites of MAO-A and MAO-B. Although 

both isoenzymes share 72% sequence identity, the active 
site of MAO-A consists of a single hydrophobic cavity that 
is smaller than the bipartite gorge of MAO-B. Additionally, 
a specific “loop” conformation formed by the hMAO-A res-
idues 210–216 differs from that of hMAO-B and has been 
used as a basis for the development of novel and selec-
tive MAO-A inhibitors (Mateev et al. 2022). The aromatic 
“cage” itself is conserved between the two isoforms, with 

Figure 1. Continued.



Pharmacia 73: e206275 7

the MAO-B residues Tyr398 and Tyr435 corresponding to 
Tyr407 and Tyr444 in MAO-A. The determinants of selec-
tivity lie instead in the residues that shape the cavity: Ile199, 
which in MAO-B separates the entrance from the substrate 
cavity, and Tyr326, which lines the entrance cavity, are re-
placed by Phe208 and Ile335 in MAO-A. As a result, the 
elongated benzofuran derivatives examined here could not 
fit in the smaller, monopartite active site of MAO-A.

Induced-fit docking

The study continued with induced-fit docking (IFD) simula-
tions of the ligands top-scored by Glide XP in the active site 
of MAO-B. The IFD module in Maestro provides full flexi-
bility of the active-site residues situated within the grid box. 
None of the compounds acquired an IFD score comparable 
to that of safinamide (Table 2). However, all tested ligands 
passed the threshold of –10.00 kcal/mol. The top-scoring 
ligand was compound 2, with a score of –13.12 kcal/mol. It 
should be noted that the IFD score incorporates a fraction of 
the receptor strain energy and is therefore not directly com-
parable with the Glide XP scores reported in Table 1.

Visual inspection of the IFD results

To acquire more reliable in silico data from a virtual screen-
ing, it is essential to visualize the active conformations of 
each top-scored ligand. A recent study emphasized the ma-
jor role of visual inspection after docking studies (Fisch-
er et al. 2021); thus, each acquired MAO-B/ligand com-
plex was evaluated. Given the importance of the aromatic 
“cage” for potent MAO-B inhibitors (Li et al. 2006), the as-
sessment focused on whether the title structures fit tightly 
into the active pocket and interacted with the latter cavity.

After IFD simulations, compound 3 did not display an 
optimal active conformation. It was found that the 5-bro-
mobenzofuran fragment was not situated in the aromatic 
“cage”, which is crucial for the formation of a stable com-
plex (Li et al. 2006). The distance between the bromo-moi-
ety and the N5 atom of the FAD cofactor was calculated to 
be 9.44 Å (Suppl. material 1: fig. S1A).

The active conformations of compounds 2 and 8 after 
the IFD calculations were also not optimal. The ligands 
were not correctly placed in the entirety of the enzyme’s 
active cavity, which led to odd orientations (Suppl. mate-
rial 1: fig. S1B, C).

The lack of halogen substituents in the benzofuran 
ring led to better localization of compound 14 in the ac-
tive site of MAO-B. The benzofuran moiety was placed in 
the aromatic “cage” where it formed hydrophobic inter-
actions with the amino acids Tyr398 and Tyr435 (Suppl. 
material 1: fig. S1D).

The active conformation of compound 5 had a different 
orientation. The anilide group of the former was located in 
the aromatic “cage” where Tyr398 formed a stable hydrogen 
bond with the amino group (Suppl. material 1: fig. S1E). A 
similar active conformation was formed after the docking 
simulations of compound 1 (Suppl. material 1: fig. S1F).

The chlorophenyl moiety of compound 16 was detect-
ed in close proximity to the FAD co-enzyme in MAO-B 
(distance 2.97 Å) (Suppl. material 1: fig. S1G). Thus, the 
essential amino acids forming the aromatic “cage” (Tyr398 
and Tyr435) were interacting with ligand 16.

Compounds 33 and 12 were lacking a terminal ben-
zene ring that could bind to the aromatic “cage” (Suppl. 
material 1: fig. S1H, I). Therefore, the morpholinyl moi-
eties were facing away from the FAD co-enzyme, and low-
er MAO-B activities for both ligands could be expected.

Compound 10 comprises a tertiary amino moiety which 
was facing the FAD structure (Suppl. material 1: fig. S1J). 
No stable bonds were formed between the amino acid resi-
dues forming the aromatic “cage” and the amide group of 10.

Table 1. Glide XP docking scores of the most favorable benzo-
furan derivatives in MAO-B and MAO-A. A dash indicates that 
no pose could be generated in the corresponding isoform; n.d. 
– not determined. Values are given in kcal/mol.

Compound MAO-B 
(Glide XP kcal/mol)

MAO-A 
(Glide XP kcal/mol)

33 –11.31 -
16 –10.14 -
12 –9.72 –8.31
13 –9.68 -
10 –9.61 -
14 –9.25 -
11 –9.14 –6.83
1 –8.80 -
3 –8.14 –4.70
8 –7.67 -
5 –6.57 -
2 –6.54 -
37 –6.02 -
*Safinamide –15.25 n.d
*Moclobemide n.d –10.14

*Reference drugs.

Table 2. IFD docking scores after simulations in the active site 
of MAO-B (PDB: 2V5Z). Values are given in kcal/mol.

Compound IFD score (kcal/mol)
2 –13.12
3 –12.96
37 –12.83
8 –12.79
33 –12.77
13 –12.65
5 –12.20
11 –12.04
14 –11.89
1 –11.86
16 –11.58
12 –11.17
10 –10.80
*Safinamide –18.41

*Reference drug.
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The MAO-B/compound 37 complex is shown in Sup-
pl. material 1: fig. S1K. The benzene fragment of the 
compound was located in the aromatic “cage”; however, 
Tyr326, which is essential for MAO-B selectivity, was not 
involved in any stabilization processes.

Compound 13 interacted with the active site of 
MAO-B. However, most of the amino acid residues essen-
tial for MAO-B activity did not form stable bonds with the 
ligand (Suppl. material 1: fig. S1L).

After the visual inspection of the active conformations 
of all top-ranked compounds, MM/GBSA re-calculations 
of the most prominent ligands were conducted. Com-
pounds 3, 11 and 12 were not examined further because of 
the potential MAO-A inhibitory activity and were there-
fore not expected to be isoform-selective.

The remaining top-ranked compounds were excluded 
because they failed at least one of the structural criteria 
defined in the Materials and Methods section.

MM/GBSA re-calculations

Compounds 1, 5, 10, 14 and 16 were further exam-
ined for their MM/GBSA free binding energies. The 
results demonstrated that the most stable complex was 
formed between compound 14 and the active site of 
MAO-B (Table 3). It was found that most of the com-
pounds possess similar VdW, Electrostatic solvation, li-
pophilic and Coulomb energies. The major stabilizing 
force was Van der Waals energy.

Re-docking with GOLD 5.3

The results obtained with the Maestro workflow were 
promising in terms of the discovery of a novel class of 
MAO-B inhibitors. However, the acquired in silico scores 
were lower than those of the standard selective MAO-B 
inhibitor safinamide. The work therefore continued with 
docking simulations of the top-scored compounds us-
ing GOLD 5.3, which employs a genetic search algorithm 
and may lead to different results (Mateev et al. 2023). The 
simulations were carried out with the ChemPLP scoring 
function, and the most potent MAO-B inhibitors from the 
MM/GBSA stage were considered (Table 4).

Interestingly, all compounds demonstrated good 
docking scores, comparable to the standard safinamide. 
Compound 10 achieved the highest results with a fit-
ness score of 161.60, similar to the score of safinamide 
- 165.77. Further visualizations of compounds 10 and 16 
were conducted.

The overall prioritisation of compounds 10 and 16 fol-
lowed a stepwise, multi-stage filtering strategy rather than 
a single scoring criterion. Of the 37 benzofuran deriva-
tives, 13 returned valid poses within the MAO-B grid at 
the Glide XP stage. Compounds 3, 11 and 12 were subse-
quently excluded because they also produced valid poses 
in MAO-A and were therefore not expected to display the 
desired isoform selectivity. The remaining ligands were 
subjected to induced-fit docking and to the structural 
filtering criteria described in the Materials and Methods 
section, which eliminated compounds 2, 8, 13, 33 and 37. 
Compound 33, despite obtaining the most favourable 
Glide XP score, lacks a terminal aromatic ring capable of 
occupying the aromatic “cage”, and its morpholinyl moiety 
was oriented away from the FAD cofactor, so that its high 
score was not supported by a plausible binding orienta-
tion. The five compounds that passed all structural filters 
(1, 5, 10, 14 and 16) were rescored by MM/GBSA and 
subsequently re-docked with GOLD using the ChemPLP 
scoring function, which served as the final ranking step 
because it was obtained with an independent search al-
gorithm and scoring function applied to the reduced, 
visually validated set. At this final stage, compounds 10 
and 16 obtained the highest fitness scores (161.60 and 
159.45, respectively) and the values closest to that of saf-
inamide, whereas compound 14, although displaying the 
most favourable MM/GBSA binding energy, ranked third. 
Compounds 10 and 16 were therefore the only structures 
ranked highly by two independent scoring functions af-
ter passing every structural filter, and they were selected 
on this basis for the subsequent molecular dynamics and 
DFT analyses.

Visualization of the active conformations of 
10 and 16
In an attempt to gain further understanding of the in 
silico results and to obtain additional insights into the 

Table 3. MM/GBSA calculations of the most promising benzofuran derivatives. All values are given in kcal/mol.

Compound Van der Waals 
Energy

Electrostatic solvation 
energy of the complex

Lipophilic energy Covalent binding 
energy

Coulomb energy Total binding 
energy (kcal/mol)

14 –63.99 33.20 –28.43 2.85 –9.41 –76.52
1 –66.20 32.28 –26.06 3.76 –9.27 –72.87
5 –57.13 32.11 –25.52 7.14 –3.29 –58.30
16 –62.33 35.52 –28.70 5.21 6.93 –50.18
10 –46.79 30.28 –28.43 20.90 –9.41 –23.65

Table 4. Docking simulations of the selected compounds with 
GOLD 5.3. Higher ChemPLP fitness scores indicate a better fit.

Compound ChemPLP (fitness score)
10 161.60
16 159.45
14 158.33
1 154.27
5 153.67
*Safinamide 165.77

*Reference drug.
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active binding conformation of the best hypothetical 
inhibitors, the major intermolecular interactions of 10 

and 16 within the active site of MAO-B (PDB: 2V5Z) 
were visualized (Fig. 2).

Interestingly, the N,N-diethyl moiety of compound 10 
was facing the FAD co-enzyme of MAO-B, and several hy-
drophobic interactions were formed between the cofactor 
and this fragment. Tyr326 interacted with the 1,3,4-oxadi-
azole ring through π–π stacking. Tyr326 plays an import-
ant role in the formation of stable complexes with active 
MAO-B inhibitors (Boulaamane et al. 2023), and its in-
volvement as a stabilizing residue may be related to the 
MAO-B selectivity of compound 10, since the equivalent 
position in MAO-A is occupied by Ile335 (Toprakçı and 
Yelekçi 2005). Favorable contacts were formed with Ile198 
and Ile199, which are part of the “loop” connecting the en-
trance and substrate cavities of MAO-B. Cys172 was also 
involved in the stabilization, forming a π–sulfur interac-
tion with the 1,3,4-oxadiazole ring. Tyr398, which is part 
of the aromatic “cage” of MAO-B, formed two hydropho-
bic interactions with the N,N-diethylamino fragment.

In comparison, compound 16 bears a 2-chlorophenyl 
moiety instead of the N,N-diethylamino group. Stronger 
π–π interactions were therefore observed between the 
2-chlorophenyl fragment of 16 and the aromatic “cage” of 
MAO-B, and both residues forming the “cage” (Tyr398 and 
Tyr435) interacted with the ligand. A further π–π interac-
tion was observed between 16 and FAD. Tyr326 was not 
engaged in any interaction; however, Leu171, Ile199 and 
Ile316 formed stable contacts with the compound.

Molecular dynamics simulations

Molecular dynamics (MD) simulations of the complexes 
formed by the most active derivatives, 10 and 16, with the 
human MAO-B enzyme were undertaken in order to assess 
the stability of the binding modes predicted by docking. 
RMSD, RMSF, Rg and hydrogen bond plots were generated 
to analyze the simulation results (Fig. 3). The stability of 
each ligand inside the binding region of the enzyme was 
monitored through the ligand RMSD calculated after least-
squares fitting of the protein. Compound 10 maintained a 
stable ligand RMSD throughout the 200 ns trajectory, with 
a mean value of approximately 0.3 nm, which implies that 
the compound remained inside the binding site of the en-
zyme. In contrast, compound 16 produced an RMSD pro-
file with considerably larger variation. During the first 60 ns 
of the simulation, its RMSD was higher than that of com-
pound 10; thereafter, the two profiles converged to compa-
rable values, although compound 16 continued to fluctuate 
more extensively (Fig. 3A). The larger amplitude of these 
fluctuations indicates that compound 16 adopts a less firm-
ly anchored binding mode than compound 10, while the 
convergence of the two profiles after approximately 60 ns 
indicates that the ligand was nevertheless retained within 
the active site for the remainder of the trajectory. The RMSF 
plot was used to assess per-residue mobility. The two com-
plexes showed similar RMSF profiles for MAO-B/10 and 
MAO-B/16, respectively, with increases confined to a few 
narrow intervals and the most pronounced fluctuations at 
the N- and C-terminal ends of the enzyme (Fig. 3B).

Figure 2. Intermolecular interactions of compounds 10 and 16 
within the active site of MAO-B. Protein Data Bank entry 2V5Z. 
A, B. 2D and 3D panels, respectively, for compound 10; C, D. 2D 
and 3D panels, respectively, for compound 16.



Mateev E et al.: In silico study of benzofuran derivatives10

The effect of ligand binding on the compactness of the 
enzyme was assessed from the radius of gyration (Rg) 
(Fig. 3C). Hydrogen bonding between a ligand and its target 
plays a crucial role in binding and in maintaining the ligand 
inside the binding site (Muhammed et al. 2023). Compound 
10 formed predominantly two hydrogen bonds, followed by 
three; three hydrogen bonds were dominant during the first 
50 ns and in the 110–188 ns interval, whereas single and 
quadruple hydrogen bonds were too sparse to be taken into 
account. Compound 16 formed predominantly one hydro-
gen bond, followed by two, during the simulation period; 
intermittent triple hydrogen bonds were observed after 90 
ns, and four to five hydrogen bonds were densely populated 
in the 184–200 ns interval (Fig. 3D).

DFT calculations

Molecular electrostatic potential

The electrochemical properties of the most active com-
pounds were calculated by the DFT method. In this 

regard, the molecular electrostatic potential (MEP) 
of the compounds was mapped to figure out their re-
activity as well as the responsible vicinity for the pre-
dicted reactivity (Politzer and Murray 2002). The elec-
trophilic reactivity of compound 10 might arise from 
the regions around the oxygen and nitrogen atoms in 
the structure according to the MEP distribution map. 
A predominantly yellow color around the oxygen of 
the benzofuran ring and red color around the oxygen 
of the carbonyl were observed. Similarly, a predomi-
nantly yellow color was observed around the nitrogen 
of the oxadiazole ring (Fig. 4). As the yellow and red 
colors in the MEP distribution maps represent electro-
philic reactivity, the mentioned vicinities are expected 
to contribute much for this reactivity. The blue region, 
which represents the nucleophilic reactivity, was main-
ly concentrated around the hydrogen atoms of the 
compound. For compound 16, the regions around the 
oxygen atoms of the carbonyl group and the benzofu-
ran ring were in the electrophilic reactivity supplying 
vicinity. Similarly, the region surrounding the nitrogen 

Figure 3. Molecular dynamics (MD) simulations of the complexes of compounds 10 and 16 with the MAO-B enzyme. A. Ligand 
RMSD after least-squares fitting to the protein; B. RMSF per residue; C. Radius of gyration (Rg) of the enzyme; D. Number of 
protein–ligand hydrogen bonds. Blue traces correspond to the MAO-B/10 complex and red traces to the MAO-B/16 complex, 
respectively. RMSD – root mean square deviation; RMSF – root mean square fluctuation.



Pharmacia 73: e206275 11

atoms of the oxadiazole ring was in the electrophilic 
reactivity vicinity. On the other hand, the hydrogen 
atoms of the compound and the nitrogen atom of the 
acetamide functional group were in the predominantly 
blue region (Fig. 4). Hence, these vicinities are antici-
pated to contribute to the nucleophilic reactivity of the 
compound. The concentration of the nucleophilic vi-
cinity around the chlorophenyl ring of the compound 
was high. This has led the ring to have a conformation 
different from that of the diethyl substituent in com-
pound 10 (Fig. 4).

Frontier molecular orbitals and global reac-
tivity descriptors
The HOMO and LUMO energies of the active com-
pounds were obtained from the DFT calculation. The 
related parameters were then computed by using the 
appropriate formulas. The two compounds (10 and 16) 
were found to have similar electrochemical properties, as 
they gave similar values for the calculated parameters. In 
DFT studies, HOMO and LUMO energy values are em-
ployed to find out the relative electron-exchange ability 
of compounds. In this sense, HOMO energy is used to 
measure the electron-donating capacity, whereas LUMO 
energy is used to measure the electron-accepting capac-
ity of compounds. As compound 10 had slightly higher 

HOMO and LUMO energy values than compound 16, it 
is anticipated to have slightly higher electron exchange 
capability (Table 5) (Akman et al. 2023). The energy gap 
between the LUMO and the HOMO energies is employed 
to measure the relative chemical stability of compounds 
(Ruiz-Morales 2002). In this study, compounds 10 and 16 
gave similar energy gap values (Table 5). Therefore, the 
two compounds are expected to have similar chemical 
stability. Global hardness is employed to measure resis-
tance for electron transfer. In this study, compounds 10 
and 16 had similar global hardness values that implied a 
similar electron transfer resistance for them (Table 5). In 
short, the two compounds are anticipated to have simi-
lar electrochemical properties with a minor difference in 
their electron exchange capability.

The distribution of the HOMO and LUMO orbit-
als was similar for the two compounds. In addition, the 
HOMO and LUMO orbitals were distributed similarly. 
The HOMO and LUMO orbitals had high concentration 
around the benzofuran and oxadiazol heterocyclic rings. 
The only difference between the HOMO and LUMO or-
bital distribution of compound 10 was the relatively high-
er concentration of HOMO orbitals around the methyl 
and carbonyl functional groups of the compound (Fig. 5). 
The HOMO and LUMO orbitals of compound 16 were 
similar to each other, with a slightly higher LUMO orbital 

Table 5. Computed electronic properties and global reactivity descriptors of compounds 10 and 16. Values were obtained at the 
B3LYP/6-311++G(d,p) level and derived within Koopmans’ approximation.

Parameters 10 16
Etotal (eV) –27747.951 –30145.699
EHOMO (eV) –6.530 –6.735
ELUMO (eV) –2.057 –2.273
ΔE (eV) 4.473 4.462
Ionization potential (I = –EHOMO) (eV) 6.530 6.735
Electron affinity (A = –ELUMO) (eV) 2.057 2.273
Chemical potential (μ = –(I + A)/2) (eV) –4.294 –4.504
Hardness (η = (I – A)/2) (eV) 2.237 2.231
Mulliken electronegativity (χ = (I + A)/2) (eV) 4.294 4.504
Softness (S = 1/2η) (eV–1) 0.223 0.224
Electrophilicity index (ω = μ2/2η) (eV) 4.112 4.544
Maximum charge transfer (ΔNmax = (I + A)/2(I – A)) (dimensionless) 0.960 1.010

Figure 4. Molecular electrostatic potential (MEP) maps of compounds 10 (left) and 16 (right), mapped onto the total electron density 
surface. Red and yellow regions denote the most negative electrostatic potential and blue regions denote the most positive potential.



Mateev E et al.: In silico study of benzofuran derivatives12

concentration around its oxadiazole ring. Molecular or-
bitals were not observed around the diethyl group in 10 
and the chlorophenyl moiety in 16, which are next to the 
acetamide group (Fig. 5). Compound 10 exhibited slightly 
higher HOMO and LUMO energies than compound 16, 
indicating a marginally greater propensity for electron 
donation and electron acceptance. This electronic fea-
ture may contribute to favorable interactions within the 
MAO-B binding cavity; however, it should be interpreted 
together with the docking and MD results rather than as a 
direct predictor of inhibitory activity.

When considered together with the docking results, the 
calculated electronic descriptors provide a consistent elec-
tronic rationale for the predicted binding modes of the two 
compounds. In both structures, the regions of most negative 
electrostatic potential are localised on the carbonyl oxygen 
and on the nitrogen atoms of the 1,3,4-oxadiazole ring, 
and these are precisely the fragments engaged in the polar 
and π-electron-mediated contacts observed after docking: 
the oxadiazole ring of compound 10 forms a π–π stacking 
interaction with Tyr326 and a π–sulfur interaction with 
Cys172, whereas the corresponding electron-rich regions of 
compound 16 are engaged by the aromatic “cage” residues 
Tyr398 and Tyr435 and by the isoalloxazine ring of the FAD 
cofactor. The predominantly positive potential over the 
benzofuran and terminal aryl hydrogen atoms is consistent 
with the hydrophobic contacts formed with Ile198, Ile199, 
Ile316 and Leu171, which line the entrance and substrate 
cavities of the enzyme. In agreement with this, the frontier 
orbitals of both ligands are concentrated on the benzofuran 
and oxadiazole fragments, that is, on the same portions of 
the molecules that occupy the substrate cavity and interact 
with the aromatic “cage”, whereas the N,N-diethylamino 
fragment of 10 and the 2-chlorophenyl group of 16 carry 
little orbital density and appear to contribute to binding 
mainly through steric and hydrophobic complementari-
ty. Finally, the closely similar and relatively large HOMO–
LUMO gaps of the two compounds (4.473 and 4.462 eV) 
indicate comparable chemical stability and a low propen-
sity for electron transfer, which argues against a reactive or 
mechanism-based mode of inhibition and is consistent with 
the reversible, non-covalent binding modes predicted by the 
docking and molecular dynamics simulations.

Drug-likeness and ADME predictions

An in silico ADME study was performed on the best-rated 
ligands from the docking studies (compounds 10 and 16) 
using an accessible online tool - SwissADME. Table 6 lists 
the main physicochemical parameters as shown in the soft-
ware’s “Bioavailability radar” (Fig. 6). These specific parame-
ters should be within certain limits for the further evaluation 
of the selected compounds as suitable base molecules for the 
development of potential selective MAO-B inhibitors.

The radar plot of compound 10 lies entirely within the 
optimal region defined by SwissADME, indicating that all 
six physicochemical descriptors fall within the ranges asso-
ciated with acceptable oral bioavailability, and supporting 
its evaluation as a potential lead structure. Compound 16 
satisfies the criteria for size, polarity, solubility, lipophilicity 
and flexibility, and deviates only on the insaturation axis, 
where its fraction of sp3-hybridised carbon atoms (Fsp3 
= 0.06) falls below the recommended threshold of 0.25, 
compared with 0.31 for compound 10. This difference is 
a direct consequence of the single structural modification 
that distinguishes the two compounds: the N,N-diethyl-
amino fragment of 10 contributes four sp3 carbon atoms, 
whereas the 2-chlorophenyl fragment of 16 introduces 
six additional aromatic sp2 carbon atoms and no sp3 cen-
tre, so that the substitution lowers Fsp3 both by removing 
sp3 carbons and by increasing the total carbon count. The 
same substitution replaces four rotatable bonds by a single 
N-aryl bond, which is reflected in the slightly lower flexi-
bility value of 16 (six rotatable bonds against seven for 10); 
both compounds remain well within the accepted limit of 

Table 6. SwissADME “Bioavailability radar” pharmacokinetic 
parameters for compounds 10 and 16.

Parameters 10 16
Lipophilicity - LogP (LIPO) 2.96 4.23
Molecular weight (SIZE) 331.39 g/mol 385.82 g/mol
Polarity (POLAR) 97.67 Å2 106.46 Å2

Solubility - LogS (INSOLU) -3.75 -5.07
Insaturation (INSATU) 0.31 0.06
Flexibility (FLEX) 7 6

Figure 5. Frontier molecular orbital distributions and HOMO–LUMO energy gaps of compounds 10 and 16, calculated at the 
B3LYP/6-311++G(d,p) level of theory. HOMO – highest occupied molecular orbital; LUMO – lowest unoccupied molecular orbital.
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nine. It should be emphasised that the low Fsp3 value of 
16 reflects its predominantly aromatic architecture rather 
than an unfavourable drug-likeness profile, since planar 
aromatic systems are a recurring structural feature of po-
tent and selective MAO-B inhibitors, in which flat hydro-
phobic moieties are required for productive occupation of 
the substrate cavity and for engagement of the aromatic 
“cage” formed by Tyr398 and Tyr435 (Binda et al. 2003; Li 
et al. 2006). Taken together, the predicted physicochemical 
descriptors of both compounds are compatible with those 
of orally available lead structures and support their further 
in vitro and in vivo evaluation.

Conclusion

The present study applied a multilayered computation-
al strategy to explore benzofuran derivatives as selective 
MAO-B inhibitors. Molecular docking showed that a sub-
stantial proportion of the ligands bound favorably within 
the MAO-B active site, while only three returned viable pos-
es in MAO-A, a result attributable to the smaller, monopar-
tite cavity of MAO-A and to the replacement of Ile199 and 
Tyr326 by Phe208 and Ile335. The combined docking, MM/
GBSA, molecular dynamics, and DFT analyses pointed 

to compounds 10 and 16 as the most promising benzo-
furan-based MAO-B inhibitors of the series, with GOLD 
fitness scores (161.60 and 159.45, respectively) approach-
ing those of safinamide and binding modes involving the 
aromatic “cage” and the entrance-cavity residues of the en-
zyme. Molecular dynamics simulations indicated that the 
MAO-B/10 complex was the more stable of the two, where-
as the MAO-B/16 complex fluctuated more extensively 
over the 200 ns trajectory while remaining within the active 
site, and DFT calculations revealed closely similar electro-
chemical properties for the two compounds. The addition-
al in silico ADME analysis indicated that both compounds 
possess predicted physicochemical and pharmacokinetic 
properties compatible with those expected of orally avail-
able lead structures. Taken together, these findings nomi-
nate compound 10, and to a lesser extent compound 16, as 
benzofuran-based candidates worthy of further in vitro and 
in vivo experiments.

Acknowledgment

The authors would like to thank the Medical University 
of Sofia, Bulgaria, for the financial support provided for 
this article.

References
Abraham MJ, Murtola T, Schulz R, Páll S, Smith JC, Hess B, Lindahl 

E (2015) GROMACS: high performance molecular simulations 
through multi-level parallelism from laptops to supercomputers. 
SoftwareX 1: 19–25. https://doi.org/10.1016/j.softx.2015.06.001

Akman S, Akkoç S, Zeyrek CT, Muhammed MT, Ilhan IO (2023) Den-
sity functional modeling, and molecular docking with SARS-CoV-2 
spike protein (Wuhan) and omicron S protein (variant) studies of 
new heterocyclic compounds including a pyrazoline nucleus. Jour-
nal of Biomolecular Structure and Dynamics 41(22): 12951–12965. 
https://doi.org/10.1080/07391102.2023.2169765

Binda C, Li M, Hubálek F, Restelli N, Edmondson DE, Mattevi A (2003) 
Insights into the mode of inhibition of human mitochondrial mono-
amine oxidase B from high-resolution crystal structures. Proceedings 
of the National Academy of Sciences 100(17): 9750–9755. https://doi.
org/10.1073/pnas.1633804100

Boulaamane Y, Ahmad I, Patel H, Das N, Britel MR, Maurady A (2023) 
Structural exploration of selected C6 and C7-substituted coumarin 
isomers as selective MAO-B inhibitors. Journal of Biomolecular 
Structure and Dynamics 41(6): 2326–2340. https://doi.org/10.1080/
07391102.2022.2033643

Figure 6. “Bioavailability radar” plots for compounds 10 and 16. The hexagonal area in light red indicates the optimal range for each 
pharmacokinetic parameter (lipophilicity (LIPO): LogP between – 0.7 and 5.0, size (SIZE): Molecular weight between 150 and 500 g/mol, 
polarity (POLAR): topological polar surface area (TPSA) between 20 and 130 Å2, solubility (INSOLU): log S not lower than –6, saturation 
(INSATU): fraction of carbons in the sp3 hybridization not less than 0.25, and flexibility (FLEX): no more than 9 rotatable bonds.

https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1080/07391102.2023.2169765
https://doi.org/10.1073/pnas.1633804100
https://doi.org/10.1073/pnas.1633804100
https://doi.org/10.1080/07391102.2022.2033643
https://doi.org/10.1080/07391102.2022.2033643


Mateev E et al.: In silico study of benzofuran derivatives14

Delogu G, Kumar A, Gatto G, Bustelo F, Saavedra LM, Rodríguez-Fran-
co MI, Laguna R, Viña D (2021) Synthesis and in vitro study of ni-
tro- and methoxy-2-phenylbenzofurans as human monoamine 
oxidase inhibitors. Bioorganic Chemistry 107: 104616). https://doi.
org/10.1016/j.bioorg.2020.104616

Dennington RD, Keith TA, Millam JM (2008) GaussView 5.0. Gaussian 
Inc., Wallingford, CT, USA.

Fischer A, Smiesko M, Sellner M, Lill MA (2021) Decision making in 
structure-based drug discovery: visual inspection of docking re-
sults. Journal of Medicinal Chemistry 64(5): 2489–2500. https://doi.
org/10.1021/acs.jmedchem.0c02227

Ivanova L, Karelson M (2022) The impact of software used and the type 
of target protein on molecular docking accuracy. Molecules 27(24): 
9041. https://doi.org/10.3390/molecules27249041

Jiang Y, Gao B, Huang W-J, Liang Y, Huang G, Y-X (2008) Simple, 
Convenient, and Efficient Synthesis of 2-Aryl-substituted Ben-
zo[b]furans. Synthetic Communications 39: 19–204. https://doi.
org/10.1080/00397910701860323

Li M, Binda C, Mattevi A, Edmondson DE (2006) Functional role of 
the “aromatic cage” in human monoamine oxidase B: structures and 
catalytic properties of Tyr435 mutant proteins. Biochemistry 45(15): 
4775–4784. https://doi.org/10.1021/bi051847g

Lyu J, Irwin JJ, Shoichet BK (2023) Modeling the expansion of virtual 
screening libraries. Nature Chemical Biology 19(6): 712–718. https://
doi.org/10.1038/s41589-022-01234-w

Mateev E, Georgieva M, Zlatkov A (2022) Improved molecular docking 
of MAO-B inhibitors with Glide. Biointerface Research in Applied 
Chemistry 13(2): 159. https://doi.org/10.33263/BRIAC132.159

Mateev E, Valkova I, Angelov B, Georgieva M, Zlatkov A (2022) Vali-
dation through re-docking, cross-docking and ligand enrichment 
in various well-resoluted MAO-B receptors. International Journal 
of Pharmaceutical Sciences and Research 2022: 13(3): 1099–1107. 
http://dx.doi.org/10.13040/IJPSR.0975-8232.13(3).1000-08

Mateev E, Kondeva-Burdina M, Georgieva M, Zlatkov A (2023) Repur-
posing of FDA-approved drugs as dual-acting MAO-B and AChE 
inhibitors against Alzheimer’s disease: an in silico and in vitro study. 
Journal of Molecular Graphics and Modeling 122: 108471. https://
doi.org/10.1016/j.jmgm.2023.108471

Mateev E, Pavlova E, Kostov S, Irfan A, Mateeva A, Kondeva-Burdina M, 
Momekov G (2025) Multi-target monoamine oxidase-B (MAO-B) 
inhibitors in the treatment of Parkinson’s disease. Pharmacia 72: 
1–19. https://doi.org/10.3897/pharmacia.72.e164727

Muhammed MT, Aki-Yalcin E (2023) Computational insight into the 
mechanism of action of DNA gyrase inhibitors; revealing a new 
mechanism. Current Computer-Aided Drug Design 20(3): 224–235. 
https://doi.org/10.2174/1573409919666230419094700

Muhammed MT, Er M, Akkoç S (2023) Molecular modeling and in vi-
tro antiproliferative activity studies of some imidazole and isoxazole 

derivatives. Journal of Molecular Structure 1282: 135066. https://doi.
org/10.1016/j.molstruc.2023.135066

Neves BJ, Braga RC, Melo-Filho CC, Moreira-Filho JT, Muratov EN, An-
drade CH (2018) QSAR-based virtual screening: advances and appli-
cations in drug discovery. Frontiers in Pharmacology 9: 1275. https://
doi.org/10.3389/fphar.2018.01275

Pattar SV, Adhoni SA, Kamanavalli CM, Kumbar SS (2020) In silico mo-
lecular docking studies and MM/GBSA analysis of coumarin-car-
bonodithioate hybrid derivatives divulge the anticancer potential 
against breast cancer. Beni-Suef University Journal of Basic and Ap-
plied Sciences 9(1): 36. https://doi.org/10.1186/s43088-020-00059-7

Pisani L, Barletta M, Soto-Otero R, Nicolotti O, Mendez-Alvarez E, Cat-
to M, Introcaso A, Stefanachi A, Cellamare S, Altomare C, Carotti A 
(2013) Discovery, biological evaluation, and structure–activity and –
selectivity relationships of 6’-substituted (E)–2-(benzofuran-3(2H)-
ylidene)-N-methylacetamides, a novel class of potent and selective 
monoamine oxidase inhibitors. Journal of Medicinal Chemistry 
56(6): 2651–2664. https://doi.org/10.1021/jm4000769

Politzer P, Murray JS (2002) The fundamental nature and role of the 
electrostatic potential in atoms and molecules. Theoretical Chemis-
try Accounts 108(3): 134–142. https://doi.org/10.1007/s00214-002-
0363-9

Rastelli G, Pinzi L (2019) Refinement and rescoring of virtual screen-
ing results. Frontiers in Chemistry 7: 498. https://doi.org/10.3389/
fchem.2019.00498

Ruiz-Morales Y (2002) HOMO–LUMO gap as an index of molecular 
size and structure for polycyclic aromatic hydrocarbons (PAHs) and 
asphaltenes: a theoretical study. I. The Journal of Physical Chemistry 
A 106(46): 11283–11308. https://doi.org/10.1021/jp021152e

Sadeghi M, Karami M, Miroliaei M, Ghanadian M (2024) In silico ap-
proaches for rational drug design and potential enzyme inhibitors 
discovery: a mini-review. Journal of Advanced Biomedical Sciences. 
https://doi.org/10.18502/jabs.v15i1.17550

Toprakçı M, Yelekçi K (2005) Docking studies on monoamine oxi-
dase-B inhibitors: estimation of inhibition constants (Ki) of a series 
of experimentally tested compounds. Bioorganic and Medicinal 
Chemistry Letters 15(20): 4438–4446. https://doi.org/10.1016/j.
bmcl.2005.07.043

Yi C, Liu X, Chen K, Liang H, Jin C (2023) Design, synthesis and eval-
uation of novel monoamine oxidase B (MAO-B) inhibitors with 
improved pharmacokinetic properties for Parkinson‘s disease. Eu-
ropean Journal of Medicinal Chemistry 252: 115308. https://doi.
org/10.1016/j.ejmech.2023.115308

Zhou G, Rusnac D-V, Park H, Canzani D, Nguyen HM, Stewart L, Bush 
MF, Nguyen PT, Wulff H, Yarov-Yarovoy V, Zheng N, DiMaio F 
(2024) An artificial intelligence accelerated virtual screening plat-
form for drug discovery. Nature Communications 15: 7761. https://
doi.org/10.1038/s41467-024-52061-7

https://doi.org/10.1016/j.bioorg.2020.104616
https://doi.org/10.1016/j.bioorg.2020.104616
https://doi.org/10.1021/acs.jmedchem.0c02227
https://doi.org/10.1021/acs.jmedchem.0c02227
https://doi.org/10.3390/molecules27249041
https://doi.org/10.1080/00397910701860323
https://doi.org/10.1080/00397910701860323
https://doi.org/10.1021/bi051847g
https://doi.org/10.1038/s41589-022-01234-w
https://doi.org/10.1038/s41589-022-01234-w
https://doi.org/10.33263/BRIAC132.159
http://dx.doi.org/10.13040/IJPSR.0975-8232.13(3).1000-08
https://doi.org/10.1016/j.jmgm.2023.108471
https://doi.org/10.1016/j.jmgm.2023.108471
https://doi.org/10.3897/pharmacia.72.e164727
https://doi.org/10.2174/1573409919666230419094700
https://doi.org/10.1016/j.molstruc.2023.135066
https://doi.org/10.1016/j.molstruc.2023.135066
https://doi.org/10.3389/fphar.2018.01275
https://doi.org/10.3389/fphar.2018.01275
https://doi.org/10.1186/s43088-020-00059-7
https://doi.org/10.1021/jm4000769
https://doi.org/10.1007/s00214-002-0363-9
https://doi.org/10.1007/s00214-002-0363-9
https://doi.org/10.3389/fchem.2019.00498
https://doi.org/10.3389/fchem.2019.00498
https://doi.org/10.1021/jp021152e
https://doi.org/10.18502/jabs.v15i1.17550
https://doi.org/10.1016/j.bmcl.2005.07.043
https://doi.org/10.1016/j.bmcl.2005.07.043
https://doi.org/10.1016/j.ejmech.2023.115308
https://doi.org/10.1016/j.ejmech.2023.115308
https://doi.org/10.1038/s41467-024-52061-7
https://doi.org/10.1038/s41467-024-52061-7


Pharmacia 73: e206275 15

Additional information

Conflict of interest

The authors have declared that no competing interests exist.

Ethical statements

The authors declared that no clinical trials were used in the present study.
The authors declared that no experiments on humans or human tissues were 

performed for the present study.
The authors declared that no informed consent was obtained from the humans, 

donors or donors’ representatives participating in the study.
The authors declared that no experiments on animals were performed for the 

present study.
The authors declared that no commercially available immortalised human and 

animal cell lines were used in the present study.

Artificial Intelligence (AI) use

The authors accept full responsibility for the content of the manuscript, including 
the disclosure of any use of AI.
No AI tools were used in the preparation of this manuscript.

Funding

This research was funded by the Medical Council of the Medical University of Sofia 
under Project No. 144/2026, awarded on 01.06.2026.

Author contributions

All authors have contributed equally.

Author ORCIDs

E. Mateev  https://orcid.org/0000-0002-5885-7213
A. Irfan  https://orcid.org/0000-0002-8977-3303
S. Kostov  https://orcid.org/0009-0001-4272-3579
M.T. Muhammed  https://orcid.org/0000-0003-0050-5271
A. Zlatkov  https://orcid.org/0000-0002-1695-8454

Data availability

All of the data that support the findings of this study are available in the main text 
or Supplementary Information.

Supplementary material 1
Supplementary image

Authors: Emilio Mateev, Ali Irfan, Stefan Kostov, Muhammed 
Tilahun Muhammed, Alexander Zlatkov

Data type: docx
Copyright notice: This dataset is made available under the Open 

Database License (http://opendatacommons.org/licenses/
odbl/1.0). The Open Database License (ODbL) is a license 
agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for oth-
ers, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/pharmacia.73.e206275.suppl1

https://orcid.org/0000-0002-5885-7213
https://orcid.org/0000-0002-8977-3303
https://orcid.org/0009-0001-4272-3579
https://orcid.org/0000-0003-0050-5271
https://orcid.org/0000-0002-1695-8454
http://opendatacommons.org/licenses/odbl/1.0
http://opendatacommons.org/licenses/odbl/1.0
https://doi.org/10.3897/pharmacia.73.e206275.suppl1

	Exploring benzofuran derivatives as selective MAO-B inhibitors: a multilayered in silico study
	Abstract
	Introduction
	Materials and methods
	Ligands preparation
	Proteins preparation
	Docking studies
	Induced-fit docking (IFD)
	MM/GBSA
	MD Simulation
	DFT Calculations
	Drug-likeness and ADME predictions

	Results and discussion
	Benzofuran ligand dataset
	Molecular docking in MAO-B and MAO-A
	Molecular dynamics simulations
	DFT calculations

	Conclusion
	Acknowledgment
	References
	Additional information
	Supplementary material 1
	Supplementary image


