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Abstract: Neurological disorders are disorders characterized by progressive loss of neurons leading
to disability. Neurotransmitters such as nor-adrenaline, dopamine, and serotonin are partially
regulated by the enzyme monoamine oxidase (MAO). Treatments for conditions like Alzheimer’s,
Parkinson’s, anxiety, and depression involve the use of MAOIs. To target MAO enzyme inhibition,
various scaffolds are prepared and evaluated, including modified coumarins, chromone carboxylic
acid substituents, pyridazine derivatives, and indolylmethylamine. The research presented here
focuses on combining different computational tools to find new inhibitors of the MAO-B protein. We
discovered 5 possible chemical inhibitors using the above computational techniques. We found five
molecular inhibitors with high binding affinity using computational methods. These five molecules
showed a high binding affinity; they are −10.917, −10.154, −10.223, −10.858, and −9.629 Kcal/mol,
respectively. Additionally, the selected inhibitors were further examined by in vitro activity, and
their binding affinity was confirmed using an enzyme-based assay. In summary, the computational
studies performed here using molecular dynamics and free energy calculations can also be used to
design and predict highly potent derivatives as MAO-B inhibitors, and these top inhibitors help in
the development of novel drugs for neurological diseases such as Alzheimer’s and Parkinson’s.

Keywords: CADD; computer biology; Alzheimer’s; dynamics; pharmacophore; free energy calculation;
docking

MSC: 92-08

1. Introduction

Biogenic amines and neurotransmitters are oxidatively deaminated by the mitochon-
drial enzyme monoamine oxidase (MAO) [1]. This flavoenzyme is responsible for the oxida-
tive deamination of hormones, neurotransmitters, and dietary amines. MAO’s primary role
is to block neurotransmitter amines from acting in the brain and other peripheral tissues. It
also protects the brain from several amines, including tyramine, phenylethylamine, and
benzylamine [2]. For synaptic neurotransmission to function properly, dopamine (DA),
norepinephrine (NE), and the monoamine serotonin (5-HT) must be broken down by the
MAO in the brain [3]. Its role has been summarized in Figure S1. The enzyme is mainly
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found in the blood platelets and the brain. MAO resides in glial cells, and its level decreases
with neuronal cell death [4]. So enzyme levels naturally increase with age because neuronal
cell death increases with age. Additionally, its increases have been shown to promote cell
degeneration by generating hydrogen peroxides, which iron then converts into extremely
deadly oxygen free radicals, causing cell death [5,6]. The primary symptomatic treatment
of Parkinson’s disease is with MAO-B inhibitors [7,8]. However, the use of MAO-B drugs to
treat Alzheimer’s disease has been justified by the age-related increase in MAO-B enzyme
activity and the neuroprotective role of MAO-B inhibitors [6]. Some well-known inhibitors
are selegiline [9], safinamide [10], and rasagiline [11]. Older MAOIs, including iproniazid,
are non-selective and irreversible. They also had a wide range of side effects and dietary
restrictions as they could cause the cheese reaction, a severe hypertensive crisis when
consumed with foods high in tyramine [12].

Previous studies showed that the structure-based design of inhibitors targets MAO-B
protein [13,14]. On the other hand, in a separate study, authors have shown that xanthone-
containing core rings also indicate a very good binding affinity for development as an
MAO-B inhibitor [13]. In some studies, coumarin-based scaffolds have been optimized to
design novel inhibitors for the MAO-B protein using the QSAR approach [14–16]. Also, the
isoxazole derivatives have been substituted at the para position of the phenyl ring and have
been developed as a new scaffold to inhibit MAO-B protein [17]. Recently, phytochemicals
from Ocimum basilicum have been used to treat Parkinson’s disease because of their
therapeutic potential against MAO-B [18]. However, we could not find any studies that
used both machine learning and other computational studies to identify inhibitors from
the ZINC database, which encouraged us to undertake this work.

The crystal structure of this inhibitor with its receptor MAO-B, along with other
known inhibitors at the binding site (Table S1), provided valuable structural insight into
how the different ligands bind to the MAO-B binding site. The main objective of our studies
was identifying putative inhibitors for the enzyme using ML and other computational
approaches that open a new arena for the design of novel potent inhibitors against the
enzyme. The methodology we have used in our studies has been summarized in Figure 1.
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2. Materials and Methods
2.1. Binding Pocket Analysis

The characterization of the binding site for the MAO-B protein was carried out using
Schrödinger’s SiteMap module [19]. SiteMap tool uses protein structure to identify binding
pockets, their size, functionality, and the extent of their solvent exposure. The high-
resolution crystal structure 2XFN was used for structural studies [20]. Chimera-1.16 [21]
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was used for molecular interaction studies, and Gromac’s version 20.0.7 [22] was used for
time-dependent stability studies for the protein-ligand structure of MAO B [23].

2.2. Protein and Ligand Preparation

The Protein Data Bank provided the MAO-B crystal structure using the crystal struc-
ture 2XFN [24]. The Protein Preparation Wizard module of the Maestro software was used
to prepare the structure. The receptor has been dehydrated, hydrogen atoms have been
added, and the structure has been energy minimized to minimize constraints and poor
contacts. Finally, the protein structure was reduced using the OPLS4 force field [25]. Two
different databases, namely ZINC and MayBridge, were downloaded and saved in struc-
ture data format. The libraries were downloaded in July 2022, with more than 20 million
compounds in aggregate. The ligands were prepared to determine a correct 3D structure
using the LigPrep module [26]. In addition, the ligand conformation was optimized using
the OPLS4 force field.

2.3. Pharmacophore-Based Approach

A pharmacophore-based virtual screen of the ZINC database was used to identify
potential leads. The ZINC database includes more than 2 million compounds. First, the
databases were extracted and prepared for the virtual screening process with the phase
module [27]. The primary screening was performed using the pharmacophore model using
the PHASE module. This module can be used for hit identification, lead optimization,
and core hopping using the spatial arrangement of ligand or structure binding pocket or
both. The retrieved hits were another measure of ADME properties by Schrödinger-2022.1’s
QikProp module [28,29]. The hits were then organized based on their predicted biological
activities, adaptive values, and drug-like properties. After the structures of the various
compounds were established, a minimum energy conformational model was calculated
for the molecules using the default settings. Hydrophobic substructures, positively ion-
izable H-bond donor, H-bond acceptor, and ring aromaticity features were used to create
pharmacophore models. Various pharmacophoric models with common features have
been formulated for MaO-B inhibitors. Various scaffolds previously described as starting
point structures for the development of molecules as MAO-B inhibitors were overlapped to
generate a pharmacophore hypothesis showing a 4- or 5-feature model.

2.4. ML-Based Approach Screening

The dataset on the molecular activity of MAO-B protein inhibitors was extracted
from the ChEMBL database [24]. In total, 5093 molecules were having reported activities
against the MAO-B molecules. Molecules with reported IC50 values for the receptor were
downloaded, and the data were processed. The data was divided into binary classes of
active and inactive datasets to model binary classification models using machine learning.
Descriptors were calculated for the molecules with activity as well as for decoys using the
PaDEL package [25]. We calculated the MACCS, Pubchem, and GraphOnly descriptors
for the datasets. The descriptor data was then used for training purposes. Numerous
published studies point to applications of machine learning (ML) in the drug discovery
pipeline [26–28]. We used the scikit-learn ML module to create models [29]. Scikit learn
is a software package containing various algorithms to classify data using python. These
algorithms are called estimators. Every estimator can be used to fit data using 2 inputs,
namely samples matrix (x) and target values (y). The size of x is represented as rows
and columns, while y is usually a 1d array. It has many built-in packages for building
regression and classification models. We have used numerous algorithms to classify our
data. The separation of the data into training and test datasets was done using a ratio of
75:25 for training and testing samples, as this ratio achieved good top model accuracy. For
the 70:30 ratio, we noted a slight decrease in training accuracy, which prompted us to use
the 75:25 ratio. Since there are numerous binary classification algorithms available, we
have used the top models that are most commonly used to solve classification problems in
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drug discovery. These include Support Vector Machine Model (SVM), Logistic Regression
(LR), XGBoost (XGB), Decision Tree (DT), Multi-Layered Perceptron (MLP), and Random
Forest [30–35]. SVM uses supervised learning models for classifying data. This algorithm
finds a hyperplane in the N dimension to classify data points distinctly. Logistic regression
uses logistic function to model dependent variables. In summary, this algorithm computes
the sum of input features and calculates the logistic of the final result. XGB uses a gradient
boosting framework to classify the different problems efficiently. This algorithm minimizes
an objective function that combines a convex loss function and penalty term for model
complexity. The training proceeds iteratively to decrease residual errors to make the final
prediction. The decision tree algorithm uses simple learning decision rules based on data
features to classify data. This method approximates the target function producing discrete
values by using inductive inference. The process starts from the root node and classifies
the corresponding feature attribute and its corresponding value until we reach the leaf
node. MLP algorithm iteratively trains the model by updating the partial derivatives
loss function with respect to the parameters of the model. Generally, this algorithm has
3 layers which includes one hidden layer. Cross-validation methods are used to find
ideal values for optimizing the values. Weight adjustment training is performed by using
backpropagation. Random forest classifies a large number of decision trees as an ensemble.
Each tree in a random forest spits out a class prediction, and the class having the most
votes is the final model. Settings used for these algorithms in previous reports were used in
our current methodology to predict inhibitors [36–45]. Also, the mathematical equations
of these algorithms have been elaborated in previous reports [46–51]. The various ML
models were evaluated using several statistical values. We measured variables, such as
accuracy, precision, recall, and receiver operating characteristic (ROC) curves, to evaluate
the different ML models. Models with top scores in the training and test sets were selected
for screening the ZINC database.

2.5. Shape-Based Screening Approach

One or more files, a phase database, or a shape query can be tested using the Shape
Screening application [52]. The shape screening method helps screen molecules from
databases having similar spatial constraints. The query is targeted differently to each
conformer of a given molecule, and similarity was calculated using overlapping hard
sphere volumes. Both single and multiple templates can serve as a form query. Here we
have used both single and groups of template structures by overlapping the available crystal
structures (Table S1). MacroModel atom typing was used for shape screening (imposes
the most stringent conditions for matching) [53]. Each molecule produced 100 conformers
while retaining up to 10 different conformations.

2.6. Docking-Based Approach

In this score-based screen, shortlisted hits were docked against MAO-B by ML- and
the pharmacophore-based approach. The Schrödinger 2022.1 [54,55] Glide module was
used for docking studies. Glide is a highly cited docking approach that uses conformation,
orientation, and positional space to identify ligand poses. Using the receptor grid genera-
tion, a grid box of (20× 20× 20) was calculated to represent the shape and properties of the
receptor. The Schrödinger suite’s LigPrep and ConfGen tools were then used to generate a
stable ligand conformation. Docking of the co-crystallized ligand to the protein binding site
helped optimization of the docking parameters. As a result, test substances are then docked
in the specified lattice box. The van der Waals scaling value was set to 1.0 while the partial
atomic charge limit was set to 0.25 and the Coulomb VdW limit to 50 kcal/mol to reduce
the potential for the non-polar part of the protein. In addition, the previously prepared
protein was used in the docking assay, which explored the different binding interactions of
the hits. The scoring function calculates the ranking of energy-minimized poses.
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2.7. MD Studies of Protein-Ligand Complex

The stability of predicted protein-ligand complexes in the molecular dynamics sim-
ulations (MD) studies were performed using the gromacs 20.0.7 package [23]. Gromacs
is a highly cited software that can decipher time-dependent protein motion. Numerous
studies have been published examining the applicability of MD studies to determine
protein–ligand stability [56–60]. Solvation was performed in a cubic box model using TIP3P
water molecules with 12 radii as the boundary. The protein had a net negative charge,
neutralized by adding an equal number of sodium ions by replacing water molecules.
The system was relaxed for 100,000 steps using the steepest decent energy minimization.
The energy minimization was achieved by the overall convergence criterion (Em) set to
10.0 KJ/mol. Isothermal-isochoric equilibration and isotropic pressure were performed
using PME (Particle Mesh Ewald) scheme and Parrinello-Rahman scheme for 200,000 steps
each. Finally, the system was made to run for 200 nanoseconds for MD studies.

2.8. Enzyme-Based Inhibitory Assay

To validate our methodology for identifying new compounds using the calculation
protocol, we performed an enzyme-based assay using the MAO-B assay kit. Kit catalog
number M7441 was a 96-well microplate assay kit. The reaction was performed using an
Amplex Red Assay Kit. The positive control was prepared by adding an equal volume of
buffer solution instead of a sample solution. Blank samples were prepared by adding an
equal volume of buffer solution instead of substrate solution. Selegiline (sigma; cat. no.
S0360000) was used as the standard drug to inhibit the MAO-B enzyme. We used different
sample concentrations ranging from 100 nm to 100 µM. The experiment was performed in
triplicate to derive the mean error. Excitation and emission were measured at 545 nm and
590 nm, respectively.

% ∈ Inhibition =
[(Positivecontrol − Blanknegativecontrol)–(Sample− Samplecontrol)]

(PositiveBlank− Blanknegativecontrol)
∗ 100% (1)

We used different concentrations of the sample/standard solution to evaluate the IC50
values using Equation (1).

3. Results and Discussion
3.1. Binding Site Analysis

Many PDB entries of MAO-B have been found to indicate the binding site of the
particular protein. From these, high-resolution [1,6] crystal structures of MAO-B with
PDB-id 2XFN, 2XCG, and 2XFU were used for binding site analysis using SiteMap. The
most prominent binding site identified was a deep-seated cavity found in the MAO-B
protein. Detailed analysis of the binding pocket showed that the binding site consisted of
a hydrophilic site with an area of 6092, an acceptor site with an area of 2562, a donor site
with an area of 3452, and a hydrophobic site with an area of 1452 (Figure 2). The PDB entry
2XCG and 2V60 were used as a template structure to decipher the conformation of the
ligand for binding to its template. Structural studies of the ligand with its MAO-B receptor
were performed using Chimera version 1.16. These studies indicate that residues, namely
Y60, F103, P104, W119, L164, L167, F168, L171, C172, I199, Q206, I316, Y326, F343, Y398,
and sY435, were found to be involved in the interaction with bound ligands (Figure 3A).
Previous studies have indicated that this deep-seated allosteric site can block the enzyme
specifically and is dependent on the inhibitor size [61].

To determine the stability of the protein-ligand system in the solvated system, we
subjected the system to molecular dynamics studies. Gromac’s version 20.0.7 was used for
MD studies for an extended 200 ns. The system was stable, indicating a low RMSD for 1
Armstrong (Figure 3B). The ligand and the protein receptor were stable, indicating little
conformational variation. The MD studies showed that the binding site of both the protein
and the ligand conformation could be used for further computational studies, including
docking and pharmacological modeling.
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3.2. Pharmacophore-Based Approach

Using the knowledge of the binding of ligands to protein pockets, 3 pharmacophore
models were constructed. After the superposition of the ligands used for pharmacophore
development, a pharmacophore hypothesis was generated using the ligands. Due to the
enormous size of the ligands, numerous pharmacophore spots were generated in each of
the four sets. The following criteria were used in the pharmacophore selection process:
(1) The presence of donor, acceptor, and hydrophobic groups, as demonstrated by studies of
the binding sites of the ligands to their receptors; (2) The propensity of the pharmacophore
to recognize both active and inactive ligands. With two or more H-bonding acceptors and
one or more hydrophobic and/or aromatic ring features, models could be representative,
explaining the interactions for the most common fragments of known antagonists. All
6 pharmacophore models derived using the PHASE program were used to screen the
ZINC database. The virtual screening was performed using a flexible search method. In
reviewing the ligand-bound crystal structure of MaOB with inhibitors, 4-feature model 1
was used to further screen the ZINC database. The best pharmacophore generated had
2 hydrophobic groups (Hy1 and Hy2) and 2 acceptor sites (AA1 and AA2). Distance
constraints had values of 9.70 +/− 0.90 between AA1 and Hy1 (D1), 6.44 +/− 0.60 between
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Hy1 and Hy2, 4.89 +/− 0.40 between Hy2 and AA2, 5.94 +/− 0.50 between AA2 and AA1.
The radii of the acceptor groups were 0.9, while they were 1 for the hydrophobic groups
(Figure 4). Previous reports have used 3-feature pharmacophores for virtual screening,
which generally yields a large number of hits and generally lacks specificity [62]. In
comparison, our model has 4-features, which generally gives the model more specificity.
A total of 875,776 hits were retrieved from the ZINC database using this pharmacophoric
model. These hits were further subjected to an ML-based approach to further shortlist the
hit molecules that display both fingerprinting and pharmacophoric features consistent with
the already known inhibitors, and 20 poses were generated for each ligand identified using
VS. These positions were then further examined visually to find potent inhibitors with a
higher glide score than the established inhibitor selegiline.
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3.3. ML-Based Screening

The activity data for the compounds against MAO B were downloaded from the
CHEMBL database with ID CHEMBL2039. The dataset was verified as redundant. The
range of activity of molecules in the data set from 0.014 nM to 58.9 mM gives us a wide
range of inhibitors with different activities. Compounds with IC50 values less than 1M
were treated as active molecules, while those with IC50 values greater than 1M were treated
as inactive. So, using the above criteria, we had 2084 confirmed active and 3009 confirmed
inactive molecules. The entire data set is divided into 75% training and 25% test sets. These
binary ratios were used in the previous manuscript [63]. So there were 3820 connections
in the training set and 1273 connections in the test set, as shown in Table 1. The active
ingredients in the data set were marked with 1, while the inactive ones were marked with 0.

Table 1. Training and test datasets used in our study.

Dataset Inhibitor Non-Inhibitor Total

Training 1563 2257 3820
Test 521 752 1273

For this dataset, we created 2071 descriptors using the PaDEL program. We selected
the descriptors with a higher correlation coefficient to activity using the greedy technique.
There were 186 descriptors in the reduced data set with a high correlation coefficient to
activity. The ML models were constructed using several techniques using the descriptor
data set. ML models were built using Python 3.6’s scikit-learn module. We created six
models commonly used to solve binary classification problems using descriptor data. The
training and testing accuracy for the LR model were 0.895 and 0.805, respectively, while the
area under the curve (AUC) of the ROC curve was 0.870. For the LR model, the precision
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and recall values were 0.81 and 0.81, respectively. We achieved a training and testing
accuracy for the decision tree model of 0.860 and 0.787, respectively, while the AUC of the
ROC curve was 0.780. For the decision tree model, the precision and recall values were 0.81
and 0.81, respectively. We achieved a training and testing accuracy for the HR model of
0.974 and 0.821, respectively, and an AUC of the ROC curve of 0.888. For the RF model,
the precision and recall values were 0.82 and 0.82, respectively. The training and testing
accuracy for the SVM model was 0.955 and 0.818, respectively, and the AUC of the ROC
curve was 0.850. The precision and recall values of the SVM model were 0.82 and 0.82,
respectively. We were able to achieve a training and testing accuracy for the decision tree
model of 0.860 and 0.787, respectively, while the AUC of the ROC curve was 0.780. For
the decision tree model, the precision and recall values were 0.81 and 0.81, respectively.
We were able to achieve training and testing accuracy for the HR model of 0.974 and 0.821,
respectively, and an AUC of the ROC curve of 0.888. For the RF model, the precision and
recall values were 0.82 and 0.82, respectively. The training and testing accuracy for the
SVM model was 0.955 and 0.818, respectively, and the AUC of the ROC curve was 0.850.
The precision and recall values of the SVM model were 0.82 and 0.82, respectively. The
training and testing accuracy for the decision tree model was 0.860 and 0.787, respectively,
while the area under the ROC curve (AUC) was 0.780. The precision and recall scores of
the decision tree model were 0.81 and 0.81, respectively. The training and testing accuracy
for the HF model was 0.974 and 0.821, respectively, and the AUC of the ROC curve was
0.888. The precision and recall values of the RF model were 0.82 and 0.82, respectively.
We were able to achieve training and testing accuracy for the SVM model of 0.955 and
0.818, respectively, with a ROC curve AUC of 0.850. The precision and recall values of the
SVM model were 0.82 and 0.82, respectively. We were able to achieve training and testing
accuracy for the MLP model of 0.964 and 0.829, respectively, with a ROC curve AUC of
0.894. For the MLP model, the precision and recall values were 0.83 and 0.83, respectively.
The training and testing accuracy for the XGB model was 0.967 and 0.846, respectively, and
the AUC of the ROC curve was 0.916. For the XGB model, the precision and recall values
were 0.86 and 0.85, respectively. We found that the XG-Boost model had the largest values
for the statistical parameters, followed by the MLP model after all the statistical values
of the different models were compared (Figure 5). Compared to the previous ML models
used to screen MAO-B inhibitors, our model had higher statistical accuracy [64]. Table 2
summarizes the statistics of all models. Based on these values, the MLP model was used to
screen the HDB1 database using the ML approach.
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Table 2. The table indicates the statistical value of different ML models.

Name of Model Logistic
Regression Decision Tree Random Forest Support Vector

Machine
Multilayer
Perceptron XG-Boost

Training Accuracy 0.895 0.860 0.974 0.955 0.964 0.967
Test Accuracy 0.805 0.787 0.821 0.818 0.829 0.846

Area Under Curve 0.870 0.780 0.888 0.850 0.894 0.916
Precision 0.81 0.79 0.82 0.82 0.83 0.86

Recall 0.81 0.79 0.82 0.82 0.83 0.85

Potential hit compounds against MAO B were found using the 875,776 molecule HDB1
database. All descriptors were originally generated with the PaDEL program and recorded
in .csv format. Pandas was used to load the descriptor file as a data frame. From the HDB1
descriptor file, the relevant descriptors were selected and used to construct ML models
for the MAO-B receptor. After separating the descriptors, a new data frame was created,
and the MLP model was used for screening. From the HDB1 database, we could locate
66,784 molecular fingerprint hits that matched those of the drugs. We have created a new
database of these 66,784 hits, namely HDB2.

3.4. Shape Screening-Based Approach

To further filter out shape-complementary hits with the known ligands, we used a
shape-screening-based approach (Figure 6). Using the shape-based screening approach, we
also sorted out 3978 hits from the HDB2 database of 66,784 entries. These hits were saved
as a new database file HDB3. The database was further screened out based on binding
affinity to the receptor using the docking-based approach.
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2022-1.

3.5. Docking-Based Approach

The hits screened after shape screening were further evaluated for their binding affinity
to protein using a docking-based approach. The generated Glide receptor lattice was used
to dock ligands using the XP module, and top hits were identified with a higher GScore
than the reported active control compound. The re-docking studies showed a low RMSD
of 0.14 Armstrong (Figure 7). All information was compared to a grid constructed on the
active site of the MAO-B enzyme using the Schrodinger glide module. The Schrödinger
package’s SiteMap module was used to create the binding pocket. Additionally, the grid
generation module of the Schrödinger software package was used to generate the grid
surrounding the protein. The protein and ligand preparation module of the Schrodinger
software suite was used to prepare both the protein and the ligands. The Glide module was
then used to dock the finished ligands. Docking was performed in Extra Precision mode
on hits identified through shape screening, and parameters optimized during re-docking
studies were used for docking. Chimera-1.16 and the ligand-receptor interaction module of
the Schrödinger software suite were used to create the images. These interactions, hydrogen
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bonding, pi-pi interaction, pi-cation interaction, and salt bridges at a cutoff radius of 4 Å
were studied in this module, and 20 poses were created for each ligand.
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3.6. Identification of Top Hits

Using the primarily ML, pharmacophore, and docking-based approaches, we identi-
fied 54 hits with higher binding affinity than the selegiline compound. Docked reference
poses from Glide Docking were used for further investigation (Figure 7), and 34 hits show-
ing higher binding affinities than the control ligand for all three docking methods were
filtered out by eye assessment. From these top 10 hits, further analysis was performed for
their stability over time using MD studies.

3.7. MD Studies

In the current study, we performed a 200 ns run of molecular dynamics simulation for
each hit ligand. After the molecular dynamics simulation run was completed, the resulting
interaction patterns were studied. For each system, the backbone RMSD was determined
and presented (Figure 8a,b).

Mathematics 2023, 11, x FOR PEER REVIEW 11 of 17 
 

 

3.6. Identification of Top Hits 
Using the primarily ML, pharmacophore, and docking-based approaches, we 

identified 54 hits with higher binding affinity than the selegiline compound. Docked 
reference poses from Glide Docking were used for further investigation (Figure 7), and 34 
hits showing higher binding affinities than the control ligand for all three docking 
methods were filtered out by eye assessment. From these top 10 hits, further analysis was 
performed for their stability over time using MD studies. 

3.7. MD Studies 
In the current study, we performed a 200 ns run of molecular dynamics simulation 

for each hit ligand. After the molecular dynamics simulation run was completed, the 
resulting interaction patterns were studied. For each system, the backbone RMSD was 
determined and presented (Figure 8a,b).  

 
(a) (b) 

Figure 8. (a,b) Indicates the RMSD plots of ligands. They were found to be highly stable. A low 
fluctuation of 2 Å was observed in RMSD ligand plots. These observations indicate the stability of 
the hits in the pocket of the receptor. 

It was observed that 9 ligands from the ZINC database identified using different 
screening methods produced stable plots relative to RMSD plots generated using MD 
studies generated using Gromacs version 20.0.7 were carried out. Compared to some of 
the previously reported hit molecules using virtual screening, our best-selected molecules 
showed stable RMSD plots [64,65]. These compounds all showed deviations below 2 Å, 
indicating they are stable within the allosteric binding pocket in an extended MD run of 
200 ns (Table 3). 

Table 3. Summary of docking scores from various docking packages obtained for ligands identified 
for enzyme-based screening. QikProp score for various ligands and TOPKAT mutagenicity 
prediction for ligands identified for enzyme-based screening. 

Sr. 
No 

Name of Compound Code Used Glide-XP 
Score 

MM/PBSA QLogPo/w QLogBB Mutagenicity 

1. ZINC1028120 1 −10.917 −29.870 4.244 −0.184 Non-mutagenic 
2. KM00699 2 −10.858 −27.088 4.479 0.312 Non-mutagenic 
3. ZINC4523822 3 −10.614 −27.841 2.836 −0.937 Non-mutagenic 
4. BTB11789 4 −10.223 −10.391 5.404 0.312 Non-mutagenic 
5. ZINC171676 5 −10.130 −26.405 5.409 0.037 Non-mutagenic 

Figure 8. (a,b) Indicates the RMSD plots of ligands. They were found to be highly stable. A low
fluctuation of 2 Å was observed in RMSD ligand plots. These observations indicate the stability of
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It was observed that 9 ligands from the ZINC database identified using different
screening methods produced stable plots relative to RMSD plots generated using MD
studies generated using Gromacs version 20.0.7 were carried out. Compared to some of
the previously reported hit molecules using virtual screening, our best-selected molecules
showed stable RMSD plots [64,65]. These compounds all showed deviations below 2 Å,
indicating they are stable within the allosteric binding pocket in an extended MD run of
200 ns (Table 3).

Table 3. Summary of docking scores from various docking packages obtained for ligands identified
for enzyme-based screening. QikProp score for various ligands and TOPKAT mutagenicity prediction
for ligands identified for enzyme-based screening.

Sr.
No

Name of
Compound Code Used Glide-XP

Score MM/PBSA QLogPo/w QLogBB Mutagenicity

1. ZINC1028120 1 −10.917 −29.870 4.244 −0.184 Non-mutagenic

2. KM00699 2 −10.858 −27.088 4.479 0.312 Non-mutagenic

3. ZINC4523822 3 −10.614 −27.841 2.836 −0.937 Non-mutagenic

4. BTB11789 4 −10.223 −10.391 5.404 0.312 Non-mutagenic

5. ZINC171676 5 −10.130 −26.405 5.409 0.037 Non-mutagenic

6. ZINC52610 6 −9.629 −28.487 5.404 −0.048 Non-mutagenic

7. ZINC120336 7 −9.45 −27.406 5.357 0.212 Non-mutagenic

8. HAN000359 8 −9.259 −20.451 3.134 −0.184 Non-mutagenic

9. ZINC131390868 9 −9.113 −10.391 5.404 0.312 Non-mutagenic

10. ZINC122521 10 −9.092 −25.666 4.747 0.485 Non-mutagenic

11. SELEGILINE Control −9.102 −23.017 3.192 0.636 Non-mutagenic

3.8. Molecular Interaction Studies

By comparing the residues involved in the protein–ligand contact before and after
the MD run, the molecular interactions of the stabilized complexes were investigated. For
compound 1, the residues involved in the interaction were Ile199, Tyr398, Tyr326, Phe343,
Ile316, Leu164, Pro104, Trp119, Phe168, Cys172, Leu171, and Leu167. For compound
2, the residues involved in the interaction were Gln206, Ile199, Tyr398, Phe343, Tyr326,
Ile316, Leu164, Pro104, Trp119, Phe168, Cys172, and Leu171. For compound 3, the residues
involved in the interaction were Gln206, Ile199, Ile198, Tyr398, Tyr326, Phe343, Ile316,
Leu164, Pro104, Trp119, Phe168, Cys172, and Leu171. For compound 4, the residues
involved in the interaction were Ile199, Ile198, Tyr398, Tyr435, Tyr326, Phe343, Ile316,
Phe103, Pro104, Trp119, Phe168, Cys172, and Leu171 (Figure 9a,j).

For compound 5, the residues involved in the interaction were Tyr435, Phe343, Gly205,
Gln206, Gln65, Tyr60, Gly58, Tyr398, Ile198, Cys172, and Leu171. For compound 6, residues
Tyr435, Gln206, Ile199, Ile198, Tyr188, Leu164, Leu171, Trp119, Phe168, Cys172, and
Leu171 were involved in the interaction. Namely, in compound 7, residues Gln206, Ile199,
Tyr398, Tyr435, Tyr326, Leu164, Trp119, Phe168, Cys172, and Leu171 were involved in
the interaction.

From a careful analysis of the ligands with the protein MaO-B, we deduced that the
hydrophobic binding groove formed by residues Phe103, Pro104, Leu164, Leu167, Phe168,
Ile316, Leu171, Ile198 incidentally plays an important role in the binding of hit molecules
plays other residues in close proximity (Figure 10a).

Residues, namely Tyr398, Tyr326, and Cys172, may also play a role in pi-cation
and hydrogen-bonding interactions, preserving the antagonists in the binding groove
(Figure 10b).
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3.9. MAO Inhibition

Six different concentrations of sample/standard solution were tested to calculate
IC50 values via enzyme assay activity. Briefly, the sample solution was pre-incubated
with 2.5-µg MAO-B enzyme for 30 min at 37 ◦C. The reaction was initiated by adding
200 µM Amplex Red, 1 µM benzylamine (substrate for MAO-B enzyme), and 1 U/mL
HRP. After performing the enzyme-based assay, we observed that compounds, namely 1
and 3, showed excellent enzyme inhibitory activity of 0.37 µM and 0.55 µM, respectively.
Moreover, it was also observed that the other three compounds, namely 2, 5, and 6, showed
an enzyme inhibitory activity of 3.67 µM, 13.6 µM, and 6.82 µM, respectively. In summary,
we identified 5 molecules with inhibitory activity against MAO-B protein. The inhibitory
activity of compounds has been tabulated in Table 4.

Table 4. IC50 values of MAO-B inhibitors.

Compounds IC50

1 0.36 ± 0.02 µM

2 3.67 ± 0.06 µM

3 0.54 ± 0.06 µM

5 13.2 ± 0.15 µM

6 6.82 ± 0.14 µM

Control 0.06 ± 0.01 µM

4. Conclusions

In this study, we presented a reliable computational model for the rational design and
identification of MAO-B protein inhibitors. Using the large set of protein-ligand crystal
structures, we were able to characterize the receptor’s binding site, which has a deep-seated
allosteric cavity that plays an important role in compound binding. Previously, the site has
been used for targeting MAO-B protein. Various coumarin, isoxazole, and xanthone-based
derivatives have been developed as novel inhibitors for targeting MAO-B. The binding site
consists of a single large hydrophobic site along with small isolated patches of acceptors,
donors, and hydrophilic sites. We could exclude 54 inhibitor compounds with higher
binding energies than selegiline, a previously known drug, using binding site knowledge.
The stability of these top 12 molecules was rigorously examined over time to identify the
top molecules, which were selected for enzyme-based screening. A further six molecules
had a fairly stable conformation with respect to the MaO-B protein. The interaction pattern
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of the hit molecules at the molecular level after the MD simulation run suggests that the
hydrophobic protein pocket formed by residues Phe103, Pro104, Leu164, Leu167, Leu171,
Ile198, Ile199, Phe168, and Ile31, and nearby hydrophobic residues is a crucial one play a
role in ligand binding. In addition, it was shown that residues Cys172, Tyr326, and Tyr398
are in the ideal orientation to play a significant role in contact. These residues can serve as
pi-electron-sharing groups, donor groups, or both, completing the oppositely positioned
acceptor groups in ligands. The top 5 inhibitors were subjected to an enzyme-based analysis
to further support our theory. We identified 2 new inhibitors, 1 and 3, with IC50 values
of 0.37 and 0.55 in the sub-micromolar range, respectively. In addition, molecules 2 and 6
were found to have an affinity of 3.67 and 6.82 µM, respectively. These four molecules can
be further optimized to increase potency against MAO-B protein. Further MD trajectory
analysis was performed on the ligand bound to the receptor protein to find the reasons for
the differential activity of the ligand in an enzyme-based assay. However, we recognize that
our studies lack in vivo studies of the best-identified molecules. In our future endeavor,
the focus will be on in vivo studies of the top molecules to determine the pharmacokinetic
and pharmacodynamic parameters. Our studies can be used to identify new and specific
MAO-B inhibitors from other chemical databases. The approach can also be applied to
screen hit molecules for other protein targets for other diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/math11061464/s1. Figure S1: The flowchart indicates the role of
the MAO-B enzyme in degrading the Dopamine hormone. Table S1: Table indicating the PDB entries
of MAO-B inhibitors reported in the RCSB database.
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