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Abstract

Although melatonin receptor agonists are acknowledged for their therapeutic potential for managing sleep problems, the structural
optimization of these compounds is made challenging by variations in crystallographic data. This study aims to improve the structure
of the melatonin receptor type 1 and ramelteon (MT,-RMT) complex and propose a new melatonin receptor agonist with an enhanced
binding affinity. Molecular dynamics (MD) simulations have been used to improve the experimental MT,-RMT complex, followed by
quantum-mechanical (QM) calculations employing density functional theory (DFT) to assess ligand—receptor interactions. The MD
simulations effectively optimized the MT,-RMT complex, resulting in a conformation that was consistent with the experimental binding
affinities. The QM calculations validated the improved binding affinity, and additional structural insights facilitated the rational design
of a new agonist, N-[2-(5-methoxy-2-phenyl-1H-indol-3-yl)ethylJpropanamide (MPI), which exhibited better affinity for the MT; and
melatonin receptor type 2 (MT.) receptors. These findings suggest that MD-based refinement enhances the precision of protein—ligand
complex models and that MPI is a suitable candidate for future pharmaceutical development. Subsequent research should examine the
pharmacokinetic characteristics and in vivo effectiveness of MPI.
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1. Introduction

Melatonin (MLT), chemically designated as N-acetyl-5-  when exclusively analyzing the transmembrane region. Further-

methoxytryptamine, is a neurohormone whose secretion is
regulated by the presence or absence of light [1]. This control is
initiated by a G protein-coupled receptor in the eye known as
melanopsin, which responds to both natural and artificial light.
It is located in the retinal ganglion cells (RGCs). In the presence
of light, signals are transmitted to the suprachiasmatic nucleus
(SCN), activating the RGCs and inhibiting melatonin production
by the pineal gland. Conversely, when there is no light, the RGCs’
signals to the SNC are suppressed, which causes melatonin to be
produced and secreted [2, 3].

Melatonin receptors predominantly promote the action of mela-
tonin in animal cells. They are classified into two subtypes: mela-
tonin receptor type 1 (MT;) and melatonin receptor type 2 (MT,)
G-protein-coupled receptors (GPCRs) [4, 5]. MT, and MT, are
widely spread throughout the brain, cerebellum, ovary, testis,
liver, kidney, cardiovascular system, skin, gallbladder, adipocytes,
and colon [6—9]. They exhibit 55% sequence similarity and 70%

more, their main functions differ: MT; is in charge of the acute
suppression of neuronal firing, while MT, is essential for effective
phase-shifting [10].

Approximately 30—35% of adults experience insomnia, a sleep
condition characterized by difficulties with beginning or main-
taining sleep. This illness impacts individuals both physically and
economically, as it is associated with reduced cognitive function
and increased medical expenses on doctors and medications [11].
In addition to cognitive issues, insomnia has been identified as
a factor that increases the risk of hypertension, type 2 diabetes
mellitus, and mortality [12, 13]. Insomnia can be treated with
both pharmacological and non-pharmacological methods. Non-
pharmacological interventions include improvements to an indi-
vidual’s lifestyle and behavior, such as physical activity, proper
sleep hygiene, sleep limitation, and relaxing strategies [14]. At
the same time, pharmacological intervention includes sedative—
hypnotics (such as Estalozam, Flurazepam, Zolpidem, Zaleplon,
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and others), melatonin, and its analogs [15—17].

There is increasing interest in the therapeutic use of melatonin
to treat insomnia, especially as a sleep inducer. However, sev-
eral countries have not yet regulated the use of melatonin as
a medicine, despite its widespread use as a food supplement.
For example, exogenous melatonin is one of the most popular
natural products taken by adults in the United States, and it is
recommended by the American Academy of Sleep for the treat-
ment of circadian rhythm sleep disorders [18]. However, the short
half-life of melatonin (t,/, = 40 to 60 min) poses a challenge to its
efficacy in treating important sleep disorders [19]. For this reason,
strategies for enhancing its half-life time have been proposed over
the years.

One approach involved creating a solution of slow-release mela-
tonin, suggested to enhance sleep duration in individuals with
sleep problems [20, 21]. Another possibility is the development
of melatonin receptor analogs that simulate the effects of mela-
tonin. Examples of analogs include ramelteon (RMT), agomela-
tine, tasimelteon, and 2-phenylmelatonin (2-PMT), among oth-
ers [22, 23]. Melatonin receptor agonists are seen as safer alter-
natives, especially for people with comorbidities. Both strategies
offer an enhanced molecular half-life, resulting in better efficacy.

An increase in the drug’s half-life and efficacy is associated with
various parameters, including the affinity energy between the
target protein and the molecule [24, 25]. Regarding this, in silico
studies aim to evaluate these interactions, which allow for an
analysis at the atomic and electronic levels of the factors respon-
sible for these interactions [26, 27]. This approach allows for the
identification of critical interaction spots and the proposal of op-
timizations for drugs with established mechanisms, consequently
saving time and resources.

A previous investigation using quantum techniques investigated
the interaction of MT; and MT, receptors with the compounds
melatonin (MLT), RMT, and 2-PMT [28]. This research success-
fully identified the main regions of the ligands that are critical
for receptor affinity. Nonetheless, a limitation of the MT;-RMT
complex, which failed to align with the literature, restricted a more
definitive investigation into drug optimization.

The use of molecular dynamics (MD) to refine the structures pre-
dicted by protein modeling software has long been established as
one of the most successful approaches for this purpose [29]. In the
past, the use of MD to refine low-resolution structures deposited
into the Protein Data Bank (PDB) was frequently discussed. How-
ever, with advancements in crystallography techniques, the exten-
sive validation required for structure submission, and the various
homology modeling methods available, this option for refining
experimentally resolved structures has received less attention in
recent years [30, 31].

The goal of this study was to improve the crystallographic struc-
ture of MT, with RMT; investigate the new, improved complex
in more detail; and, by combining new and old data, develop
a new molecule that can interact with MT, and MT,. Based on
these observations, the primary hypothesis suggested that the
crystallographic structure obtained in the experiment was not the
conformation with the lowest energy or the highest affinity. To
address this, MD simulations were performed using the same pro-
tocol previously applied to the melatonin receptor complexes with
MLT [28], aiming to identify the conformation with the highest

protein—ligand affinity. Quantum-mechanical (QM) calculations
using density functional theory (DFT) were then conducted to
confirm, through energy calculations, the affinity ranking of the
ligands.

The results presented here suggest that MD successfully improved
the conformation of the MT;-RMT complex, producing data more
consistent with the literature. The affinity ranking for the re-
ceptors was confirmed using QM, a more accurate method for
protein—ligand energy calculations. Moreover, with this new and
more accurate data, a novel molecule that exhibits a higher affinity
energy than that of MLT, RMT, and 2-PMT was proposed.

2. Materials and methods

2.1. Refining the MT,-RMT XFEL-derived
protein—ligand complex conformation

2.1.1. Molecular dynamics simulation and QM/MM
calculation

Molecular dynamics (MD) simulations of the complex obtained
from the Protein Data Bank (PDB ID: 6ME2) were conducted to
optimize the conformation of the RMT ligand within the MT; bind-
ing pocket since previous studies have shown results inconsistent
with the literature [28]. Independent triplicate simulations were
performed using GROMACS 2022 [32, 33]. Ligand parameters for
the MD simulations were generated using the Bio2byte ACPYPE
server [34], employing the Gasteiger charge method and General
Amber Force Field 2 (GAFF2). The server provided all necessary
topology and parameter files for the MD simulations in GRO-
MACS. The AmberffggSB-ILDN force field was selected for the
protein.

For each system, a cubic box with the TIP3P water model [35]
was used, ensuring that each side of the box extended at least
12 A from the solute atoms. Cl~ ions were added to neutralize
the system. Before the production phase of the MD, a short 1 ns
NPT equilibration without positional restraints on the protein
was performed, followed by a 200 ns production run without
conformational restraints on the protein. The MD simulations
produced a total of 2000 conformations of the protein—ligand
complex. The same protocol was applied in a previous study to
the MLT-MT; complex [28]. Further details are provided in the
Supplementary materials.

The gmx_MMPBSA program [36] was used to analyze the last
1000 conformations (corresponding to the final 100 ns) of
the complexes from each MD simulation using QM/MM-GBSA
(Quantum Mechanics/Molecular Mechanics—generalized Born
surface area) binding free energy calculations. In the QM/MM-
GBSA methodology, the binding free energy is computed using the
following Equation (1):

AGpina= AEmm+ AEscr+ AGgow — TAS ®

The MM term (AEmm) encompasses the bonded energy compo-
nents (AEpong, AEangie, and AEginedra) and the nonbonded energy
components (AEg. and AE.qw). The QM term (AEgcr) includes
the energy of atoms within the QM region, computed using semi-
empirical QM Hamiltonians. The solvation energy term (AGsoy)
is determined by the sum of the polar contribution to solvation
free energy derived from the GB model (AGgg) and the nonpolar
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component obtained from a linear relationship with the solvent-
accessible surface area (AGsa).

For the QM/MM-GBSA calculations, the QM region was restricted
to residues within 5 A of the ligand, and the semi-empirical
functional applied was PM6-DH+. Explicit solvent molecules and
Cl- ions were excluded from the analysis, while an implicit sol-
vent was used. Employing an implicit solvent model further de-
creases the computational cost by eliminating the noise intro-
duced by explicit solvent molecules. Moreover, the removal of
ions becomes necessary, as gmx_MMPBSA, which is based on
AMBER’s MMPBSA.py, utilizes implicit solvent models that are
not parametrized to represent such atomic species [37] accurately.
The lowest-energy complexes for each system were selected for
QM calculations via DFT.

The MD trajectories were visualized using UCSF Chimera [38].
The root mean square deviation (RMSD) and fluctuation (RMSF)
were calculated using the ‘gmx’ commands from the GROMACS
package. These measures are crucial for evaluating the protein’s
overall stability (RMSD) along the trajectory and the average fluc-
tuation per residue (RMSF). An unstable RMSD, characterized by
fluctuating high and low values or values that escalate indefinitely
over time, indicates that the protein destabilizes in solution. If
the value remains constant throughout time, it indicates a highly
stable protein. The mean value shown by the RMSF suggests areas
of the protein exhibiting high flexibility when elevated and areas of
poor flexibility when diminished. These two measures interrelate
and validate one another. All plots were generated using the R
language in RStudio 4.1.1 (http: //www.rstudio.com/), and protein
images were rendered using PyMol [39].

2.1.2. MFCC and quantum-mechanical calculations

For the QM calculations involving the RMT molecule, the lowest-
binding-free-energy conformation of MT; from the QM/MM-
GBSA analysis was selected. QM calculation is a precise method-
ology for studying ligand—protein interactions [40—45]. However,
for large systems, the computational cost can be significantly
high. To reduce these costs and make the calculations of the
complexes feasible, the Molecular Fractionation with Conjugated
Caps (MFCC) [46] scheme was applied. In summary, the MFCC
scheme involves dividing the protein into individual amino acids
by breaking the peptide bonds and calculating the interactions
between each residue and the ligand separately. The sum of the
individual amino acid energies provides an approximate binding
energy for the entire complex. The MFCC approach employs ‘caps’
to complete the valence of the amino acids after breaking the
peptide bonds at both the N-terminal and C-terminal ends. These
caps consist of amino acid residues that precede and follow the
main amino acid. Additionally, the caps help to reproduce the
environment in which the amino acid resides better.

The following equation (Equation (2)) outlines the MFCC
scheme for determining the interaction energy (IE;;g/ri) between
the ligand (LIG) and the amino acid R, wherei represents the i-th
amino acid in the protein chain:

IEpig/ri= E (LIG + CH1RICH) — E (Ci—lRiCi+1) _

E (LG +C 1) 4E (¢ ) (2)

The caps, denoted as C'~! and C'*, refer to the adjacent residues

that are covalently linked to the amine and carboxyl groups of
R, respectively. The initial term (E(LIG + C'~*RIC'*!)) determines
the interaction energy between the ligand LIG and the main
residue (R') associated with the caps (C'~* and C**). MFCC aims
to calculate the contributions of individual amino acids to the
binding affinity. Consequently, the second and third terms are
incorporated to separate the effect of the primary residue and re-
move the interaction energy between the binder and the caps. The
second term (E(C'~'RIC'*')) denotes the energy associated with
the residue (R') linked to the caps (C'~* and C**), whereas the third
term (E(LIG + C'7'C*Y)) reflects the interaction energy between
the LIG and the caps (C'~* and C'**). The energies obtained from
the second and third terms are subtracted from the first term to
eliminate their impact on the energy interaction between LIG and
R'.

Due to the double subtraction of the caps’ energies in the second
and third terms, it is essential to reintegrate them into the fourth
term (E(C'™'C*")) to accurately reflect their influence on the en-
ergy interaction between LIG and R'. This step precisely assesses
the contribution of each individual amino acid to the overall
binding affinity. Consequently, this approach makes it possible to
calculate an approximate binding affinity for large systems, such
as a protein—ligand complex.

After fragmenting the amino acids, the interaction energy between
the receptor and the ligand was calculated using the Gaussian
16 package [47], which employs DFT formalism [48—50]. The
simulations were performed using the generalized gradient ap-
proximation (GGA) with the Bg7D functional, which has proven
to be an efficient and accurate QM method for large systems, es-
pecially when dispersion forces play a significant role [51]. To rep-
resent the Kohn—Sham orbitals for all electrons, a 6-311+G(d,p)
triple-zeta valence basis set was applied, with an additional diffuse
function (+) and polarization functions (d,p). The conductor-like
polarizable continuum model (CPCM) was used to account for
solvent effects in the QM calculations, with dielectric constants
(¢e) of 10 and 40. The constant of 40 is reported to resemble the
crystalline environment [52, 53], while the constant of 10 was used
here as a control, where a lower constant is expected to result
in greater medium permissiveness and lower energy values. This
ensures that the computations for both constants were accurately
executed. Moreover, this QM methodology is identical to that em-
ployed for the XFEL structure, rendering the results substantially
comparable.

2.2, The proposed new MT, and MT, agonists
2.2.1. MFCC and quantum-mechanical calculation

We determined the molecule’s structure by analyzing the energy
and interaction data for RMTMP (which was obtained in this study)
and 2-PMT, particularly the altered regions with respect to MLT.
The primary alteration to 2-PMT was the incorporation of the
phenyl ring, which constitutes the C ring (Figure 1). Based on
Menezes et al. (2024) [28] study, this ring was determined to
be significant in the interaction with Tyr281 (—3.05 kcal/mol).
Due to this modification, the interaction between 2-PMT and
MT, improved in comparison to that for MLT. The value changed
from —2.84 kecal/mol to —4.12 kcal/mol for Vali24 and from o to
—4.07 keal/mol for Tyr294, which was previously insignificant.
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Figure 1 ¢ A two-dimensional depiction of the MPI molecule. (A) The regions are designated by the following colors: yellow—MLT
structure; green—RMT modification that significantly enhances affinity; and orange—2-PMT modification. (B) Segmentation of the
molecule into three distinct sections (i, ii, and iii) in three different shades of orange—red to facilitate enhanced discussion and analysis

of the results.

The incorporation of the -CH; group at position 1 of the MLT
molecule in RMT significantly altered the affinity energy with
the melatonin receptors. The primary interactions with the
novel atom (C1) involved Leu2s4 (which decreased the energy
from —1.98 kcal/mol in MLT to —3.63 kecal/mol in RMTMP),
Vali11 (exhibiting an increase in affinity from —1.90 kecal/mol to
—3.36 kcal/mol), and a more substantial contribution from the C1
atom, particularly in its interaction with Phe196 (which enhanced
the affinity from —o0.10 kcal/mol to —3.01 kcal/mol). Hence, the
newly suggested molecule adhered to the foundational structure
of MLT, incorporating the phenyl ring of 2-PMT at position 5
and a -CHj; group at position 1, as illustrated in Figure 1. The
chemical is designated as N-[2-(5-methoxy-2-phenyl-1H-indol-3-
yDethyl]propanamide (hence referred to as MPI) and is indexed
in PubChem under the identifier 10041816.

2.2.2. Molecular docking of MPI in MT; and MT,

To assess the affinities of MT, and MT, with the MPI molecule,
molecular docking, molecular dynamics, and QM/MM-GBSA cal-
culations were used to identify the ideal complex structure and
conformation. Consequently, we first retrieved the structures of
the proteins. The MT, structure was obtained from the Pro-
tein Data Bank [54]. The crystal exhibiting the lowest resolution
(6ME2 [55]) at 2.8 A, indicating superior quality, was chosen
for MPI docking. An identical method was followed for the MT,
structure. The structure 6ME6 [56] was selected since it possesses
the lowest resolution (2.8 A) among the known MT, structures in
the PDB.

The MT,; and MT, proteins were cleaned, their chains were mod-
ified, and their energies were optimized on the Discovery Studios
server before being converted into the PDBQT format as de-
scribed. In this case, we removed artifacts from the crystallization
process along with the associated RMT and 2-PMT ligands bound
to MT, and MT,, respectively. We additionally incorporated the
absent side chains and hydrogen atoms. In accordance with the
crystal extraction experiment, the PropKa 2.0 web server [57] was

used to assess the protonation states of the MT, and MT. proteins
at pHs of 7.0 and 7.4. After these modifications, AutoDock Tools
was utilized for the conversion of larger molecules from PDB into
PDBQT format [58].

The protonation of the molecule at pHs of 7.0 and 7.4, correspond-
ing to the experimental pH of proteins, was confirmed using Mar-
vinSketch code version 17.24 (Marvin Beans Suite—ChemAxon).
The Meeko 0.6.1 tool [59] subsequently converted the molecule
into PDBQT format.

The Uni-GBSA 0.1.6 tool, released in 2023 as a web server and
open-source software, was utilized as a further phase following
molecular docking [60]. Docking tools, such as AutoDock Vina,
derive their scores (in kcal/mol) with limited accuracy by sum-
ming empirical energy terms, complicating the assessment of the
binding affinity between two molecules. The Uni-GBSA program
employs the MM/GB(PB)SA approach, which is more accurate,
to calculate the binding free energy of the molecular docking
outcomes.

2.2.3. Molecular dynamics simulation and binding
energy calculations

To compare the results with the MLT, RMT, and 2-PMT
molecules, the identical MD methodology utilized in the work by
Menezes et al. (2024) [28] was applied here. For this purpose,
the MT,-MPI and MT,-MPI complexes were chosen based on
the Uni-GBSA methodology. The lower energy values of these
complexes were chosen for MD simulations.

Following the same protocol, the final 100 ns of each MD tra-
jectory underwent a QM/MM analysis, and the lowest-energy
complexes for each system were chosen for QM computation
employing the DFT method, as delineated in Section 2.1.2. The
molecular structures obtained from MD and used for the DFT cal-
culations and the input files for the MD and QM/MM calculations
are available at Zenodo repository [61].
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2.3. Quantum ligand properties
2.3.1. Geometric optimization

Initially, we obtained the chemical structures of MPI, RMT, 2-
PMT, and MLT from the public databases ChemBL [62] and
PubChem [63]. We utilized the BIOVIA Discovery Studio 2023
v.22 software on a dedicated server. We adjusted the ligands
employing the “Clean Geometry” and “Minimize Ligands” tools.
Furthermore, we conducted an extra geometric optimization em-
ploying the “Quick Minimization” and “Full Minimization” func-
tions, applying the “Smart Minimizer” algorithm. Geometric opti-
mization of each ligand was conducted using the “Calculate Energy
(DFT)” tool, configured with Geometry Optimization parameters
employing the PBE force field and water as the explicit solvent.
The main goal of this step was to obtain ligands with the most
effective geometry for the quantum analysis.

2.3.2. Molecular electrostatic potential

Molecular electrostatic potential (MEP) maps were constructed
to assess the charge distribution of the studied compounds. MEP
is characterized as the electrostatic potential of a molecule sur-
rounding its surface, facilitating the identification of regions that
have a distinct charge density. This tool allows for the visualiza-
tion of the charge distribution and molecular features relevant
to chemical reactivity, including the potential for specific interac-
tions, such as electrostatic interactions. The electrostatic potential
(V(r)) around a biomolecule is crucial for analyzing and predicting
its reactivity [64, 65].

2.3.3. Quantum-chemical descriptors

Density functional theory (DFT) is a quantum technique fre-
quently employed to enhance molecular efficacy in simulation
analyses. It provides comprehensive information regarding the
electronic behavior of molecules and their influence on param-
eters and descriptors in chemistry and quantum physics. The
compounds analyzed—MLT, 2-PMT, RMT, and MPI—had their
HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital) energies, HOMO-LUMO gap en-
ergy, ionization potential (I), electron affinity (A), chemical hard-
ness (1), softness (S), chemical potential (1), electronegativity (x),
and electrophilicity index (w) computed [66, 67]. The mathemat-
ical equations for these parameters are delineated as [68]

e Ionization potential (I) is defined as I = —E_HOMO;
e Electronic affinity (A): A = —E_LUMO;
e Chemical hardness () is defined as (I — A)/2;
e Softness (S) is calculated as S = 1/n;
e Chemical potential (u): p = —(I + A)/2;
e Electronegativity (x): x = I+ A)/2;
e Electrophilicity index (w): w = w?/(2n).
We computed these descriptors utilizing the B3LYP functional

and the 6-31G(d,p) basis set. These descriptions provide valuable
insights into the energy responses and reactive potential of each

molecule inside chemical structures.

3. Results

3.1. Refined MT,-RMT XFEL-derived protein—ligand
complex conformation

The DFT calculations for the MT,-RMT complex, as previously
examined, do not align with the literature, which indicates that
RMT has a higher affinity for the MT, receptor than MLT, and that
RMT’s affinity for MT; exceeds that for MTs,. The focus of the issue
was primarily directed towards modifying this specific complex, as
it is the only one among the six analyzed that does not correspond
with the experimental results, utilizing MD simulations for this
adjustment.

To differentiate the complexes with RMT, the experimentally
obtained complex will be designated as MT,-RMT*" ", while the
complex derived from MD will be named MT;-RMTMP.

The RMSD result of the MT,-RMTMP complex is shown in
Figure 2. Since interference from bacterial insertion regions
had been previously observed to affect RMSD values, these re-
gions were excluded from the current RMSD calculations. In
Figure 2A, it is evident that the three replicates exhibited similar
RMSD behavior, with values lower than those observed when the
insertion regions were included. However, during the initial phase
of the simulations (up to approximately 64 ns), larger fluctuations
(ranging from 0.27 nm to 0.55 nm) were observed, suggesting
initial conformational adjustments during the MD.

Between 65 ns and 160 ns, moderate fluctuations in the RMSD
(0.37 nm to 0.53 nm) were noted, particularly in replicates 1
and 2, indicating that replicate 3 displayed greater stability com-
pared to the others. By the end of the simulation, all three repli-
cates had reached stability. Replicate 1 had RMSD values around
0.42—0.45 nm, replicate 2 values around 0.44 nm, and replicate
3 values around 0.37 nm. However, it is notable that replicate 3,
after a period of stability (until 184 ns), saw a reduction in the
RMSD from 0.5 nm to around 0.37 nm by the end of the MD.

The average RMSD value of the three replicates is shown in
Figure 2A (blackline). It is evident that on average, the replicates
were quite stable throughout the 200 ns trajectory. These results
suggest that the MD was suitable for the objective of obtaining
stable structures of the MT;-RMT complex in an aqueous envi-
ronment. The RMSF analysis, also excluding the bacterial region,
shows quite similar values among the replicates, as illustrated in
Figure 2B.

The QM/MM-GBSA analysis of the last 100 ns (1000 conforma-
tions) from the three replicates reveals that the conformations in
all three simulations had affinities lower than o kcal/mol, with the
majority below —5 keal/mol, indicating that all conformations in
the latter half of the MD exhibited favorable interaction energies
(Figure 2). It is important to note that there was a significant
drop in the affinity energies in the complexes of replicate 3,
particularly after 140 ns (conformation 1400). This observation
is likely due to conformational adjustments between the protein
and ligand that occurred during the MD simulation, resulting in
the lowest-energy complex (—29.25 kcal/mol) among the 3000
analyzed conformations.
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Figure 2 ¢« RMSD and RMSF analysis of the MT,-RMTMP complex during 200 ns of MD simulation. (A) The RMSD of the three replicates
displayed transparently, with the mean highlighted as a solid black line. (B) The RMSF of the three replicates displayed transparently,
with the mean highlighted as a solid black line. In both analyses, the protein backbone was considered for the calculations. Individual
RMSD and RMSF plots can be seen in Figures S1 and S2, respectively. (C) QM/MM-GBSA analysis of the last 1000 conformations

(100 ns) from each replicate obtained through MD simulation.

The complex with the lowest binding free energy obtained
through QM/MM-GBSA calculations was subjected to fragmen-
tation following the MFCC methodology for DFT calculations,
as previously applied to the other complexes [28]. The con-
vergence graph, comparing MT,-RMTP with melatonin (MT;-
MLT), ramelteon (MT,;-RMTX*EL) o_phenylmelatonin (MT;-2-
PMT), and MT,-RMT from a previous study, is shown in
Figure 3. In Figure 3A, the total energy of the complexes with
the three ligands bound to MT, was evaluated. In this case, it
is observed that the MT,-RMT™P complex has an intermediate
energy value (—57.84 kcal/mol) between those of the MLT and
2-PMT complexes. Also, the MT;-RMT™P complex obtained here,
with an energy of —57.84 kcal/mol, showed greater affinity than
that of the experimental RMT complex with MT,, which had an
energy of —48.75 kcal/mol (Figure 3B).

In Figure 3C, it is evident that specific changes in interactions
were crucial in reducing the binding energy of RMT, thereby in-
creasing its affinity for the receptor. Notably, for Asn255, despite
interacting with the same atom of the ligand, its interaction energy

was reduced from —1.27 keal/mol to —6.33 kcal/mol. Another
significant interaction was with Thr178, which lowered the
energy from —1.07 kcal/mol to —3.24 kcal/mol. In the MT;-
RMTMP complex, Phe179 shifted to associate with a new region,
interacting with ring [B] instead of atom i(C1). However, this
alteration did not result in a significant change in binding energy
compared to that for the MT,-RMTXFEL complex. Leu254, which
had previously shown a repulsive interaction, now showed a
negative interaction energy (—3.63 kcal/mol) with the i(C1)
atom of RMT.

When comparing the key amino acids in the MT,-RMTXFEL com-
plex with those in MT,-RMT™P (Figure 3D), an increase in the
affinity of residues previously identified as crucial, such as Phe179,
Valig1, Gly108, Vali11, and Ile112, was observed. Conversely,
some amino acids exhibited an increase in binding energy (re-
duced affinity), including GIn181, Tyr281, and Val159, suggesting
that these residues are not as essential as those previously men-
tioned. Asn162, however, maintained its energetic contribution
unchanged between the two complexes.
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complex with previously described complexes [28] formed by

RMT, MLT, and 2-PMT. (A) Total energy as a function of the radius for the MT,;-RMTMP, MT,-RMTXFEL, MT,-MLT, and MT,-2-PMT
complexes. (B) Total energy as a function of the radius for the MT,-RMTMP, MT,-RMT*X*EL and MT,-RMT complexes. (C,D) Graphical
panels highlighting the key residues involved in the interaction between the MT; protein and the ligands RMT™P (red bar) and RMTXFEE
(green bar). (C) A comparative graph of the 10 amino acids that contributed the most to the interaction in the MT,-RMTMP complex,
showing the respective binding energies and the regions of the ligand involved. The graph also displays these same energies for the
MT,-RMTXEL complex. The absence of certain ligand regions in the MT;-RMT*" " complex is due to the lack of significant contributions
from nearby atoms to the overall binding affinity. (D) A comparative graph of the 10 amino acids that contributed the most to the
interaction in the MT;-RMT*™" complex. The structure of RMT with the atom designations and regions can be seen in Figure S3. All

data are presented using a dielectric constant of € = 40.

Figure 4 highlights the key interactions between amino acids
that contributed most to the binding affinity, shedding light on
the critical protein—ligand interactions responsible for lowering
the energy of the complex. In Figure 4A, Phe179 establishes two
interactions with the [B] ring of the RMT molecule: a pi—sigma
interaction (2.44 A) and a pi—pi interaction (4.97 A). Notably, in
the MT,-RMT*EL complex, only one interaction with the i(C1)
atom was identified. This change resulted in a slight decrease in
the interaction energy between this amino acid and the ligand in
the MT,-RMT™P complex. The amino acid Thr178 increased its
affinity for the complex by forming a dipole—dipole interaction
with the ii(C10) atom of RMT (Figure 3C and Figure 4A).

Leu254, which exhibited repulsive energy in the experimental com-
plex, now displays attractive energy through the formation of an
alkyl—alkyl interaction with the i(C1) atom of the RMT molecule
at a distance of 4 A (Figure 4B). Another amino acid interacting
with this same atom, contributing to a significant reduction in the
interaction energy, is Phe196, which forms a pi—alkyl interaction at
a distance of 4.35 A (Figure 4B). Met107 was one of the few amino
acids whose interaction energy increased, reducing its affinity for
RMT by forming a pi—alkyl interaction with the [C] ring at a
distance of 5.4 A (Figure 4B), instead of the previous pi—sulfur
interaction with the [B] ring seen previously. Nevertheless, Met107
remains one of the most relevant residues to affinity with RMT.
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Asn255
lle112

B.

Met107

Phe196

Val191

Val111

Figure 4 o Three-dimensional binding mode of RMT in the MT; structure of the MT;-RMT™® complex. (A) An interaction analysis
between RMT and the amino acid residues: Phe179 and Thr178. (B) An interaction analysis between RMT and amino acid residues:
Met107, Phe196, and Leu254. (C) A representation of the interaction analysis between RMT and the Gly108, Ile112, and Asn255 amino
acids. (D) An interaction analysis between the RMT ligand and the Val191 and Vali11 amino acids. In all panels, the ligand is represented
by a dark green ball-and-stick, and the main MT, amino acids are shown as pink sticks. The types of interactions are color-coded: cyan
for pi—pi, brown for dipole—dipole, red for pi—alkyl, purple for pi—sigma, and pink for alkyl—alkyl interactions.

Another amino acid that stands out significantly in the MT;-
RMTMP complex, showing a much higher affinity compared to that
for the MT,-RMTX*EL complex, is Asn255. In this complex, a 2 A
hydrogen bond forms with the i(C3)O atom of RMT (Figure 3C
and Figure 4C). Since hydrogen bonds are strong interactions,
this intermolecular bond significantly reduced the energy calcu-
lated for the complex. The conformational adjustment promoted
by the MD simulation brought the amino acid closer to the ligand,
allowing a hydrogen bond to form, whereas previously, the distance
between them was 3.5 A. Moreover, Ile112 forms a dipole—dipole
interaction with the i(C4) atom at a distance of 4.9 A (Figure 4C),
also contributing to an increase in the complex’s affinity.

Gly108 exhibits a dipole—dipole interaction with the ii(C6) atom at a
distance of 3.6 A (Figure 4C). Val111 shifted from interacting with
the [C] ring to interacting with the i(C1) atom through an alkyl—alkyl
interaction at 4.3 A (Figure 4D), reducing the interaction energy
and increasing the affinity. Vali91, which previously engaged with
the hydrogen associated with the i(C1) atom, now interacts with the
[A] ring; nonetheless, this did not lead to a substantial alteration in
affinity, which did see a slight enhancement (Figure 4D).

3.2. The proposed new melatonin receptor agonist

3.2.1. Molecular docking and molecular dynamics
simulation of MT,-MPI and MT.-MPI complexes

MPI was synthesized and tested in 1995 in chicken brain cells
and melanophore cells of Xenopus laevis, a species of anuran
amphibian [69], along with other melatonin agonists. This study
concluded that MPT has a high affinity for the receptors in chicken
brains, greater than that of MLT itself. However, this study did not
distinguish between the types of receptors. Moreover, there are
no further reports in the literature exploring the efficacy of this
molecule in human melatonin receptors. Therefore, based on the
results described previously in this work, the affinity of MPI, as a
potentially promising molecule for the treatment of insomnia, for
the MT, and MT, receptors was evaluated.

Figure 5A illustrates the score distribution for the
1000 complexes generated using AutoDock Vina. Unlike the
other molecules, particularly MLT, for which an identical
methodology was adhered to, MPI exhibits a higher affinity for
MT, than that for MT,. Upon comparison of the results for MLT
and MPI, it is evident that MPI has a higher affinity for both
receptors, with values of —9.70 kecal/mol and —9.80 kcal/mol for
MT; and MT,, respectively (Table 1).
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Figure 5 ¢ MPI docking at MT; and MT, receptors and MD simulations. (A) A box plot of the distribution of the Vina scores in kcal/mol.
The pink box is related to the MT,—MPI complex, and the blue one pertains to the MT,—MPI coupling. (B) The distribution of energies
calculated by the Uni-GBSA program in kcal/mol. The pink dots are related to the MT,—MPI complex, and the blue ones pertain to the
MT,—MPI complex. (C—F) RMSD and RMSF plots for 200 ns of the three replicates obtained in the MD simulations of the MT,—~MPI
(pink lines) and MT,—MPI (blue lines) complexes. In each plot, black lines represent the average values of three replicates. (C,E) RMSD
and RMSF plots of the MPI complex with MT1. Individual RMSD and RMSF plots can be seen in Figures S4 and S5, respectively.
(D,F) RMSD and RMSF plots of the MLT complex with MT,. Individual RMSD and RMSF plots can be seen in Figures S6 and S7,
respectively. In the RMSD and RMSF analyses, the protein backbone was considered for the calculations.

Table 1 ¢ A summary of the results of the MPI anchoring performed using the Vina and Uni-GBSA programs.

Program  Receptor  Min. Q1¥& Median Average Q3 * Max. SD. f

Vina MT, —9.70 —9.40 —8.10 —-8.39 —7.50 —6.80 0.9686
MT, —9.80 —9.40 —8.80 —8.75 —8.00 —-6.80 0.7713

Uni-GBSA MT, —50.26 —44.71 —40.20 39.40 —36.61 —19.82 6.2560
MT. —57.54 —51.76 —48.39 —48.57 —45.30 —35.08 4.6733

& Qu: first quartile; * Q3: third quartile; T SD: standard deviation.

The RMSD and RMSF studies omitted the bacterial insertion
sites from the computation of these metrics, similar to the
approach taken for the MT,—RMT™P complex. The MT,—-MPI
(Figure 5C,E) and MT,—-MPI (Figure 5D,F) complexes are
shown in Figure 5. Figure 5C illustrates the RMSD for each
replication alongside the average derived from the three indepen-
dent simulations. Stability for the three replicates was obtained at
different intervals: replicate 3 exhibited stability from the onset
of the simulation (~50 ns), while replicate 2 stabilized at around

75 ns—with both exhibiting values near 0.5 nm—and replicate 1
achieved stability near 9o ns (~0.55 nm). All replicates had results
that closely aligned with the average following the 100 ns interval.
The RMSF exhibits (Figure 5E) the most significant changes
in the N- and C-terminal regions, with minor peaks identified
between amino acids 50 and 60, 220 and 240, and 260 and 270
across the three replicates, reflecting the behavior noted in the
MT;-RMT™P complex.
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Figure 5D illustrates the RMSD of the three replicates along-
side the average of the MT,—MPI complex. The replicates had
analogous behavior, all maintaining stability for around 75 ns of
the simulation, with values ranging from 0.3 nm to 0.4 nm. The
average reveals the significant stability achieved in the three runs.
The RMSF results (Figure 5F) exhibited significant similarity
across repetitions. Note the anticipated significant variations in
the N- and C-terminal areas, along with a peak occurring between
amino acids 145 and 165, which constitutes a loop region linking
the TM3 and TM4 domains. In comparison to the MT,—MLT
complex, this RMSF result indicated a complex exhibiting fewer
variations across all replicates. In conclusion, the replicas for
MT,—MPI and MT,—MPI are truly positive, suggesting that what
is expected to occur is most likely to occur in the actual system.

Figure 6 illustrates the energy analysis conducted via QM/MM
on the final 500 conformations of the MD. These pertain to the
final 50 nanoseconds, during which the clones exhibited greater
stability. It is noteworthy that for both complexes (MT,—MPI and

A.

MT,—MPI), all energies are negative, indicating that all conforma-
tions are beneficial in energy terms and occur spontaneously. In
the MT,—MPI complex (Figure 6A), the distinction between the
replicas in relation to their energy is clear. Replica 2 presented
the highest average energy among the replicas, followed by that
of replica 3 and replica 1. The MD of replica 1 precisely obtained
the conformation with the lowest energy, which corresponded to
conformation 1572 and had a value of —31.8 kcal/mol. Among the
replicas of the MT,—MPI complex (Figure 6B), this difference
between the replicas is also noted, with replica 1 having the highest
energy, replica 2 having intermediate energy values, and replica
3 having the lowest values. The conformation with the lowest
energy was found for replica 3 of MT,—MPI, with a value of
—25.92 kcal/mol, which is the same as that for structure 1638 for
MT,—MPI. These data suggest a greater affinity of MPI for MT,
than MT.. Consequently, we selected these two complexes for the
DFT analysis using MFCC, following the previous description of
the other complexes.
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Figure 6 ¢ QM /MM values along the MD trajectory of the last 50 ns. (A) Three replicas of MT,—MPI, with the pink cartoon highlighting
the lowest-energy complex corresponding to conformation 1572. (B) Replicas of MT,—MPI, with the blue cartoon highlighting
conformation 1638. In both highlights, the MPI ligand is represented in dark red as sticks and balls.
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3.2.2. Quantum-molecular calculations of binding
energy of MT,-MPI and MT.-MPI complexes

The interactions of the MT,-MPI and MT.-MPI complexes were
studied by first looking at the energy as a function of the
radius, following the same steps that were used for the other
complexes. This can be seen in Figure 7A. In it, it is possible to
observe the values for the two dielectric constants (e = 10 and
€ = 40). Looking at these data, the constant € = 10 is confirmed
to have a lower energy value than the constant e = 40, indi-
cating that the calculations were performed properly. Also, all
dielectric constants and complexes show convergence between
radii of 8 A and 9 A. This means that the amino acids with
the highest interaction energy are in the range of up to 10 A
(Figure 7A).

For the MT,-MPI complex, the energies found for ¢ = 10 and
€ = 40 in a circle with a radius = 10 A were —63.75 kcal/mol
and —62.51 kcal/mol, respectively (Figure 7A). These energies
covered 99 amino acids. We found that this value had the lowest
energy when interacting with MT, among the four molecules
in this study (MLT, RMT, 2-PMT, and MPI) (Table 2). This
means that this molecule is the best one for binding to the MT,
receptor.

The energies of the MT,-MPI complex were found to be
—67.84 kcal/mol (—66.75 kcal/mol) for dielectric constants of
e = 10 (e = 40), which covers 98 amino acids up to 10 A in
diameter (Figure 7A). Again, this was the lowest energy value
in the interaction with the MT, receptor among the molecules
analyzed in this study (Table 2).

The main amino acids involved in the interaction with the MPI
molecule can be observed in Figure 7B. For the MT;-MPI com-
plex, the order of the decreasing affinity and calculated energy (in
kcal/mol, € = 40) was Met107 (—5.64) > Phe179 (—5.10) > His195
(—4.57) > Gly108 (—4.23) > Phe251 (—3.44) > Ala104 (—3.43) >
Leu254 (—3.07) > Asn162 (—3.07) > Val191 (—2.54) > Phe196
(—2.27) > Phe1os (—2.10) > Tyr285 (—2.06) > Val111 (—2.06) >
Val159 (—1.98) > Tyr281 (—1.96). The MT, amino acids interact-
ing with the MPI molecule (Figure 77C) in decreasing order of
affinity and interaction energy (in kcal/mol, € = 40) were Phe192
(—9.47) > Gly121 (—4.98) > Asn175 (—4.67) > Asn268 (—3.57)
> Phe264 (—3.41) > Vali124 (—3.38) > Tyr294 (—3.29) > Leu172
(—3.02) > Ile125 (—2.91) > Met120 (—2.81) > Leu181 (—2.10) >
Val205 (—1.96). The main interactions performed by the most
relevant amino acids to the affinity energy in these two complexes
will be described below.

In Figure 8, we can see the interactions with the ten amino
acids of the MT,; protein with the highest affinity for the MPI
molecule. In Figure 8A, Asn162 (—3.07 kcal/mol) is observed to
form a 2 A hydrogen bond with the oxygen in region ii. This same
interaction is observed for MLT, which has this region in common
with MPI. Once more, Phe179 (—5.10 kcal/mol) stands out in this
complex. It has a pi—pi interaction with the aromatic ring [A]
(Figure 8A) at a distance of 5.4 A, which is also in the same area
as MLT and 2-PMT. However, these molecules exhibit two pi—pi
interactions, each with a lower affinity energy. The amino acid
Leu254 (—3.07 kcal/mol) has a pi—alkyl interaction with the MPI
molecule on the [C] ring, which is part of 2-PMT (Figure 8A). The
other type is an alkyl—alkyl interaction on carbon i (C1), which is
part of RMT. Only RMT exhibits this interaction.
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Figure 7 ¢ The quantum-calculation results for MT,-MPI and
MT,-MPI complexes. (A) A graphical representation of the total
interaction energy of the MT, and MT, complexes with MPI for
both dielectric constants (e = 10 and € = 40) as a function of the
binding pocket radius calculated using the DFT/MFCC approach.
(B,C) Graphical panels showing the most important residues for
the interaction of MT, with MPI (light red and light gray bars for
dielectric constants € = 40 and e = 10, respectively) and MT, with
MPI (dark red and dark gray bars for dielectric constants € = 40
and e = 10, respectively). In addition, the region (i, ii, or iii), atom,
and ring (based on the schematic representation in Figure 1B)
that interact with each residue in the binding site can be seen on
the left side of the bars. On the right side, the radius (in A) at which
that amino acid is relative to the ligand is shown.
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Table 2 ¢ Quantum-chemical results on binding energy between
MT, and MT, and respective compounds (MLT, RMT, 2-PMT, and
MPI).

Compound MT, MT.

MLT —50.01kcal/mol ¥  —44.26 kcal/mol &
RMT —57.84 kecal/mol —48.65 keal/mol &
2-PMT —60.09 kcal/mol ¥  —54.71 keal/mol &
MPI —62.51 keal/mol —66.75 kcal/mol

& Calculations performed by Menezes et al. (2024) [28].

Val191 (—2.54 kecal/mol) performs an alkyl—alkyl interaction with
the ii (C12) atom at a distance of 3.6 A (Figure 8B). Val191 also
interacts with MLT and 2-PMT in this region but by perform-
ing a dipole—dipole interaction with the hydrogen bonded to ii
(C12). Met107, which already stood out in the previous complexes,
was the amino acid that presented the greatest affinity for MPI
(—5.64 kcal/mol), performing a pi—alkyl interaction with the [C]
ring at a distance of 3.6 A (Figure 8B).

Gly108 (—4.23 kecal/mol) also stood out in this complex, with
two pi—hydrogen interactions (one in each ring [A] and [B])
(Figure 8C), a weak type of non-conventional hydrogen bond
that occurs X-H---7t, where X = C, N, O. This type of interac-
tion has been described as of great importance to biological sys-
tems [70, 71]. His195 (—4.57 kcal/mol) performs two interactions
with MPI, one pi—pi interaction (5.5 A) with ring [A] and another

Leu254

pi—alkyl interaction (4.7 A) with the ii atom (C12) (Figure 8C).
Although this is a common region of MLT, this is the first time
that His195 has appeared as one of the main amino acids in the
interaction with MT;.

Ala104 (—3.43 kcal/mol) establishes a hydrogen bond with the
ii(N)H atom at a distance of 2.5 A (Figure 8D). Like His195,
this amino acid was similarly notable in this combination for
having a higher affinity for the ligand. Phe196 (—2.27 kcal/mol),
noteworthy for its interaction with RMTMP at the i(C1) atom,
also exhibited a significant interaction in the MT,-MPI complex
at the same atom. Figure 8D illustrates the pi—alkyl interac-
tion between Phe196 and MPI, measured at a distance of 5.2 A.
Phe251 (—3.44 kcal/mol), the amino acid exhibiting the fifth best
interaction energy and not previously configured among the main
amino acids, also demonstrated a non-conventional hydrogen
bond interaction with the i(C1) atom (Figure 8D).

The main interactions with MT. can be observed in Figure 9.
Figure 9A illustrates that Phe19g2 exhibits the highest affin-
ity for MT, at —9.47 kcal/mol, a value supported by three in-
teractions: two pi—pi interactions with rings [A] (5.2 A) and
[B] (5.5 A), similar to the interactions of Phe1g2 with 2-
PMT [28], and one pi—alkyl interaction with the ii (C12) atom
at 4.9 A. Asn175 (—4.67 keal/mol) exhibited the third highest
affinity for MT,, establishing a hydrogen bond with the ii (C12)
atom at 2.0 A (Figure 9A), comparable to the interaction by
Asn268 (—3.57 kcal/mol)—the amino acid with the fourth highest
affinity—with the i(N)H atom at the same distance (Figure 9B).

B.

Met107

Val191

D. A

Phe251
Ala104

Figure 8 o An interaction analysis of the main amino acids in the MT,;-MPI complex. (A) An interaction analysis between MPI and
the amino acid residues Asn 162, Phe179, and Leu254. (B) An interaction analysis between MPI and amino acid residues Met107 and
Val191. (C) A representation of the interaction analysis between MPI and the Gly108 and His195 amino acids. (D) An interaction
analysis between the MPI ligand and the Alai04, Phe196, and Phe251 amino acids. In all panels, the ligand is represented by a dark
red ball-and-stick, and the main MT, amino acids are shown as pink sticks. The interaction type is colored as follows: pi—pi interaction
(cyan); hydrogen bond (green); non-conventional hydrogen bond (dark blue); pi—alkyl interaction (red); alkyl—alkyl interaction (pink);

and pi—hydrogen interaction (orange).
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Figure 9 ¢ An interaction analysis of the main amino acids of the MT,-MPI complex. (A) An interaction analysis between MPI and the
amino acid residues Asn 175 and Phe192. (B) An interaction analysis between MPI and amino acid residues Vali24 and Asn268. (C) A
representation of the interaction analysis between MPI and Met120, Gly121, Leu172, and Phe264. (D) An interaction analysis between
the MPI ligand and the Ile125, Leu181, and Tyr294 amino acids. In all panels, the ligand is represented by a dark red ball-and-stick,
and the main MT, amino acids are shown as pink sticks. The interaction type is colored as follows: pi—pi interaction (cyan); hydrogen
bond (green); non-conventional hydrogen bond (dark blue); pi—alkyl interaction (red); alkyl—alkyl interaction (pink); and pi—hydrogen

interaction (orange).

A pi—alkyl interaction is seen with the [C] ring in Vali24
(—3.38 kcal/mol) (Figure 9B), similar to that seen with 2-
PMT [28]. The amino acid exhibiting the third lowest interaction
energy with MPI was Gly121 (—4.98 kcal/mol), which binds in a pi—
hydrogen interaction with the [B] ring of the ligand (Figure 9C).
Phe264 (—3.41 kcal/mol), the amino acid exhibiting the fifth most
significant interaction with MPI, was involved in a pi—pi interaction
in a “T” shape with the [C] ring (Figure 9C). This type of interac-
tion occurs when the aromatic rings are oriented perpendicularly
to one another, rather than being “stacked”. The amino acid Leu1y2
(—3.02 keal/mol) participates in two interactions: pi—alkyl (3.6 A)
and alkyl-alkyl (3.9 A) (Figure 9C). An unusual hydrogen interac-
tion with the ii(N)H atom has been identified at a distance of 3.4 A
for Met120 (—2.81 kcal/mol) (Figure 9C).

Tyr294 (—3.29 keal/mol) is involved in pi—pi contact (5.3 A) with
the [C] ring, which is also noted in the interaction with 2-PMT
(Figure 9D). Leu181 (—2.10 kcal/mol) interacts via pi—alkyl
contact with the [A] ring at a distance of 4.8 A, while Ile125
(—2.91 kecal/mol) exhibits an alkyl—alkyl interaction with the i(C1)
atom at a distance of 4.1 A (Figure 9D).

3.3. Quantum ligand properties
3.3.1. Energetic characterization

We fully measured several energy parameters for each of the four

pharmaceutical compounds we studied (Table 3). The total en-
ergies of the compounds ranged from —810.42 to —1097.83 Ha,
indicating the energies of the systems in their optimum electronic
configurations. The total energy of MLT was —810.42 Ha, while
the total energy of MPI was —1097.83 Ha (Table 3). The in-
teraction energies ranged from —56.66 Ha (MLT) to —74.15 Ha
(MPI).

We quantified the dipole moments of the compounds, indicating
the distribution of charges within the molecules and their degree
of polarization. The obtained values ranged from 2.66 Debye to
3.51 Debye, as seen in Table 3. MLT has a greater dipole moment,
indicating that it is more polar. This influences its solubility in
polar solvents and its interactions with biological targets. We
measured the dielectric and solvation energies for each molecule,
observing values of roughly —0.03 Ha for all compounds (Table 3
and Figure 9). Consequently, the disparity in solubility for each
drug can be mainly attributed to its molecular structure, as shown
in a 2D drawing in Figure S8.

The surface areas, which provide information about the area
of interaction of the compounds with the biological environ-
ment into which they are inserted, varied from 937.71 to
1162.24 A2, The cavity volumes, which represent the space lo-
cated within the molecular structures, ranged from 1819.80
to 2511.48 A3. This information can be seen in Table 3 and
Figure 10.
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Table 3 ¢ Quantum energies of MLT, 2-PMT, RMT, and MPI.

Quantum energies

Compound Total energy Binding Dipole mag Dielectric Solvation Surface Cavity
(Ha) energy (Ha) energy (Ha) energy (Ha) area volume
MLT —810.42 —56.66 3.51 —0.03 —0.03 937.71 1819.8
2-PMT —1056.11 —71.12 2.98 —0.03 —0.03 1140.49 2381.75
RMT —877.38 —59.48 2.66 —0.03 —0.03 949.23 2033.99
MPI —1097.83 —74.15 3.15 —0.03 —0.03 1162.24 2511.48

A.

Melatonin (MLT)

Total energy (Ha) =-810,42

Binding energy (Ha) =-56,66

Dipole mag = 3,51

Dielectric sol energy (Ha) =-0,03
»- Solvation energy (Ha) = 0,03

Surface area = 937,71

Cavity volume = 1819,80

‘M{

HOMO = -0,1970 eV LUMO = —0,0055 eV

2-phenylmelatonin (2-PMT)

Total energy (Ha) =-1056,11
-l Binding energy (Ha) =-71,12

Dipole mag = 2,98

Dielectric sol energy (Ha) =-0,03

Solvation energy (Ha) = —0 03

Surface area = 1140,49

VN Cavity volume = 2381,75

HOMO = -0,1957 eV

LUMO = -0,0292 eV

/t\‘ Ramelteon (RMT)
Total energy (Ha) =-877,38
S Binding energy (Ha) =-59,48
.%\ ) Dipole mag = 2,66
1\ S Dielectric sol energy (Ha) =-0,03
" @ 1 ')’ Solvation energy (Ha) =-0,03
A Surface area = 949,23
Cavity volume = 2033,99

HOMO = -0,2049 eV

LUMO = -0,0004 eV

N\ MPI
| Total energy (Ha) =-1097,83
/\Q - Binding energy (Ha) =-74,15
Dipole mag = 3,15
Dielectric sol energy (Ha) =-0,03
~a Solvation energy (Ha) =-0,03
Surface area = 1162,24
Cavity volume = 2511,48
J
LUMO =-0,0298 eV

HOMO = -0,1945 eV

Figure 10 o (A) Molecular electrostatic potential (MEP) highlighting the charge distributions of each compound (left) and their
quantum descriptors (right); (B) HOMO-LUMO orbitals and their respective energies.
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3.3.2. Molecular electrostatic potential of optimized
compounds

Molecular electrostatic potential (MEP) maps were generated to
elucidate the electron density distribution in the examined com-
pounds (Figure 10A), serving as a crucial instrument for visu-
alizing areas of negative charge (negative electrostatic potentials)
and positive charge (positive potentials).

In the investigated compounds, the areas of negative potential
(shown in red in Figure 10A) are predominantly associated
with oxygen and nitrogen atoms, suggesting regions susceptible
to interactions with electrophilic substances. The areas of positive
potential (shown in blue in Figure 10A) are mostly characterized
by hydrogen atoms attached to heteroatoms, indicating areas
suitable for interactions with nucleophilic molecules or regions.

The examination of quantum-chemical descriptors is crucial for
comprehending the chemical reactivity and stability of the in-
vestigated pharmaceutical substances, as well as for aiding in
the prediction of their biological function. The frontier molecu-
lar orbitals, designated as HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital), seen
in Figure 10B, are crucial to the reactivity of substances and
consequently their pharmacological effects.

MLT contains a HOMO-LUMO gap of 5.210 eV, indicating less
chemical reactivity. The ionization potential (I) is 5.360 eV, and
the electron affinity (A) is 0.150 €V. The chemical hardness () was
2.605 eV, whereas the softness (o) was 0.384 eV. The chemical po-
tential (1) was 2.755 eV, while the electronegativity index (x) was
—2.755 €V. The electrophilicity index (w) measures at 9.889 eV.
These values are presented in Table 4.

Table 4 « Quantum-chemical descriptors of compounds: MLT, 2-PMT, RMT, and MPI.

Quantum-chemical descriptors (in eV)

Compound HOMO LUMO GAP I A?
MLT —5.36 —0.15 —5.21 5.36 0.15
2-PMT —5.32 —0.80 —4.53 5.32

RMT —5.58 0.01 —5.59 5.58

MPI —5.29 —0.81 —4.48 5.29

0.80
—0.01

0.81

n3 g4 o x° w?
2.61 0.38 2.76 —2.76 9.89
2.26 0.44 3.06 —3.06 10.60
2.79 0.36 2.78 —2.78 10.81
2.24 0.45 3.05 —3.05 10.43

! Tonization Potential (I), 2 Electronic Affinity (A), 3 Chemical Hardness (1), 4 Softness (o), 5 Chemical Potential (1), ® Electronegativity (x),

7 Electrophilicity Index (w).

The molecule 2-PMT had a reduced HOMO-LUMO gap of
4.529 eV, signifying enhanced reactivity relative to that of MLT.
The ionization potential is 5.325 eV, while the electron affinity
is 0.796 eV. The chemical hardness is 2.264 eV, whereas the
softness is 0.442 eV. The chemical potential is 3.060 eV, while the
electronegativity index of 2-PMT is —3.060 eV. The electrophilic-
ity index measures at 10.604 eV. These values are presented in
Table 4.

RMT had the most substantial HOMO-LUMO gap of 5.587 €V,
comparable to that of MLT; however, it was inferior to that for
2-PMT and was the compound with the least reactivity among
those analyzed. An increased energy gap indicates that greater
energy is necessary to elevate an electron from the HOMO to the
LUMO, hence rendering the compound less likely to engage in
chemical processes [72]. RMT possesses an ionization potential
of 5.575 €V and an electron affinity of —0.012 eV, identifying it
as the only molecule with a negative electron affinity, indicating
a reduced tendency to accept electrons. Its chemical hardness is
maximal at 2.793 eV, while its softness is minimal at 0.358 eV.
The drug’s chemical potential is 2.782 eV, and its electronegativity
index is —2.782 eV. The electrophilicity index is 10.808 eV, as
indicated in Table 4.

The MPI compound demonstrated the lowest HOMO-LUMO gap
of 4.481 eV, indicating enhanced reactivity relative to that of the
other compounds. A reduced gap signifies that the compound
is more predisposed to involvement in chemical processes, as it
requires less energy for the electronic transition. The ionization
potential is 5.292 eV, while the maximum electron affinity is
0.811 eV, reflecting a pronounced propensity to receive electrons.

The chemical hardness is minimal at 2.241 €V, whereas the soft-
ness is maximal at 0.446 eV. The chemical potential is 3.052 €V,
while the electronegativity index is —3.052 V. The electrophilicity
index measures at 10.434 eV. All of these findings are presented
in Table 4.

4. Discussion

Many studies rely on experimentally resolved structures without
the need for conformational adjustments, as the analyzed data
often align with the literature [26, 73—75]. However, in a recent
study by our group on melatonin analogs (MLT), we encountered
a protein—-ligand complex for which the analyses did not corrobo-
rate with the existing literature. The results of density functional
theory (DFT) calculations, a quantum-mechanical (QM) method,
for the MT,-RMT complex in that study did not align with the
established findings, which assert that RMT has a higher affinity
for the MT, receptor than that of MLT and a greater affinity for
MT,; than for M T, [76, 77]. Since this was the only complex among
the six studied that did not match the experimental data, the issue
appeared to lie with the MT,-RMT complex.

The results presented indicate that the newly obtained complex ex-
hibits an intermediate energy between those of MLT and 2-PMT,
aligning with our expectations and consistent with previously
reported findings in the literature [76, 77]. Another parameter
that needed to be reviewed was the energy between RMT and
the MT, and MT. proteins. According to in vitro experimental
data, all of the molecules described in the literature have a higher
affinity for MT, than for MT,. As observed in the study by Menezes
et al. (2024) [28], the MT,-RMTXEL complex exhibited higher
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binding energy than those of the MT,-RMT complex, the opposite
of the expected result. Once again, the model obtained from MD
(MT,-RMTMP) yielded results more consistent with those in the
literature, where RMT has a higher affinity for MT; than MTs,.

Many differences between the ligand mode of RMT™P and
RMT*FEL were observed in our analysis. In previous analyses,
Gly108, Val111, and Val191 were identified as necessary for the
interaction with the MT; molecule [28]. In this complex, with
the new conformation of the RMT molecule in the receptor,
the affinity of these three amino acids increased, with Valig1
showing a more subtle improvement. Overall, the adjustments
made in the protein-ligand interactions resulted in a reduction
of —14.76 kcal/mol in energy, leading to an increase in receptor—
drug affinity. It is important to highlight that the significance of
Phe179 was once again confirmed in this complex, as was the
importance of Gly108, Vali11, and Vali191. However, GIn181 and
Asn162 no longer appear among the ten most essential residues
in the MT,-RMT™P complex.

These changes suggest that a conformational adjustment oc-
curred, allowing for the formation of more favorable interactions
while unfavorable ones were eliminated. Thus, the presented data
may support the initial hypothesis that the experimental structure
might not represent the lowest-energy conformation. In this case,
the MD performed in the replicates was sufficient to optimize the
conformation of the ligand and amino acid residues in the binding
site for improved interaction between the molecules.

Moreover, these results are in accordance with previous studies
that have shown that MD simulations can adjust the ligand bind-
ing modes to match experimental observations better, particularly
in G protein-coupled receptors (GPCRs), where MD refinement
improved the accuracy of ligand positioning compared to static
crystal structures [78]. Indeed, MD simulations are widely recog-
nized for enhancing the accuracy of protein—ligand binding mode
assessments by evaluating the stability of various poses derived
from crystallographic structures [79, 80]. Studies have shown
that approximately 94% of native poses remain stable during
simulations, demonstrating the reliability of MD in judging the
stability of experimentally determined binding modes [81]. This
highlights the value of MD simulations as a dependable tool for
validating binding modes in structure-based drug design.

Unlike the other molecules and the QM/MM calculation, MPI
showed greater affinity for MT, than for MT,. Compared to 2-
PMT, which was the best melatonin receptor agonist at the time,
MPI had a small energy gain of —2.42 kcal/mol for the MT,
receptor, with a dielectric constant of € = 40. Obtaining a lower
energy value of —12.04 kcal/mol for the dielectric constant of
€ = 40 meant that the gain from the interaction with the MT,
molecule was much bigger. Based on these results, MPI may be
much better than the other molecules at changing the day/night
phase, which is what the MT, receptor is supposed to do. And
it may have a similar or a slightly greater efficacy than that of
2-PMT in reducing neuronal firing, the main function of the MT,
receptor (Table 2). In any case, the MPI molecule appears to be a
promising one in terms of its affinity for both melatonin receptors.

The recent interaction analysis revised the critical residues in-
volved in the interaction among the four examined compounds. In
MT;, according to the current RMT analysis, the shared residues
in the four ligand interaction analyses included Phe179, Gly108,
Leu254, Met107, Vali11, and Val191, with the single alteration

being the exclusion of Ile112, which was identified within a 5 A
radius of the ligand in MPI. The amino acid that was configured
as the only one in the interaction with MPI was His195.

In MT,, the key amino acids involved in the interaction with the
four ligands were Phe192, Vali24, Gly121, Leu172, and Asn268,
leading to the exclusion of Val204, which exhibited higher en-
ergy in its interaction with MPI. Despite this, Val2o4 interacts
in two alkyl-alkyl interactions with two domains of MPI (i(C1)
and ii(C12)). The amino acids exclusive to MPI include Phe264,
Tyr294, and Leu181. Among these, only Leu181 fails to interact
with the [C] ring or C1 derived from 2-PMT and RMT, respectively.

These data validate previous observations about the significance
of the amino acid Phe179/Phe192 in the two MT receptors.
Moreover, the amino acids Gly108/Glyi21, Vali11/Vali24,
and Valigi/Val2o4 were demonstrated to be significant to
the interaction with the four compounds. Excluding MLT
from the study of common residues expands the list to
Phe179/Phe192, Gly108/Gly121, Vali11/Vali24, Vali91/Val204,
and Metio7/Met120. Vali11, Met1o7, Ile112, and Alaio4 have
been suggested as important amino acids for providing a
hydrophobic environment to improve the binding stability of
gastrodin with MT; [82]. A recent study with another melatonin
ligand, agomelatine, revealed the importance of the amino acids
Gly108/Gly121 and Vali11/Vali24, as we observed here [83].
Hence, we suggest that these amino acids are important to the
binding affinity and stability between ligands and melatonin
proteins.

5. Conclusions

The present study demonstrated how MD simulations can effec-
tively perform conformational adjustments, enabling more accu-
rate analyses of protein—ligand interactions. MD simulations offer
a powerful tool for enhancing the crystallographic structures of
protein—ligand complexes. By providing insights into dynamic
behavior, refining binding modes, and integrating with experi-
mental data, MD contributes significantly to our understanding
and utilization of these biomolecular interactions in research and
drug development.

Based on this novel analysis and the previous data from MLT, 2-
PMT, and RMT complex analyses, we have proposed a new molec-
ular agonist for the MT, and MT, receptors: N-[2-(5-methoxy-
2-phenyl-1H-indol-3-yl)ethyl]propanamide (MPI). This molecule
was previously studied in Xenopus laevis melatonin receptors
in 1995. However, human melatonin studies have not been de-
scribed in the literature. In order to determine this molecule’s
potential effects on human receptors, we employed computational
approaches that accurately ranked the compounds according to
their affinity for melatonin receptors.

This study’s findings revealed a molecule that bound more
strongly to MT; and MT, than to MLT, RMT, or 2-PMT. In ad-
dition, MPI binds more strongly to MT, than MT;, setting it apart
from other melatonin receptor agonists and compounds. It can be
inferred from this that MPI performs better during phase shifts
(day/night). However, experimental analysis should be performed
to confirm this finding.

Moreover, it was noted that MPI has a lower energy gap be-
tween the HOMO and the LUMO. A reduced energy difference

ACADEMIA BIOLOGY 2025,3

16 of 21


https://doi.org/10.20935/AcadBiol7907

https://doi.org/10.20935/AcadBiol7907

between the HOMO and the LUMO indicates enhanced reactivity,
increasing the donation or acceptance of electrons in interactions
with proteins or enzymes, hence enhancing the binding affinity
and therapeutic efficacy of the compounds [66]. Consequently,
it is proposed that MPI has significant therapeutic potential for
stronger interactions with melatonin receptors.

This study demonstrated how molecular dynamics simulations
can be utilized to refine crystallographic structures for the en-
hancement of protein—ligand interactions; however, it is essential
to recognize their limitations. All research was conducted in an
in silico environment, indicating that we simulated the biological
system; therefore, the implementation of in vitro and in vivo ex-
periments is essential to validate the observations made herein
and to enhance this study’s quality, including an assessment of
the safety and specificity of MPI. Nonetheless, this study signifies
progress in the formulation of a novel pharmacological interven-
tion for insomnia management.
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