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Abstract

Quinoxalinones are extensively studied in medicinal chemistry, serving as promising pharmacophores
with broad biological activity. More specifically, researchers focus on exploring their activity as central
nervous system (CNS) agents. An interesting phenomenon that concerns many researchers is that
various quinoxalinone analogues are characterized by imine-enamine tautomerism. However, there is
limited research on how each tautomeric form acts on a certain biological target. This study
investigates the tautomerism of a novel quinoxalinone derivative in conjunction with the in silico
investigation of its inhibitory effect against monoamine oxidases (MAQOs). NMR spectroscopy as well
as theoretical DFT calculations were employed to examine the tautomeric equilibrium. A plausible
transition state geometry based on DFT computational studies is proposed as well. Additionally,
molecular docking simulations and MM/GBSA calculations were carried out to test the inhibition
efficacy of the synthesized compound on the MAO enzymes.
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1. Introduction

Quinoxalinones—a class of nitrogen-containing heteroaromatic compounds—hold great significance
in medicinal chemistry [1-7]. They exhibit a broad range of biological properties (Fig. 1), notably acting
as potent antiviral (Opaviraline) [1], anticancer (Dovitinib), neuroprotective (Caroverine, NBQX) and
antiepileptic (Becampanel) agents [2,3]. Several quinoxalinone derivatives exhibit imine-enamine
tautomerism, which can be easily studied using both experimental and theoretical methods [2-5].
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Figure 1. Chemical structures of quinoxalinone-based investigational drugs.

This research describes the tautomeric study of a newly synthesized quinoxalinone derivative,
employing NMR spectroscopy and DFT calculations. A plausible transition state, resulting from
theoretical DFT calculations, is also suggested. Since these molecules showcase such a diverse mode
of action against different types of diseases, including neuroprotection, we decided to test their
inhibitory activity against monoamine oxidase A (MAO-A) and monoamine oxidase B (MAO-B). Both
enzymes play an important role in the pathophysiology of Parkinson’s [2] and Alzheimer’s [3] diseases,
as well as depressive disorders [4]. For that purpose, we conducted molecular docking and molecular
mechanics/generalized Born surface area (MM/GBSA) simulations on each tautomeric form of the
synthesized quinoxalinone.

2. Materials and Methods

2.1 Spectral characterization

NMR analysis

NMR spectra were recorded with an Agilent-500/54 or a Bruker DRX 500 MHz NMR spectrometer
(Bruker Biospin, Rheinstetten, Germany), using DMSO-d6 as solvent. All *H (500 MHz) and *C NMR
(125 MHz) spectra were recorded with chemical shifts (ppm) and coupling constants (J) in hertz (Hz).

MS analysis

Mass spectra were obtained on a Finnigan, Surveyor MSQ Plus Mass Spectrometer (electrospray
ionization).

2.2 Theoretical DFT calculations

DFT calculations were conducted using the Gaussian 16 software suite [5], and the Gauss View 6.0 [6]
molecular visualization program. Optimal geometry and transition state calculations were carried out
on the B3LYP 6-311+G(d,p) level of theory, using the density functional theory (DFT) Becke-3-Lee Yand
Parr (B3LYP) technique with the 6-311+G(d,p) basis set in the ground state [7,8].



2.3 Insilico studies

All computational studies (in silico docking and MM/GBSA studies) were performed utilizing Maestro
2021-2 software of Schrodinger.

2.3.1. Molecular Modelling

The tautomers studied underwent molecular modelling simulations to evaluate their structural
characteristics. The simulations employed molecular docking and binding free energy calculations. By
utilizing these techniques, we gained insight into the atomic-level interactions between the selected
compounds and the target proteins. Additionally, the simulations enabled the prediction of the
binding affinity and binding mode of the compounds.

2.3.2. Target Protein Preparation

Maestro 2021-2 of Schrodinger utilizes different algorithms and scoring functions to simulate
molecular binding interactions and is also used for enzymes with metals in their active site. The
preparation of each molecular structure was carried out separately using the “Protein Preparation
Wizard”, application of the Maestro 2021-2 program from Schrodinger [7]. The molecular structures
of the enzymes studied are found deposited in the online database “Protein DataBank-PDB” as
monomeric or polymeric structures and can be downloaded directly into the Maestro program. For
our studies the PDB: 6FVZ [8] for the crystallized MAO-B was utilized, as well as the PDB: 2Z5X [9] for
the crystallized MAO-A. For the preparation of the protein, bond orders were assigned, the CCD
database was used, hydrogens were added, the original hydrogens were removed, zero-order bonds
to metals were created, as well as disulfide bonds, selenomethionines to methionines were converted,
missing side chains and loops were filled in using Prime, the termini were capped, waters were deleted
beyond 5 A from het groups and het states were generated using Epik [10], while the pH was set to
physiological range (pH = 7.4). Based on these parameters the protein was pre-processed. Then the
workspace was analysed and states were regenerated. Sample water orientations using PROPKA [11]
at pH 7.4 were optimized. Finally, the heavy atoms were converged to RMSD 0.30 A and hydrogens
only were allowed to move, to minimize the protein structure. The Force Field used was the Optimized
Potentials for Liquid Simulations (OPLS) 4 [12].

2.3.3. Ligand Preparation

Ligands were firstly minimized utilizing minimization (macromodel). Their 3D conformations were
saved as .mol2 files and loaded on Maestro’s interface. Then the minimization begun. The force field
used was OPLS4 with solvent water. After the minimization of the ligands’ conformations, the ligands
were prepared through LigPrep. The Force Field used was OPLS4. The possible ionization states were
generated at physiological pH 7.4 using Epik [10], which uses a Hammett and Taft methodology,
predicting the ionization states and penalties related to these states. Inclusion of the original state
was added, in case the structure generated is not plausible in the pH range chosen. The ligands were
desalted, removing counter-ions and disconnected salt fragments from the input structures, leaving
only the main neutral organic molecule (the ligand), while tautomer generation was performed.
Specified chiralities were retained, while it was chosen for LigPrep to generate at most 15
conformations per ligand. This search generated multiple conformers for each molecule, which were
then energetically ranked. The most favourable conformation was selected as input for subsequent
docking calculations.



2.3.4. Molecular Docking Studies

Following the preparation of the protein and ligands, induced fit docking was performed using the
OPLS4 force field. The grid box was centred on the active site amino acid residues of MAO-A (Tyr407
and Tyr444) [13] and MAO-B (Tyr326, Tyr398, and Tyr435) [14], with the box size set to 46.0 A. Ring
conformations were sampled within a 2.5 kcal/mol energy window. During the initial Glide docking
stage, constrained refinement was performed alongside side-chain trimming. The van der Waals
scaling factors for both the receptor and ligand were set to 0.50, and the maximum number of poses
was limited to 8.

For the subsequent Prime refinement stage, protein residues within 5.0 A of the docked ligand poses
were refined while optimizing the side chains. Following Prime protein refinement, the ligands were
redocked into the newly refined receptor structures using Extra Precision (XP) mode. Redocking was
constrained within a 30.0 kcal/mol energy window of the top-performing refined structure, keeping
the top 8 structures overall. Through this workflow, the most stable conformations for the protein-
ligand complexes were generated.

2.3.5. Binding Free Energies Calculated by Molecular Mechanics/Generalized Born Surface
Area (MM/GBSA)

The MM/GBSA method offers a rapid and effective approach for estimating the binding free energy
between multiple ligands and a protein target [15]. This method combines molecular mechanics
calculations, which account for the interactions between the compound and protein, with a
Generalized Born solvent model that describes the solvation free energy of the complex. The following
equation is used to calculate binding free energy (AGypind):

AGying = AGsoly + AEmm + AGsa

where AGsoy is the difference between the complex’s GBSA solvation energy and the sum of the
unliganded protein and inhibitor solvation energies; AEuwm is the difference between the sum of the
unliganded protein and inhibitor energy and the minimized energies of the complex; and AGs, is the
difference between the complex’s surface area energies and the sum of the unliganded protein and
inhibitor’s surface area energies. Energies for the optimized complex, free receptor, and free ligand
were computed using the Prime MM-GBSA module within Schrédinger. The solvation energy was
determined utilizing the Generalized Born model, which estimates the solvation energy based on the
molecular surface area and electrostatic potential of the complex. The binding free energy of each
studied compound was then estimated employing Schrodinger’s Prime module. The VSGB solvation
model was used during the simulations. During conformational sampling, residues located within a
flexible distance of 5.0 A from the ligand were allowed to move [16].

3. Results and Discussion

3.1 Characterization of compound SM041

Compound SM041 was fully assignhed using a combination of 1D-NMR (*H, 3C) and 2D-NMR (*H-H
COSY, H-H NOESY, H-3C HSQC and !H-3C HMBC) experiments. Both tautomeric forms of the
synthesized derivative were observed in the NMR spectra (Fig. 2), and the structure of each tautomer
was separately elucidated.
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Figure 2. Tautomeric forms of the synthesized quinoxalinone SM041; enaminoester SM041a in pink, iminoester
SMO041b in blue.

Assigned H- and 3C-NMR spectra are depicted in Fig. 3, whereas the strategy used for the structure
elucidation of each tautomer is outlined in Scheme 1.
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Figure 3. (a) Assigned *H-NMR spectrum (500 MHz) for compound SM041 in DMSO-ds. Enaminoester SM041a in
pink and iminoester SM041b in blue, (b) Assigned 3C-NMR spectrum (125 MHz) for compound SM041 in DMSO-
ds. Enaminoester SM041a in pink and iminoester SM041b in blue.

Initial characterization focused on the enaminoester structure. In the *H NMR spectrum (Fig. 3a), a
triplet at 6 1.24 (methyl protons H-5’) and a quartet at § 4.15 (methylene protons H-4’) showed vicinal
coupling, which was confirmed by COSY cross-peaks. The corresponding carbons, C-4’ (6 59.33) and C-
5’ (6 14.29), were assigned via HSQC (Fig. 3b), while an HMBC correlation from H-4’ identified the C-
2’ position (6 168.52). The enamine tautomer was identified by a characteristic singlet at 6 5.55 (*H
NMR), assigned to the vinylic proton H-1’ based on its HMBC correlation with C-2’. Further HSQC and
HMBC correlations of H-1’ revealed C-1’ (6 85.95) and C-3 (6 155.46) (Fig. 3b).

Singlets at 6 10.98 and 6 7.97 were assigned to the enamine proton H-1 and the aromatic proton H-8,
respectively. This assighnment was supported by an HMBC correlation between H-1 and C-3, alongside
NOESY cross-peaks between H-1 and H-8. The carbon signal at § 125.94 was assigned to C-4a due to
HMBC correlations with both H-1 and H-8. In the *C NMR spectrum (Fig. 3b), C-8 (6 119.83) and C-6
(6 116.69) were resolved via HSQC and HMBC correlations with H-8. In the *H NMR spectrum, the
amide proton H-4 and aromatic proton H-5 appeared as singlets at 6 11.77 and 6 7.29, respectively,
with their proximity validated by NOESY cross-peaks. The lack of an HSQC signal for H-4 confirmed the
absence of a carbon atom to its environment, whereas H-5 exhibited an HSQC correlation to C-5 (6
118.81), which was further corroborated by an HMBC signal from H-4. Moreover, HMBC correlations
from both H-4 and H-5 successfully identified C-8a (6 126.08). Finally, C-2 (6 142.77) was assigned
based on an HMBC correlation with H-4, while a separate HMBC correlation from H-5 successfully
revealed the C-7 signal (6 115.23) (Fig. 3b).



1st series of steps

2D- 'H-13C HSQC

>C1

2D- 'H-'H COSY. 2D- 'H-13C HMBC
H5'< o Ha > c2
ﬂ 2D- 'H-3C HSQC ﬂ ﬂ
C 5! C4l H 1 I
2D- 'H-13C HMBC ﬂ
H1l > C3
2D- 'H-'"H NOESY \
c8¢ —JH8 > C4a
2D- 'H-13C HSQC
ﬂ 2D- 'H-1*C HMBC
C6

2nd series of steps

C8a c2

D,

Hois

C
#
A/I@O

2D- 'H-13C HMBC Hs 2D- 'H-'"H NOESY
|

2D- 'H-13C HMBC

c7¢
2D- 'H-B¢ HSQCﬂ

(a) C5

1st series of steps
2D- 'H-'H COSY. 2D- 'H-13C HMBC
> H4' |

HE &

> Cc2

ﬂ 2D- 'H-'3C HSQC ﬂ ﬂ2D—1H-13C HMBC

cs c4 HT

2D- 'H-13C HMBC

ﬂzD- IH-13C HMBC

2D- 'H-BC HSQC
ﬂZD— TH-13C HMBC
Cc3

ct

2nd series of steps

C2
aC - C8a
D- e o
P 2D- 'H-3C HMBC
H4 H5 ! > C7
2D- 'H-'HNOESY [ 2D- 'H-'3C HMBC
2D- 'H-13C HSQC
v
C5

(b)

3rd series of steps
C4a
2D- 'H-'3C HMBC

_2D- 'H-"*C HSQC
Cc8 < IH8

2D- 1H-13¢ HMBCl

Cé




Scheme 1. Rationale of the structural elucidation of SM041; (a) enaminoester SM041a, (b) iminoester
SM041b

Subsequent characterization of the iminoester tautomer began with the identification of methyl
protons H-5" and methylene protons H-4’, which appeared as a triplet at 6§ 1.17 and a quartet at 6
4.09, respectively (Fig. 3a). Their mutual coupling was verified by COSY cross-peaks, while the
corresponding C-4’ (6 59.33) and C-5’ (6 14.29) signals (Fig. 3b) were assigned via HSQC correlations
with H-4’ and H-5’, respectively. The carbonyl carbon C-2’ (6 168.52) was identified through an HMBC
correlation with H-4’. A key characteristic of the imine tautomer was a singlet peak integrating to two
protons at 6 3.81 (*H NMR), which was assigned to the methylene group H-1’ based on its HMBC
interaction with C-2’. Consequently, the C-1’ (6§ 40.00) and C-3 (6 155.46) carbons were mapped using
HSQC and HMBC cross-peaks from H-1’, respectively.

The amide proton H-4 (singlet at § 12.60), aromatic proton H-5 (6 7.62), and carbons C-2 (6 142.77),
C-5 (6 118.81), C-7 (6 115.23), and C-8a (6 132.33) were elucidated following the same logic as the
enaminoester. The final proton signal was assigned to the aromatic proton H-8 (6 8.11), which was
coupled to C-8 (6 129.25) as confirmed by HSQC. Furthermore, HMBC correlations from H-8
successfully resolved the C-6 (6 116.69) and C-4a (6 132.33) positions. Notably, carbons C-6 and C-7
exhibited identical chemical shifts across both tautomeric forms. This consistency is structurally
expected, given their distance from the dynamic tautomeric center.

Chemical shifts of all protons and carbon atoms are summarized in Table 1.

Table 1. Chemical Shifts of protons and carbons of compound SM041 expressed in ppm.

Enaminoester Iminoester
Position IH (ppm) 13C (ppm) Position IH (ppm) 13¢C (ppm)
1 10.98 - 1 - -
2 - 142.77 2 - 142.77
3 - 155.46 3 - 155.46
4 11.78 - 4 12.62 -
4a - 125.94 4a - 132.33
5 7.28 118.81 5 7.62 118.81
6 - 116.69 6 - 116.69
7 - 115.23 7 - 115.23
8 7.97 119.83 8 8.11 129.25
8a - 126.08 8a - 132.33
1 5.55 85.95 1 3.80 40.00
2 - 168.52 2 - 168.52
4 4,15 59.33 4 4.09 59.33
5’ 1.24 14.29 5’ 1.17 14.29

Additional information was obtained via mass spectrometry. The mass spectrum of compound SM041,
as depicted in Fig. 4, confirms the molecular weight and important moieties of the molecular structure
of the quinoxalinone derivative. More specifically, the basic peak (m/z = 388) corresponds to the
molecular ion [M-H]*. Furthermore, the fragments [M-73]" and [M-45]* correspond to the loss of an
ethoxycarbonyl ([M-COOCH,CHs]*) and an ethoxy group ([M-OCH,CHs]*) , respectively, which are
characteristic for the compound’s structure.
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Figure 4. MS spectrum (ESI, -50 eV, 500 K) for compound SM041 in DMSO-ds.
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It is evident that both tautomers can be observed in DMSO-ds, which indicates a slow tautomeric
exchange between the enaminoester SM041a and iminoester SM041b. The presence of both
tautomers can be attributed to the high stability of their aromatic bicyclic quinoxalinone skeleton.

As can be observed in Fig. 5, the enaminoester: iminoester tautomeric ratio for compound SM041 is
84: 16.

The fact that enaminoester SM041a is the major tautomer can be explained by the formation of an
intramolecular hydrogen bond between the enamine proton and the ester carbonyl group, as
illustrated in Fig. 6. As a result, the energy of tautomer ais not only further decreased, but the enamine
proton (H-1) is also highly deshielded due to the hydrogen bond. The latter explains its high chemical
shift (6 10.98).

ZT
@)

Br

Br

L, IZ

Figure 6. Intramolecular hydrogen bond formation of enaminoester a.

3.2 Tautomeric study via DFT

Two different series of theoretical DFT calculations were carried out at the B3LYP/6-311+G(d,p) level
of theory; geometry optimization and transition state prediction. DMSO was modeled as the solvent
across all calculations using an implicit solvation method.

Optimal geometries

Firstly, the geometry of each tautomer was optimized, as shown in Fig. 7. Both tautomers are
characterized by a bicyclic aromatic system that stabilizes each structure. Additionally, DFT results of
the enaminoester evidently support the experimental findings; the formation of an intramolecular
hydrogen bond is favored in the tautomer’s optimal conformation.



a - b

Figure 7. Optimal geometries of the two tautomeric forms for compound SM041; enaminoester SM041a (left)
iminoester SM041b (right).

Transition State

Two different tautomeric mechanisms were investigated, and two transition states were, therefore,
calculated. On the one hand a non-catalysed intramolecular proton exchange was examined. On the
other hand, a water-mediated tautomeric mechanism was explored. In each case, the proton
exchange took place between the enamine proton (H-1) of the enamino-tautomer and the methylene
proton (H-1’) of the imino-tautomer. The energy diagrams of both cases are depicted in Scheme 2.

Results indicated that the energy barrier for the intramolecular tautomeric mechanism is very high
(90.26 kcal/mol), indicating that this transition state is energetically unfavourable in the quinoxalinone
ground state. However, the water molecule in the catalysed mechanism significantly lowers the
activation energy (38.34 kcal/mol). Nonetheless, the energy barrier remains notably high and this
explains why tautomerism is slow on the NMR timescale. Thus, it can be concluded that the residual
water of DMSO-ds solvent catalyses the proton exchange between the tautomers.
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Scheme 2. Energy diagrams of the non-catalysed (left) and catalysed (right) transition state of compound
SMO0A41. TS; transition state I; enaminoester (a) Il; iminoester (b)

3.3 Molecular Docking analysis

Given the fact that quinoxalinones play an intrinsic part in a variety of pathological conditions, offering
anticancer and neuroprotective effects, we decided to study their ability to bind to two important
enzymes implicated in Alzheimer’s and Parkinson’s diseases, as well as depressive disorders,
monoamine oxidases (MAOs). Monoamine oxidases exist in two isoforms MAO-A and MAO-B [3], and
both play a critical role in the oxidative deamination of monoamines and neurotransmitters leading
to neuronal oxidative damage and death [17]. Due to the important role of MAO-B’s deregulation in
Parkinson’s [18] and Alzheimer’s diseases [3], as well as the implications of MAO-A in depression and
anxiety disorders [4], the affinities of the synthesized compound for these drug targets were tested in
silico. Computational docking studies were conducted utilizing Maestro 2021-2 software from
Schrédinger, following an induced fit protocol, allowing flexibility in the amino acid side chains, to
properly accommodate the ligand within the studied cavities. In particular, tautomers SM041a
(enamine) and SM041b (imine) were anchored in the active sites of both enzymes. The highest affinity
conformations of every tautomer for each target are analysed below.

Close examination of the docking results showcases the tautomers’ affinity for each target. The
catalytic site of MAO-B is described by amino acid residues Tyr326, Tyr398 and Tyr435 [14]. When
anchored to MAO-B’s active site, SM041a forms a hydrogen bond with Cys172, while establishing
hydrophobic interactions with Tyr326, Leu328, Tyr398, Tyr60, Tyrd35, Leul71, lle198, lle199, Phel68,
Leul67, Pro102, Pro104 and lle316 (Fig. 8). The exact same interactions are observed for SM041b
within the catalytic site (Fig. 8). These results are compared to known MAO-B inhibitor and drug
against Parkinson’s disease, rasagiline [19]. Rasagiline is an irreversible inhibitor of MAO-B, covalently
bound to the flavin adenine dinucleotide (FAD) (Fig. 9). FAD acts as a co-factor within the active site
[20]. To bind irreversibly to FAD, rasagiline must first be stabilized within the active site cavity (Fig. 9).



Therefore, the stabilization of the non-covalent conformation is compared to those of SM041a and
SMO041b. As can be observed in Figure 9, rasagiline positions its terminal propargylamine group in
close proximity to the FAD ring, allowing covalent binding to occur. The compound is stabilized
through hydrogen bonding with 11e199 and non-polar interactions with 11198, Leul71, Phel68,
Leul67, Leul64, Prol04, Phel03, Pro1l02, Tyr326 and Phe99. Consequently, the newly synthesized
SMO041a and SMO041b interact with the same amino acid residues as rasagiline. The minor differences
in their binding modes, however, exert a profound impact on their binding free energy, as discussed
below. Notably the interaction with Cys172 provides greater stabilization for both the enamine and
imine compounds when compared to rasagiline’ s interaction with lle199. Specifically, residue Cys172
forms a hydrogen bond with the keto group of the pyrazine moiety in both tautomeric structures.

Superimposition of studied tautomers and
rasagiline bound to the active cavity of MAO-B

Close-up of the occupied active site
< 7

2D Ligand Interactions’ Diagram
of SM041a

2D Ligand Interactions’ Diagram
of rasagiline

2D Ligand Interactions’ Diagram
of SM041b

Figure 8. Top left: Superimposition of tautomers SM041a (enamine) and SM041b (imine) and compound
rasagiline in the active site of monoamine oxidase B (MAO-B) (PDB: 6FVZ). The enamine tautomer is shown in
blue, while the imine tautomer as well as the reference compound rasagline are shown in light blue and red
colour, respectively. Top and bottom right: Representation of the enamine and imine tautomers docked at the
active site of MAO-B. The interactions between the ligands and the amino acid residues of the active site are
presented in the 3D complex structures and 2D ligand interactions’ diagrams. Bottom left: 3D complex structures
and the 2D ligand interactions’ diagrams for known drug rasagiline, irreversible inhibitor of MAO-B, before its
covalent binding to flavin adenine dinucleotide (FAD) co-factor. Purple arrows symbolize hydrogen bonds, while
light blue and green residues symbolize polar and hydrophobic residues, respectively.
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Figure 9. Representation of rasagiline covalently bound to flavin adenine dinucleotide (FAD) co-factor of the
MAO-B enzyme (PDB: 2XFQ). The interactions between the ligand and the amino acid residues of the active site
are presented in the 3D complex structure (bottom right) and the 2D ligand interactions’ diagram (bottom left).
As it is presented, its inhibitory potency derives mainly through the covalent bonding to the FAD ring, with a
limited number of amino acids stabilizing it through hydrophobic interactions (lle199, 11e198, Tyr326 and Tyr60).
Green arrows symbolize mt-it stacking interactions, purple arrows symbolize hydrogen bonds and deep blue-red
arrows symbolize salt bridges, while light blue, green, deep blue and red amino acid residues symbolize polar,
hydrophobic, positively and negatively charged residues, respectively.

Next, the molecular interactions between the SM041a and SM041b tautomers, and the catalytic cavity
of MAO-A were examined (Fig. 10). The active site of MAO-A is described by the amino acid residues
Tyrd07, and Tyr444 [13]. Regarding MAO-A, both compounds were capable of developing a vast
network of interactions when compared to the SM041 — MAO-B complexes. Tautomer SM041a
developed a hydrogen bond with amino acid residue Asn181 via a water molecule. Moreover, it could
form two halogen bonds with amino acid residues Met350 and Lys305. SM041a was further stabilized
via hydrophobic interactions with amino acid residues Phe352, Leu337, lle335, 11e180, Val210, Phe208,
[le207 and Tyr69 and polar interactions with Thr336 and GIn215. On the other hand, SM041b was
capable of forming hydrogen bonds with GIn215 via its carbonyl group of the ester moiety and Tyr407
via its amide group of the pyrazine moiety, a m-m interaction between Tyr59 and the compound’s
benzyl ring, as well as a halogen bond with Met350. These results are compared to the reference drug
moclobemide. Moclobemide is a reversible inhibitor of MAO-A and has been extensively evaluated in



the treatment of a wide spectrum of depressive disorders and less extensively studied in anxiety
disorders [21]. As shown in Figure 10, Phe208 interacts via hydrogen bonding with the nitrogen atom
of the morpholine ring via a water molecule, while Asn181 forms a hydrogen bond as well with the
amide group of moclobemide again through the mediation of a water molecule. Moreover, the
chlorobenzene ring of the compound interacts via n-it stacking with amino acid residue Phe352. The
molecule is further stabilized by hydrophobic interactions with residues Met350, Tyr407, 1le180,
Pro113, Phel12, Alalll, Phel73, Leu97, Phel08, lle335, Leu337 and Tyr69. Based on these results, it
seems that tautomers SM041a and SM041b showcase a different mode of binding when compared to
moclobemide, which interacts with different amino acid residues. These differences are directly
translated to significant differences in binding free energies, as it will be discussed later.

Superimposition of studied tautomers and

moclobemide bound to the active cavity of MAO-A Close-up of the occupied active site
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2D Ligand Interactions’ Diagram r ¥ -
of moclobemide

2 > 2D Ligand Interactions’ Diagram
of SM041b
. -

Active Site anchored by tautomer SM041b

Figure 10. Top left: Superimposition of tautomers SM041a (enamine) and SM041b (imine) in the active site of
monoamine oxidase A (MAQO-A) (PDB: 2Z5X). The enamine tautomer is shown in blue, while the imine tautomer
as well as the reference compound moclobemide is shown in light blue and red colour, respectively. Top and
bottom right: Representation of the enamine and imine tautomers docked at the active site of MAO-A. The
interactions between the ligands and the amino acid residues of the active site are presented in the 3D complex
structures and 2D ligand interactions’ diagrams. Bottom left: 3D complex structures and the 2D ligand
interactions’ diagrams for known drug moclobemide, reversible inhibitor of MAO-A. Green arrows symbolize -
Tt stacking interactions, purple arrows symbolize hydrogen bonds, while light blue, green and deep blue amino
acid residues symbolize polar, hydrophobic and positively charged residues, respectively.

Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) calculations

In order to assess the binding free energy (AGuing) of the tautomers and reference compounds for the
respective target, molecular mechanics/Generalized Born surface area (MM/GBSA) calculations were
conducted. Both tautomers showcase the same or even greater binding affinity for each target, when
compared with reference compound rasagiline for MAO-B and moclobemide for MAO-A (Scheme 3).
Specifically, both SM041a (AGying = -52.01 kcal/mol) and SM041b (AGping = -53.28 kcal/mol) exhibited
much higher affinity for MAO-B enzyme when compared to rasagiline (AGpina = -37.76 kcal/mol).
Regarding the affinity for MAO-A, SMO041a displayed the lowest free energy value (AGping = -69.38



kcal/mol), while SM041b (AGping = -52.10 kcal/mol) and moclobemide (AGbind = -51.42 kcal/mol),
were of the same order of magnitude. This indicates the possible use of these tautomers as MAO-A
and MAO-B inhibitors. Further in vitro studies are of interest for these molecules’ inhibitory potency.

Affinity of compounds against MAO-B

]
Rasagf}line‘

Docking Score  m MM/GBSA

Affinity of compounds against MAO-A

SM041a

Docking Score m MM/GBSA

Scheme 3. Bar graph of the docking scores (blue) as well as free binding energies (orange) of tautomers SM041a
and SM041b compared with rasagiline and moclobemide for the active site of MAO-B and MAO-A, expressed in
kcal/mol.

In Table 2, component analysis for the ligand-protein complexes following MM/GBSA binding free
energy calculations, are depicted. SM041a showcases the most favourable predicted binding energy
(AGping = —69.38 kcal/mol), indicating the strongest binding to MAO-A among the three compounds.
SMO041b and moclobemide have very similar total MM-GBSA binding energies (-52.10 and -51.42
kcal/mol, respectively). SM041a benefits from the strongest van der Waals, packing, and overall
hydrophobic interactions, while also incurring the smallest polar solvation penalty, making these the
primary contributors to its superior binding. Moclobemide exhibits the strongest electrostatic



(Coulomb) and lipophilic contributions; however, these favourable interactions are largely offset by a
large unfavourable polar solvation energy, resulting in an overall binding energy comparable to
SMO041b rather than SM041a. Although SM041a induces the largest receptor strain, the substantial
gains in favourable intermolecular interactions more than compensate for this energetic penalty.

Regarding MAO-B, both SM041a and SM041b showcase similar binding affinities (AGping = -52.01 and
-53.28 kcal/mol, respectively). Both molecules benefit from strong van der Waals and Coulomb
interactions, when compared to rasagiline. Moreover, rasagiline exhibits the strongest lipophilic
contributions. Even though SM041a and SM041b suffer from a high polar solvation penalty, compared
to rasagiline, the remaining energy components highly favour and stabilize these complexes.

Table 2. Component analysis for the ligand-protein complexes following MM/GBSA binding free
energy calculations

Monoamine Oxidase B (MAO-B)

Name/AG bind vdW Coulomb | Solvation | Lipophilic | Hbond | Packing | Ligand | Receptor
strain | strain

SM041a -52.01 | -51.82 | -10.91 +26.28 -16.73 -0.26 | -2.52 +1.85 | +4.27
SMO041b -53.28 | -51.44 | -11.37 +24.38 -18.46 -1.05  -0.78 +4.07 | +2.12
rasagiline -37.76 | -33.34 | -3.79 +17.45 -22.48 -0.68 | -0.68 +3.30 | +1.70

Monoamine Oxidase A (MAO-A)

Name/AG bind vdW Coulomb | Solvation | Lipophilic | Hbond | Packing | Ligand | Receptor
strain | strain

SMO041a -69.38 | -44.35 | -16.24 +16.44 -23.62 -1.60 | -6.02 +3.20 | +7.47

SM041b -52.10 | -38.49 | -21.24 +27.52 -19.77 -161 | -3.31 +3.97 | +5.87

moclobemide | -51.42 | -25.24 | -23.11 +28.22 -27.11 -0.99 | -1.95 +4.16 | +2.94

4. Conclusions

The primary aim of this study was the tautomeric investigation of the synthesized quinoxalinone
derivative. Spectroscopic results indicate the presence of both imino- and enamino-tautomer in dmso-
ds solution, alongside the predominance of enaminoester. The latter can be justified by the
intramolecular hydrogen bonding that is prominent in this structure. Moreover, computational data
are in accordance with the experimental ones, and they were further proved as an efficient tool to
investigate plausible transition state mechanisms. Finally, molecular docking simulations provided
insights into the distinct binding modes of each tautomer and revealed how their interactions with
the enzyme may differ. Specifically, it was found that while both tautomers exhibit almost identical
binding to MAO-B, the binding mode of each tautomeric form differs in the case of MAO-A. In both
cases, however, they show greater binding affinity than the reference drugs.
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