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Abstract 

Nine morpholine-derived halogenated chalcone derivatives (MHC1-MHC9) were synthesized, and their inhibi-
tory activity against monoamine oxidase (MAO) was evaluated. MHC5 showed the highest inhibitory activity 
against MAO-B with an  IC50 value of 0.065 μM, followed by MHC7  (IC50 = 0.078 μM) and MHC6  (IC50 = 0.082 μM). 
The para-F substituent MHC4 was also potent  (IC50 = 0.095 μM). The selectivity index values of all the compounds 
were high for MAO-B over MAO-A, and the values for MHC5 and MHC4 were 66.15 and 80.11, respectively. MHC5 
and MHC4 were competitive MAO-B inhibitors with  Ki values of 0.024 ± 0.00062 and 0.041 ± 0.0028 μM, respectively. 
In reversibility tests, the changes in residual activity before and after the dialysis of MHC5 and MHC4 were similar 
to those of safinamide, a reversible MAO-B reference inhibitor. Additionally, molecular docking and dynamic simula-
tions predicted that the lead molecules MHC5 and MHC4 could strongly bind to the MAO-B active site with docking 
scores of –10.92 ± 0.08 and –10.64 ± 0.14 kcal/mol, respectively. Additionally, MHC4 and MHC5 exhibited favorable 
ADME features, including blood–brain barrier permeability. The experiments confirmed that MHC5 and MHC4 are 
reversible and potent selective inhibitors of MAO-B and are promising candidates for the treatment of neurodegen-
erative diseases (human health).
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Introduction
Monoamine oxidases (MAOs) substantially inactivate 
various biogenic amines in central and peripheral tis-
sues [1]. Several neuropsychiatric and neurodegenerative 
disorders, such as Alzheimer’s disease (AD) and Parkin-
son’s disease (PD) are primary treatment targets of these 
enzymes [2]. MAO-A and MAO-B are two isoenzymes 
found on the mitochondrial outer membrane that pro-
duce hydrogen peroxide [3]. The quest for selective MAO 
inhibitors is currently a crucial focus in the field of drug 
discovery. Understanding the catalytic mechanism, sub-
strate selectivity, and inhibitor-binding mode can accel-
erate the development of selective MAO inhibitors [4]. 
Early-stage PD was successfully and safely treated with 
monotherapy using MAO-B inhibitors. In contrast, adju-
vant MAO-B inhibitors are routinely used to treat severe 
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diseases [5]. Significant progress has been made in the 
development of selective MAO-B inhibitors during the 
last five years, including outcomes, structures, structure–
activity correlations (SARs), and medicinal chemistry 
approaches [6].

The MAO-B inhibitor selegiline, which is used either 
alone in monotherapy or in combination with levodopa, 
is effective in treating the symptoms of PD. First-pass 
metabolism converts selegiline into R(–)amphetamine 
and R(–)methamphetamine, which may have detrimen-
tal effects on the cardiovascular and neurological systems 
[7]. The third-generation MAO-B inhibitor safinamide, 
a reversible and selective MAO-B inhibitor, has favora-
ble pharmacokinetic and pharmacodynamic features for 
the treatment of PD [8]. Recently, several studies have 
suggested that many structural scaffolds exhibit remark-
able MAO-B inhibition with a reversible and competitive 
mode of inhibition. These include chalcones, pyrazolines, 
isatins, coumarins, chromones, and benzyloxy-derived 
compounds [9–18].

Chalcones are bioactive compounds containing car-
bonyl-conjugated systems and two electrophilic sites. 
These traditional substances are the biogenetic anteced-
ents of various therapeutically useful substances, includ-
ing flavonoids and isoflavonoids [19]. Chalcones have 
cis and trans isomers owing to the presence of olefinic 
bonds, although the thermodynamically more stable 
trans form is more prevalent. Additionally, this unusual 
conjugated form of ketones serves as a Michael acceptor 

in several cellular biochemical signaling pathways [20]. 
The physicochemical properties of chalcones, which are 
provided by the components that make up the complete 
molecule, are directly related to how well they block 
selective MAO-B enzymes [11]. Many chalcones linked 
to FDA-approved drugs have recently shown remarkable 
MAO-B inhibition [21–24]. The electrophilic nature of 
the enone unit of chalcones is influenced by the differ-
ential electron density of the aromatic and heterocyclic 
nuclei caused by the presence of different substituents 
[11]. The ongoing efforts over the past several years to 
develop potent MAO-B inhibitors have led to the iden-
tification of novel compounds. However, based on the 
aforementioned data, the parent chalcone scaffold con-
tinued to play a significant role in inhibiting MAO-B.

Morpholine is a tetrahydro-1,4-oxazine containing a 
saturated heterocyclic ring. It is a nonplanar heteronu-
clear structure comprising two ethylene bridges con-
necting electronegative oxygen and nitrogen atoms. 
The morpholine ring is an integral part of central nerv-
ous system (CNS)-acting FDA-approved drugs such as 
phendimetrazine-anorectic, moclobemide-reversible 
MAO-A inhibitory, reboxetine-antidepressant, and rocu-
ronium-neuromuscular agents (Fig.  1) [25]. Recently, 
morpholine-containing chalcones were shown to exhibit 
potent and selective MAO-B inhibitory activity [26, 
27]. The current study focuses on the MAO inhibitory 
effect of the morpholine heterocyclic system on the para 

Fig. 1 Morpholine structure-based drugs approved by FDA



Page 3 of 15Lee et al. Applied Biological Chemistry            (2024) 67:6  

position of ring B of the phenyl system and the fine-
tuning of various halogens on the phenyl ring A in the 
chalcones.

Materials and methods
Synthesis
Equimolar amounts of 4(4-formylphenyl) morpholine 
(0.01 M) and the corresponding acetophenones (0.01 M) 
were combined in a beaker and dissolved in 7.5  mL of 
40% NaOH and 15–20  mL of methanol. The reaction 
mixture was stirred for 14–24 h using a magnetic stirrer. 
After completion of the reaction, ice cubes were added to 
the mixture and the precipitate was collected. The prod-
uct was filtered and rinsed with ice-cold water to remove 
excess base. Methanol was used to recrystallize the prod-
uct. The synthesis route is shown in Scheme 1.

(2E)‑3‑[4‑(morpholin‑4‑yl)phenyl]‑1‑phenylprop‑2‑en‑1‑one 
(MHC1)
1H NMR (500 MHz,  CDCl3): δ 8.00–7.99 (d, 2H), 7.78–7.75 
(d, 1H), 7.57–7.53 (m, 3H), 7.49–7.46 (d, 2H), 7.39–7.36 (d, 
1H), 6.89–6.87 (d, 2H), 3.86–3.84 (m, 4H), 3.26–3.24(m, 
4H); 13C NMR (125 MHz,  CDCl3) δ 190.63, 152.77, 145.03, 
144.02, 138.76, 132.41, 130.15, 128.54, 128.39, 125.82, 
118.73, 114.64, 66.64, 48.00. Molecular formula  C19H19NO2 
(HRMS) Calculated = 293.3596, Observed = 293.3595. 
Elemental analysis calculated: C, 77.79; H, 6.53; N, 4.77; O, 
10.91, Observed: C, 77.81; H, 6.51; N, 4.74; O, 10.94.

(2E)‑1‑(4‑chlorophenyl)‑3‑[4‑(morpholin‑4‑yl)phenyl]
prop‑2‑en‑1‑one (MHC2)
1H NMR (500  MHz,  CDCl3): δ 7.95–7.93 (d, 2H), 
7.78–7.75 (d, 1H), 7.57–7.54 (d, 2H), 7.46–7.43 (m, 
2H), 7.34–7.31 (d, 1H), 6.89–6.87 (d, 2H), 3.86–3.84 (m, 

4H), 3.27–3.25 (m, 4H); 13C NMR (125  MHz,  CDCl3) δ 
189.18, 152.88, 145.25, 138.74, 137.06, 130.26, 129.80, 
128.82, 125.56, 118.03, 114.58, 66.63, 47.92. Molecular 
formula  C19H18ClNO2 (HRMS) Calculated = 327.8047, 
Observed = 327.8046. Elemental analysis calculated: C, 
69.62; H, 5.53; Cl, 10.81; N, 4.27; O, 9.76, Observed: C, 
69.61; H, 5.554; Cl, 10.80; N, 4.30; O, 9.74.

(2E)‑1‑(4‑bromophenyl)‑3‑[4‑(morpholin‑4‑yl)phenyl]
prop‑2‑en‑1‑one (MHC3)
1H NMR (500  MHz,  CDCl3): δ 7.88–7.85 (m, 2H), 
7.78–7.75 (d, 1H), 7.63–7.60 (m, 2H), 7.57–7.54(d, 2H), 
7.33–7.30 (d, 1H), 6.90–6.87 (m, 2H), 3.86–3.84 (m, 
4H), 3.28–3.26 9 (m, 4H); 13C NMR (125  MHz,  CDCl3) 
δ 189.40, 152.89, 145.60, 137.49, 131.80, 130.27, 129.93, 
127.40, 125.55, 118.01, 114.58, 66.63, 47.92. Molecular 
formula  C19H18BrNO2 (HRMS) Calculated = 372.2557, 
Observed = 372.2556. Elemental analysis calculated: C, 
61.30; H, 4.87; Br, 21.46; N, 3.76; O, 8.60, Observed: C, 
61.30; H, 4.87; Br, 21.46; N, 3.76; O, 8.60.

(2E)‑1‑(4‑fluorophenyl)‑3‑[4‑(morpholin‑4‑yl)phenyl]
prop‑2‑en‑1‑one (MHC4)
1H NMR (500  MHz,  CDCl3) δ: 8.05–8.02 (m, 2H), 
7.78–7.75 (d, 1H), 7.57–7.55 (d, 2H), 7.36–7.33 (d, 1H), 
7.17–7.13 (m, 2H), 6.90–6.87 (d, 2H), 3.86–3.84 (m, 
4H), 3.27–3.25 (m, 4H); 13C NMR (125 MHz,  CDCl3) δ: 
199.87, 166.40, 164.39, 152.79, 145.20, 135.06, 135.04, 
130.95, 130.87, 130.19, 125.69, 116.16, 115.68, 115.51, 
114.63, 47.98. Molecular Formula  C19H18FNO2 (HRMS) 
Calculated = 311.35012, Observed = 311.3501. Elemen-
tal analysis calculated: C, 73.30; H, 5.83; F, 6.10; N, 4.50; 
O, 10.28, Observed: C, 73.31; H, 5.82; F, 6.09; N, 4.51; O, 
10.29.

Scheme 1 Synthetic route of halogenated chalcones bearing morpholine ring
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2E)‑1‑(3‑chlorophenyl)‑3‑[4‑(morpholin‑4‑yl)phenyl]
prop‑2‑en‑1‑one (MHC5)
1H NMR (500  MHz,  CDCl3) δ: 7.96–7.95 (m, 1H), 
7.87–7.86 (m, 1H), 7.79–7.76 (d, 1H), 7.57–7.52 (d, 2H), 
7.52–7.51 (m, 1H), 7.43–7.47 (m, 1H), 7.32–7.26 (m, 1H), 
6.89–6.87 (d, 2H) 3.86–3.84(m, 4H) 3.28–3.26 (m, 4H); 
13C NMR (125  MHz,  CDCl3) δ: 189.10, 152.94, 145.86, 
140.40, 134.70, 132.29, 130.35, 129.86, 128.86, 126.44, 
125.46, 117.95, 115.75, 77.32, 77.07, 47.89. Molecular 
Formula  C19H18ClNO2 (HRMS) Calculated = 327.8047, 
Observed = 327.8046. Elemental analysis calculated: C, 
69.62; H, 5.53; Cl, 10.81; N, 4.27; O, 9.76, Observed: C, 
69.60; H, 5.54; Cl, 10.82; N, 4.28; O, 9.75.

(2E)‑1‑(3‑bromophenyl)‑3‑(4‑morpholinophenyl)
prop‑2‑en‑1‑one (MHC6)
1H NMR (500  MHz,  CDCl3) δ: 8.12–8.11 (d, 1H), 
7.92–7.90 (d, 1H), 7.79–7.76 (d, 1H), 7.68–7.66 (m, 
1H), 7.58–7.56 (m, 2H), 7.37–7.34 (d, 1H), 7.31–7.28 
(d, 1H), 6.90–6.88 (d, 2H), 3.86–3.85 (m, 4H), 3.28–3.26 
(m, 4H); 13C NMR (125 MHz,  CDCl3) δ: 189.00, 152.93 
145.89, 140.60, 135.18, 131.36, 130.34, 126.86, 125.46, 
122.84, 117.91, 114.54, 66.60, 47.88. Molecular For-
mula  C19H18BrNO2 (HRMS) Calculated = 372.2557, 
Observed = 372.2557. Elemental analysis calculated: C, 
61.30; H, 4.87; Br, 21.46; N, 3.76; O, 8.60, Observed: C, 
61.28; H, 4.89; Br, 21.44; N, 3.77; O, 8.61.

(2E)‑1‑(3‑fluorophenyl)‑3‑[4‑(morpholin‑4‑yl)phenyl]
prop‑2‑en‑1‑one (MHC7)
1H NMR (500  MHz,  CDCl3) δ: 7.80–7.77 (m, 2H), 
7.69–7.68 (m, 1H), 7.57–7.56 (d, 2H), 7.48–7.44 (m, 
1H), 7.33–7.30 (d, 1H), 7.27–7.25 (m, 1H), 6.90–6.88 (d, 
2H), 3.86–3.84 (m, 4H), 3.28–3.26 (m, 4H); 13C NMR 
(125  MHz,  CDCl3) δ: 189.16, 163.85, 161.88, 152.92, 
140.91, 130.12, 125.52, 119.42, 115.27, 115.57, 77.03, 
77.07, 76.79, 47.91. Molecular Formula  C19H18FNO2 
(HRMS) Calculated = 311.3501, Observed = 311.3500. 
Elemental analysis calculated: C, 73.30; H, 5.83; F, 6.10; 
N, 4.50; O, 10.28, Observed: C, 73.28; H, 5.84; F, 6.11; N, 
4.52; O, 10.26.

(2E)‑1‑(2‑chlorophenyl)‑3‑[4‑(morpholin‑4‑yl)phenyl]
prop‑2‑en‑1‑one (MHC8)
1H NMR (500  MHz,  CDCl3) δ: 7.49–7.48 (m, 2H), 
7.45–7.43 (m, 2H), 7.40–7.35 (m, 3H), 6.97–6.94 (d, 2H), 
6.87–6.84 (m, 2H), 3.85–3.83 (m, 4H), 3.27–3.25(m, 
4H); 13C NMR (125  MHz,  CDCl3) δ: 193.99, 152.98, 
146.80, 139.61, 131.20, 130.99, 130.34, 130.20, 129.23, 
126.70, 125.19, 123.10, 114.53, 77.30, 77.05, 76.79, 
47.86. Molecular Formula  C19H18ClNO2 (HRMS) Cal-
culated = 327.8080, Observed = 327.8046. Elemental 

analysis calculated: C, 69.62; H, 5.53; Cl, 10.81; N, 4.27; 
O, 9.76, Observed: C, 69.60; H, 5.52; Cl, 10.80; N, 4.28; O, 
9.77.

(2E)‑1‑(2‑fluorophenyl)‑3‑[4‑(morpholin‑4‑yl)phenyl]
prop‑2‑en‑1‑one (MHC9)
1H NMR (500  MHz,  CDCl3): δ 7.80–7.76 (m, 1H), 
7.70–7.66 (m, 1H), 7.55–7.52 (m, 2H), 7.51–7.46 (m, 
1H), 7.26–7.21 (m, 2H), 7.16–7.12 (m, 1H), 6.89–6.86 
(m, 2H), 3.86–3.84 (m, 4H), 3.27–3.25(m, 4H); 13C 
NMR (125  MHz,  CDCl3) δ 189.18, 162.01, 160.00, 
152.87, 145.24, 133.43, 130.88, 127.74, 125.56, 124.42, 
122.43, 116.53, 116.34, 114.57, 66.63, 47.93. Molecular 
formula  C19H18FNO2 (HRMS) Calculated = 311.3501, 
Observed = 311.3501. Elemental analysis calculated: C, 
73.30; H, 5.83; F, 6.10; N, 4.50; O, 10.28, Observed: C, 
73.32; H, 5.84; F, 6.09; N, 4.48; O, 10.27.

Biochemistry
Inhibition studies of MAO‑A and MAO‑B
The activities of MAO-A and MAO-B were assayed using 
kynuramine (0.06  mM) and benzylamine (0.30  mM), 
respectively, by continuously measuring the changes in 
absorbance at 316 and 250 nm, respectively [28]. Toloxa-
tone, clorgyline, safinamide, and pargyline were used as 
reference compounds. Recombinant human MAO-A, 
MAO-B, benzylamine, kynuramine, safinamide mesylate 
salt, pargyline, clorgyline, and toloxatone were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).

Enzyme kinetics
The enzyme activity of MAO-B was assayed at five sub-
strate concentrations around the  Km value (0.0375 – 
0.6 μM) without inhibitor for enzyme kinetics. Inhibition 
kinetics were determined prior to the inhibition study. As 
an initial screening step, residual activity was analyzed by 
measuring the change in absorbance in the presence of 
the inhibitor at 10 μM.  IC50 values were determined for 
potential compounds with residual activity of less than 
80% from residual activity curves that were plotted using 
GraphPad Prism software 5 (San Diego, CA, USA) [29]. 
The limit of  IC50 was set to 40 μM. If necessary, a concen-
tration of 1 μM was used for potent inhibitors. The selec-
tivity index (SI) of MAO-B was calculated by dividing 
 IC50 of MAO-A /  IC50 of MAO-B [30]. The type of inhi-
bition of the leading compound for MAO-B was deter-
mined at three inhibitor concentrations, ~ 1/2 × , 1 × , and 
2 ×  IC50, as well as at five different substrate concentra-
tions [31]. Enzyme kinetic patterns and  Ki values were 
determined by comparing Lineweaver–Burk (LB) plots 
and their secondary plots [32].
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Reversibility studies
The reversibilities of the leading compounds for MAO-A 
and MAO-B were evaluated by comparing the undialyzed 
 (AU) and dialyzed  (AD) residual activities at a concentra-
tion approximately twice the  IC50 after preincubation 
for 30  min before measurement. The time-dependency 
curve was constructed by measuring the residual activity 
after preincubation for 0, 5, 10, 20, 30, and 60 min at the 
concentration, and the preincubation time was selected. 
Two types of reference inhibitors were used for MAO-A 
and MAO-B: reversible inhibitors toloxatone and safina-
mide mesylate (for MAO-A and MAO-B, respectively) 
and irreversible inhibitors clorgyline and pargyline (for 
MAO-A and MAO-B, respectively) [33]. A dialysis kit 
(6–8 kDa, DiaEasy™) was purchased from BioVision (St. 
Louis, MA, USA).

Computational studies
Molecular docking
A molecular docking study of the lead compounds, 
MHC5 and MHC4 from the enzyme inhibition analy-
sis was conducted using the Schrödinger suite [34]. 
The X-ray structure of human MAO-B (hMAO-B, PDB 
ID:2V5Z) was obtained from the Protein Data Bank [35]. 
The protein preparation wizard from the Schrödinger 
suite, which also performed energy minimization, hydro-
gen atom addition, protonation state correction, and 
protonation state addition, was used to enhance and 
optimize the crystal structures. The ligand structure 
was constructed using the LigPrep software. The auto-
mated center of the grid box comprised the co-crystal-
lized ligands. The Extra Precision (XP) docking protocol 
default parameters and Force Field OPLS4  default set-
tings were applied to the docking simulations [36, 37].

Molecular dynamic simulation
The molecular dynamics (MD) simulations were con-
ducted using Schrodinger LLC’s Desmond simulation 
program (Shaw, 2021). For the Desmond system builder 
panel, a protein–ligand combination was initially devel-
oped utilizing the compounds MHC5 and MHC4 against 
MAO-B using an aqueous solvent system. The simulation 
parameters were 100 ns at 300 K, 1.01325 bar pressure, 
and 1000 frames for full protein–ligand simulations and 
stability trajectory analysis such as root-mean-square 
deviation (RMSD), root mean square fluctuation (RMSF), 
and protein–ligand interactions [36, 37].

MM‑GBSA
The Molecular Mechanics Generalized Born and Surface 
Area (MM-GBSA) solvation method was employed to 
calculate the binding energies of ligands to proteins. Mul-
tiple poses from molecular dynamics (MD) simulations 

of the docked complex were utilized to assess both mac-
romolecular stability and the affinity between proteins 
and ligands. The free energy was determined using the 
specified formula during the post-processing stage fol-
lowing the MD studies.

The molecular mechanics framework designates the 
internal, electrostatic, and van der Waals energies as  Eint, 
 Eele, and  Evdw, respectively. The equation includes repre-
sentations for the free energy contributions of polar and 
non-polar solvation systems, indicated by  Gpol and  Gnp, 
respectively. S stands for an entropy estimate, and T rep-
resents the absolute temperature. The formula employed 
to calculate the binding free energy, ΔG Bind, between 
the ligand and the protein is as follows:

where PL is the complex, p is the protein, and L is the 
ligand.

ADME prediction
The ADME of a potential therapeutic agent is considered 
throughout the drug discovery process to ensure appro-
priate pharmacokinetic parameters. Using web-based 
software such as SwissADME (http:// www. swiss adme. 
ch/) and pkCSM (http:// biosig. unime lb. edu. au/ pkcsm/), 
pharmacokinetic parameters were determined in silico 
[38, 39].

Results and discussion
Chemistry
To synthesize morpholine-containing unsaturated 
ketones, benzaldehyde-based morpholines, and appro-
priate halogen-derived methyl ketones were combined 
using the Claisen-Schmidt condensation method in the 
presence of an alcoholic basic medium (Scheme 1). The 
 H1 and  H2 protons of the morpholine ring resonated at 
3.28–3.23 and 3.83–3.86  ppm as triplets, respectively, 
according to the 1H NMR spectra of MHC1-MHC9. 
Chalcones containing morpholine had sharp doublets 
of Hα and Hβ protons at 7.33–7.58 and 7.80–7.70 ppm, 
respectively. The large coupling constant of 15  Hz indi-
cated a double bond in the trans configuration of the 
chalcones. The existence of a sharp deshielded sp2 car-
bonyl carbon at 193–189 ppm and the morpholine ring 
containing  (CH2)-N, and  (CH2)-O carbon of shielded 
area range between 40 and 70  ppm in the 13C-NMR 
data supported the hypothesis that the compound was 
an α, β-unsaturated ketone system. Owing to the nature 
of the targeted compounds, all chalcones containing 

G = Eint + Eele + Evdw + Gpol + Gnp − TS

�GBind = (GPL)− (GP)− (GL)

http://www.swissadme.ch/
http://www.swissadme.ch/
http://biosig.unimelb.edu.au/pkcsm/
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morpholine exhibited intense molecular ions in their 
mass spectra (Additional file 1).

Enzyme inhibition studies
Inhibition studies of MAO‑A and MAO‑B
All compounds tested showed low residual activity 
of < 50% for MAO-B at a concentration of 1  μM, while 
six showed low residual activity of < 50% for MAO-A at 
10 μM (Table 1). MHC5 had an  IC50 value of 0.065 μM, 
showing the greatest inhibitory ability against MAO-B, 
followed by compounds MHC7  (IC50 = 0.078  μM) and 
MHC6 (IC50 = 0.082 μM). The compound with the high-
est MAO-A inhibitory activity was MHC2, with an  IC50 
of 0.82 μM. All the compounds showed higher inhibitory 
activity against MAO-B compared to MAO-A, with high 
SI values for MAO-B. The SI value of MHC8 was 102.47, 
followed by MHC4 (80.11) and MHC5 (66.15). Compar-
ing the MHC series of compounds with reference com-
pounds for MAO-B inhibition, MHC5 had lower potency 
than safinamide (a reversible MAO-B inhibitor); how-
ever, it had similar or better potency than pargyline (an 
irreversible MAO-B inhibitor).

All the compounds in the present study were chalcone-
based derivatives with a morpholine ring bonded to the 
B-ring. Previously, we synthesized 1-(4-morpholinophe-
nyl) prop-2-en-1-one (chalcones). In this design strategy, 
a morpholine ring was placed on the A ring of chalcones, 
and various electron-donating and electron-withdrawing 
groups were added to the para position of the phenyl B 
ring of the basic scaffold.

The MHC series contained different substituents 
based on the type and location of the halogen atom in 

the A-ring of chalcone. Considering the  IC50 values, we 
found that the MAO-B inhibitory effect was the best 
when a halogen was bonded to the meta-site of ring A, 
compared to the para- or ortho-sites, which had similar 
 IC50 values. When comparing the meta-derivative sites, 
the inhibitory ability was in the order of–Cl > –F > –Br, 
although the difference was insignificant. The structure–
activity relationships (SARs) are shown in Fig. 2.

Enzyme kinetics
Enzyme kinetics and inhibition studies were performed 
at five substrate concentrations and three inhibitor con-
centrations for para-Cl substituted MHC5 and meta-F 
substituted MHC4. In the Lineweaver-Bulk plot, MHC5 
and MHC4 appeared to be competitive MAO-B inhibi-
tors (Fig. 3A, C). From the secondary plots, the  Ki values 
of both compounds were found to be 0.024 ± 0.00062 and 
0.041 ± 0.0028 μM, respectively (Fig. 3B, D). These results 
suggested that MHC5 and MHC4 are acting as competi-
tive inhibitors of MAO-B.

Reversibility studies
The reversibility of MAO-B inhibition by MHC5 and 
MHC4 was analyzed using the dialysis method after 
30  min of pre-incubation. The preincubation time was 
selected as 30  min, based on their time-dependency 
studies (Additional file  1: Figure S10). Concentrations of 
MHC5, MHC4, safinamide, and pargyline used were twice 
their  IC50 values (0.13, 0.19, 0.038, and 0.22  μM, respec-
tively). Recovery patterns were compared using undialyzed 
 (AU) and dialyzed  (AD) relative activities. The inhibition 
of MAO-B by compounds MHC5 and MHC4 recovered 

Table 1 Inhibitions of MAO-A and MAO-B by chalcone derivatives

Data were analyzed with independent duplicate or triplicate experiments and presented as the means ± standard error. The selectivity index (SI) was expressed for 
MAO-B using  IC50 values, that is,  IC50 of MAO-A/  IC50 of MAO-B

Compound Residual activity (%) IC50 (μM) SI

MAO-A (10 μM) MAO-B (1 μM) MAO-A MAO-B

MHC1 51.15 ± 0.87 4.35 ± 1.44 11.97 ± 0.27 0.21 ± 0.010 57.00

MHC2 26.14 ± 2.55 19.74 ± 7.44 0.82 ± 0.25 0.13 ± 0.01 6.31

MHC3 50.56 ± 2.21 23.42 ± 6.41 11.67 ± 1.38 0.17 ± 0.04 68.65

MHC4 28.16 ± 4.06 −7.98 ± 3.76 7.61 ± 0.19 0.095 ± 0.012 80.11

MHC5 23.55 ± 2.42 0.02 ± 1.55 4.30 ± 0.043 0.065 ± 0.014 66.15

MHC6 15.47 ± 5.50 7.10 ± 0.61 3.04 ± 0.068 0.082 ± 0.012 37.07

MHC7 24.63 ± 3.59 −3.11 ± 1.89 2.89 ± 0.62 0.078 ± 0.007 37.05

MHC8 72.93 ± 1.68 7.20 ± 2.33 15.37 ± 0.81 0.15 ± 0.02 102.47

MHC9 20.28 ± 2.06 −1.60 ± 2.26 4.28 ± 0.052 0.13 ± 0.05 32.92

Toloxatone – – 1.65 ± 0.094  > 40 0.041

Safinamide – –  > 40 0.019 ± 0.0019 2105.26

Clorgyline – – 0.008 ± 0.001 2.43 ± 0.71 0.0033

Pargyline – – 2.15 ± 0.23 0.11 ± 0.01 19.55
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from 17.35% to 72.39% and from 9.02% to 74.70%, respec-
tively (Fig. 4). The recovery of the compound was similar 
to that of safinamide (reversible type, 24.98–70.03%) and 

could be distinguished from that of pargyline (irreversible 
type, 20.76–10.35%). These results suggested that MHC5 
and MHC4 are reversible inhibitors of MAO-B.

Fig. 2 SARs of morpholine-based compounds

Fig. 3 Lineweaver–Burk plots for MAO-B inhibitions by MHC5 (A) and MHC4 (C), and their respective secondary plots (B and D) of the slopes vs. 
inhibitor concentrations
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Computational studies
Molecular docking
Using molecular docking, we further analyzed the hypo-
thetical binding modes of the lead compounds (MHC4, 
MHC5, MHC6, and MHC7) as effective selective 
MAO-B inhibitors. Using the Glide module, we docked 
successful compounds from virtual screening into the 
binding cavity of 2V5Z. Using increased precision (XP), 
we examined the hits which showed docking scores 
ranging from -10.915 to -10.078  kcal/mol (Table  2). To 
validate the docking approach, we co-crystallized the 
ligand in the binding site of 2V5Z with 0.90  Å  RMSD. 
The binding affinities of these substances were compa-
rable to that of the co-crystallized ligand (safinamide, 
XP = -11.313 kcal/mol). As shown in Fig. 6, all lead mol-
ecules were bound to the same binding site of the co-
crystallized ligand.

In the binding site of 2V5Z, MHC5 and MHC4 inter-
acted with important amino acids, such as Tyr60, Phe99, 
Pro102, Phe103, Phe104, Trp119, Leu164, Leu167, 
Phe168, Leu171, Cys172, Tyr188, Ile198, Ile199, Gln206, 
Tyr398, Tyr435, Ile316, Tyr326, Leu328, and Phe343 
(Fig.  5). In particular, Tyr326 interacted through pi-pi 
stacking with the phenyl ring attached to morpholine in 
both ligands (MHC5 and MHC4). Analysis of the ori-
entation of all lead molecules revealed that their A rings 
were in close proximity to the FAD cofactor (Fig. 6).

MD simulation
MD simulation is a widely used and well-known method 
that aids in our understanding of the stability and inter-
action of enzyme-ligand complexes in the process of 
computer-aided drug development. We used 100  ns 
MD simulations on the best lead molecules, MHC5 and 
MHC4 to determine the stability of the receptor-ligand 
complex interacting inside the 2V5Z binding pocket after 
performing molecular docking against MAO-B.

Root mean square deviation (RMSD) The root-mean-
square deviation (RMSD) value derived from the MD 
simulation trajectory is one of the most crucial markers 
for identifying multiple structural conformations of the 
protein backbone over time during system equilibration. 
A stable protein structure is represented by low and stable 
RMSD values. The protein should be close to equilibrium, 
which means that the RMSD value should remain con-
stant to evaluate the ligand–protein interaction. A com-
parison of the RMSD of lead and the reference molecule 
with that of MAO-B is shown in Fig. 7. RMSD was used 
to measure the alpha carbon atoms in the protein back-
bone and evaluate the stability of the protein throughout 
the simulation. The average RMSD values for MHC5 and 
MHC4 were 2.79 and 2.37, respectively. Both lead com-
pounds exhibited similar behavior throughout the 100 ns. 
At 20–35 ns after stabilization, the MHC5 cells showed 
a visual change. In the case of MHC4, modest variations 
were observed between 10 and 30 ns and between 40 and 
60 ns. Therefore, it can be concluded that MHC5 differs 
slightly from MHC4 in its interactions; however, overall, 
both molecules exhibited stability in protein–ligand com-
plexes.

Root mean square fluctuation (RMSF) The flexibility and 
mobility of particular amino acids are described by the 
root mean square fluctuation (RMSF). Given the reduced 
RMSF, the residue might have been less active and mobile. 
It may be argued that the bond between the protein and 
ligand is stronger when the RMSF value is low at residues 
near the active site or at residues where the ligand inter-

Fig. 4 Recovery of MAO-B inhibition by MHC5 and MHC4 in residual activities measured using dialysis experiments

Table 2 Docking scores of the lead molecules along with a 
reference molecule

Values were obtained using the XP mode

Compound Docking score (kcal/mol)

MHC4 −10.643 ± 0.14

MHC5 −10.915 ± 0.08

MHC6 −10.078 ± 0.10

MHC7 −10.498 ± 0.12

Safinamide −11.313 ± 0.13
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acts with the receptor protein. Higher values (peaks) indi-
cate the existence of twists, loose bonding loops, terminal 
ends, and loose bonding, demonstrating the flexibility of 

the structure. Low values indicated secondary structures 
such as β-sheets and α-helices, which suggested structural 
stability. The RMSF variation for MHC5 and MHC4 with 

Fig. 5 2D interaction of MHC5 (A) and MHC4 (B) with MAO-B binding pocket

Fig. 6 3-D Superimposition of all ligands that bind close to the FAD cofactor (yellow). MHC4, MHC5, MHC6, and MHC7 are represented 
by the colors, violet, blue, green, and red, respectively
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the 2V5Z protein was revealed to be 0.50–3.0 Å (Fig. 8). 
By comparing the RMSF values of both lead compounds, 
MHC5 exhibited higher fluctuation than MHC4, i.e., over-
all MHC5 and MHC4 for 0.97 Å and 0.92 Å, respectively. 
When MHC5 was simulated, important contacts were 
observed in 24 amino acids such as Leu88 (0.67 Å), His90 
(0.76 Å), Gly101 (0.98 Å), Phe99 (0.87 Å), Pro102 (0.91 Å), 
Pro104 (0.83 Å), Trp119 (0.79 Å), Leu164 (0.81 Å), Leu167 
(0.70 Å), Phe168 (0.66 Å), Ile171 (0.66 Å), Cys172 (0.65 Å), 
Tyr188 (0.58 Å), Cys192 (0.57 Å), Ile198 (0.58 Å), Ile199 
(0.68 Å), Gly205 (0. 69 Å), Gln206 (0.64 Å), Ile316 (0.69 Å), 
and Tyr326 (0.60  Å), Phe343 (0.59  Å), Leu345 (0.66  Å), 
Tyr398 (0.50 Å), and Tyr435 (0.45 Å). In case of MHC4, 
important contacts were in 21 amino acid such as Tyr60 
(0.54 Å), His90 (0.81 Å), Pro102 (0.90 Å), Pro104 (0.85 Å), 
Trp119 (0.73  Å), Leu164 (0.89  Å), Leu167 (0.72  Å), 
Phe168 (0.66 Å), Ile171 (0.66 Å), Cys172 (0.66 Å), Ile198 
(0.71 Å), Ile199 (0.86 Å), Gln206 (0.87 Å), Ile316 (0.70 Å), 
Tyr326 (0.66 Å), Leu328 (0.58 Å), Met341 (0.54 Å) Phe343 
(0.70  Å), Leu345 (0.65  Å), Tyr398 (0.50  Å), and Tyr435 
(0.44 Å). Both lead molecules with almost identical amino 
acids demonstrated interactions during the simulation 
with very minor RMSF variations.

Protein–ligand contact Hydrogen bonds are consid-
ered a crucial type of binding interaction in drug design 
that aids in understanding the metabolism, adsorption, 
and specificity of drug candidates. The pattern by which 
docked protein–ligand poses changed was clearly dem-
onstrated throughout the MD simulation period, owing 
to the important contributions of non-covalent interac-
tions such as hydrophobic contacts, π-cation; π-π; polar 
or ionic interactions, and the creation of a water-bridge 
hydrogen bond. In the presence of active-site amino 
acid residues in the binding pocket of the 2V5Z protein, 
the lead molecules, MHC5 and MHC4 showed similar 
binding patterns (Fig.  9). MD simulations showed that 
the major interactions between chemicals and proteins 
were hydrophobic contacts, hydrogen bonds, and polar 
(water-mediated) hydrogen bonding interactions. Tyr435 
and Tyr398 were crucial amino acids for the binding site, 
together with Phe343, Tyr326, and Leu171. These inter-
locking residues were discernible in the matched docked 
complexes, indicating that the docked ligands remained 
in the active pocket throughout the simulation. The cata-
lytic pocket of 2V5Z was significantly occupied by bioac-
tive chemicals based on protein–ligand contact mapping. 
Based on the number of molecular interactions generated 
throughout the 100 ns MD simulation time, MHC5 and 
MHC4 were determined to be potent MAO-B inhibitors. 
This enables the identification of the bioactive features of 
these molecules.

MM‑GBSA
The estimation of free binding energy for the optimal 
molecule MHC5, possessing the highest docking energy 
and activity value prediction, was conducted based on its 
MD simulation frames. The total average energies for ΔG 
Bind, ΔG Bind H-bond, ΔG Bind Lipo, and ΔG Bind vdW 
were found to be –143.08, –11.90, −32.41, and −116.13, 
respectively, over the 10 to 100  ns MD snapshot. The 
analysis of these energies revealed that ΔG Bind vdW 
and ΔG Bind Lipo had the most significant impact on the 
average binding energy across all interactions, as outlined 
in Table 3.

Specifically, the ΔG Bind vdW values for the interac-
tions of MHC5 with protein complexes indicated stable 
van der Waals interactions with amino acid residues. 
Consequently, the MM-GBSA calculations, derived 
from MD simulation trajectories, exhibited consistency 
with the binding energies obtained from the docking 
results. Notably, the molecule demonstrated very low 
free binding energy, suggesting a strong binding affinity 
toward the receptor. As a result, it can be inferred that 
the MHC5 compound exhibits robust affinity for the 
MAO-B protein.

Fig. 7 RMSD plots of MHC5 and MHC4 to MAO-B

Fig. 8 RMSF plots of MHC5 and MHC4 to MAO-B
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ADME/T properties
A biologically effective molecule needs to be present at 
the target site in the body in a bioactive form for a suf-
ficiently long period for the anticipated biological activi-
ties to occur for it to be effective as a medication. To 
produce new drugs, it is necessary to evaluate absorp-
tion, distribution, metabolism, and excretion (ADME) 
at progressively earlier stages of the discovery process 

when the number of potential compounds is high, but 
physical sample access is constrained. In this context, the 
solubility of the preferred compounds varies from −3.58 
to −4.87, according to the logarithm of the molar con-
centration. Log S values of the lead compounds MHC5 
and MHC4 were −4.56 and −4.12 log mol/L, respec-
tively. The intake of oral medicines can be predicted 
based on Caco-2 cell permeation. The molecule should 

Fig. 9 Protein − ligand contact histogram analysis for MHC5 (A) and MHC4 (B). Green, hydrogen bond; blue, water bridge; grey, hydrophobic 
interaction
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have a  Papp value greater than 8 ×  10–6 cm/s for remark-
able permeation. Interestingly, all the compounds exhib-
ited significant permeability. If log VDss is greater than 
0.45, the medicine may be distributed particularly in tis-
sues as compared to plasma; therefore, most of the mol-
ecules are distributed throughout the tissues. The drug 
is minimally attached to blood proteins according to the 
fraction-bound method of assessing drug efficiency and 
is therefore more freely distributed. The GI permeabil-
ity was evaluated, and the preferred compounds exhib-
ited high GI permeability. BBB permeation is crucial for 
treating neurodegenerative diseases. In this study, Swis-
sADME and pkCSM were used to evaluate the BBB per-
meability (Table 4). While substances with log BB values 

of -1 are assumed to be poorly distributed in the brain, 
substances with log BB values of > 0.3 are thought to 
easily cross the BBB. In this study, all compounds had a 
value greater than 0.3. The log BB values of the lead com-
pounds MHC5 and MHC4 were 0.364 and 0.422, respec-
tively, indicating that they could easily permeate the BBB. 
While substances with log PS value < −3 are assumed to 
poorly penetrate the CNS, substances with log PS val-
ues of > −2 are thought to easily cross the CNS. All com-
pounds investigated showed CNS permeability. Every 
substance uniquely interacts with cytochromes, regard-
less of whether it serves as a substrate or an inhibitor. 
The total clearances of the lead compounds MHC5 and 
MHC4 were 0.243 and 0.175 log ml/min/kg, respectively. 
Specifically, MHC5 was predicted to have no hepatotox-
icity. Most compounds exhibited favorable ADME char-
acteristics, making them promising candidates (Fig. 10).

Collectively, nine halogenated chalcones bearing a 
morpholine ring were synthesized, and their inhibitory 
effects on MAOs were assessed. MHC5 and MHC4 are 
selective MAO-B inhibitors with reversible and com-
petitive modes of inhibition. The ring B of MHC5 and 
MHC4 connected to the amino acid Tyr326 of MAO-B 
through a pi-pi stacking with docking scores of -10.64 
and -10.95 kcal/mol, respectively, in molecular docking 
analysis. This could be the primary cause of the efficient 
inhibition of MAO-B by compounds MHC5 and MHC4. 
These findings suggested that MHC5 and MHC4 have 
the potential to be used in the management of neurologi-
cal disorders.

Table 3 Free binding energies of the molecule MHC5 through 
MM-GBSA*

* kcal/mol

MD (ns) ΔG Bind ΔG Bind H-bond ΔG Bind Lipo ΔG Bind vdW

10 −144.36 −12.34 −34.41 −114.38

20 −141.14 −10.81 −33.17 −118.75

30 −140.12 −11.76 −30.46 −113.14

40 −131.74 −11.08 −31.33 −117.30

50 −140.57 −12.18 −31.51 −114.57

60 −147.24 −12.48 −32.39 −112.18

70 −142.78 −11.59 −31.85 −116.87

80 −144.36 −12.14 −34.00 −113.66

90 −154.49 −12.58 −32.87 −117.25

100 −144.06 −12.04 −32.12 −123.21

Fig. 10 Distribution prediction of the lead compounds MHC5 and MHC4 
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and MHC5. The residual activities were measured at the designated times.
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