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Abstract

Coumarins are considered a highly privileged and versatile scaffold by
medicinal chemists. A considerable number of studies have highlighted
the synthesis and the various pharmacological activities of coumarins as
promising drug candidates for treating neurodegenerative diseases such
as Parkinson’s and Alzheimer’s disease. A wide range of compounds
based on the coumarin ring system have been found to possess biological
activities such as anticonvulsant, antiviral, anti-inflammatory,
antibacterial, antioxidant as well as monoamine oxidase inhibitory
properties. Their promise as a novel drug for neurodegenerative diseases
is demonstrated by many drug candidates that made it to clinical trials
such as nodakenin that have been potent for demoting memory
impairment. This study focuses on some synthesized alkynyl-coumarinyl
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ethers with promising MAO-B inhibitory activity and selectivity and
aims to elucidates the molecular interactions of ether-connected
coumarins behind obtaining remarkably high MAO-B selectivity using
molecular docking. Structure-activity relationship analysis revealed a
common interaction between the selective coumarin inhibitors consisting
of hydrogen bonding with Tyr-188 and Cys-172. Our findings might
open new opportunities to explore for developing novel highly selective
MAQO-B inhibitors for the treatment of neurodegenerative diseases.

Keywords: coumarin, neurodegenerative diseases, molecular docking,
monoamine oxidase, structure-activity relationship

Introduction

Parkinson’s disecase (PD) is considered the second most frequent
neurodegenerative disorder after Alzheimer’s disease [1]. PD is defined by the
progressive loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) of the mid brain [2]. Current treatments for PD are levodopa,
which remains the gold standard, dopamine agonists and catechol-O-methyl
transferase (COMT)/monoamine oxidase (MAO) inhibitors [3]. Monoamine
Oxidase (MAO) (EC 1.4.3.4) is a mitochondrial flavoprotein attached to
neurons outer-membrane that catalyses the oxidative deamination of
neurotransmitters and biogenic amines [4]. MAO exists in two forms;
MAO-A and MAO-B that share about 70% of their sequence identity, but
differ in their tissue distribution, substrate, and inhibitor preferences [5].
MAO-A inhibitors are used as antidepressants, while selective MAO-B
inhibitors have proven to be efficient in treating AD and PD symptoms.
Moreover, they may act as neuroprotective agents by limiting the release of
free radical species and hence decrease the progression of the disease [6,7].

MAO-A preferentially metabolizes serotonin  while MAO-B
preferentially deaminates 2-phenylethylamine and benzylamine. Dopamine,
norepinephrine, and epinephrine are metabolized by both isoforms [8].

During aging, the expression of MAO-B increases in the brain and relates
to an enhanced dopamine metabolism that produce reactive oxygen species
(ROS) such as hydrogen peroxide (H202) resulting in oxidative damage and
apoptotic signalling events [9].

MAO-A (PDB ID: 2Z5Y) is expressed as a monomer while MAO-B is
formed of two monomers, both formed of a globular domain attached to the
outer neuronal membrane through a C-terminal helix [10, 11]. The active site
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is located in the substrate fixing domain and is formed by the residues: Tyr-
60, Pro-102, Pro-104, Leu-164, Phe-168, Leu-171, Cys-172, lle-198, Ile-199,
GIn-206, lle-316, Tyr-326, Phe-343, Tyr-398 and Tyr-435 (10). Specific
residues in MAO-B that are not present in MAO-A are: Leu-171, Cys-172,
lle-199 and Tyr-326 [11].
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Figure 1. (A) Superimposition of the binding sites of AMAO-A (PDB ID: 2Z5Y)
(coral) and hMAO-B (PDB ID: 2V61) (deep sky blue). (B, C) Binding surfaces of
MAO-A (B) and MAO-B (C) are shown in mesh representation.

Coumarins are considered a privileged scaffold in medicinal chemistry
due to its peculiar physicochemical properties and the synthetic accessibility
to transform it into a wide plethora of functionalized coumarins [12].
Coumarins have been broadly studied for developing new MAO inhibitors
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displaying a wide range of selectivity for MAO-B [13]. A recent study has
reported that alkynyl coumarinyl ethers are able to inhibit MAO enzymes at
nanomolar concentrations ranging from 0.58 nM to 1790 nM with a MAO-B
selectivity reaching a value of over 3400-fold [14].

To develop new potent and highly selective MAO-B inhibitors, molecular
modelling was used to get an insight on the possible molecular mechanisms
of previously synthetised and biologically evaludated alkynyl-coumarinyl
ethers [14].

Molecular docking study was carried out to investigate the structural
conformations of the selected compounds with human MAO-B. Structure-
activity relationship (SAR) analysis was conducted to identify the key
molecular interactions that may enhance the selectivity for MAO-B.

Materials and Methods
Protein Preparation

The crystallographic structure of the human MAO-B (in complex with the
selective inhibitor 7-(3-chlorobenzyloxy)-4-(methylamino) methyl-coumarin,
C18) was obtained from the RCSB Protein Data Bank (http://www.
rcsh.org/pdb/) (PDB ID: 2V61, resolution = 1.7 A) and was prepared for
molecular docking [11]. Co-crystallized ligand and water molecules were
removed as they weren’t involved in ligand binding. Chain B was removed
and only chain A was kept along with the FAD cofactor as it plays an
important role in catalysing the oxidative deamination of monoamines [15].

Chemical Structures Preparation

The selected coumarin derivatives were converted to chemical structures from
their IUPAC nomenclature using MarvinSketch 20.9, 2020 (http://
www.chemaxon.com) program. Explicit hydrogens and 3D coordinates were
also generated. The Amber’s antechamber module included with UCSF
Chimera was used for energy minimisation of selected ligands, 100 steps of
steepest descent minimization was performed, followed by 10 steps of
conjugate gradient minimisation based on the AMBER ff14SB force field
[16]. The chemical structures of coumarins are reported in Table 1 and 2.
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Table 1. Chemical structures of R! derivatives
and their MAO inhibitory activities [14]

81

Compound

Nomenclature

Structure

Sl

la

Methyl 2-oxo-7-(prop-2-
ynyloxy)-2H-chromene-3-
carboxylate

Q0L

0.88

2a

Methyl 2-oxo-7-(but-3-
ynyloxy)-2H-chromene-3-
carboxylate

(CH2)C=CH

3.17

3a

Methyl 2-o0xo0-7-(pent-4-
ynyloxy)-2H-chromene-3-
carboxylate

(CH2)sC=CH

\\:\-\\/\.‘ ;‘q\f :

11.56

4a

Methyl 2-oxo0-7-(hex-5-
ynyloxy)-2H-chromene-3-
carboxylate

(CH2)4sC=CH

6.83

5a

Methyl 6-(hex-5-ynyloxy)-
2-0x0-2H-chromene-3-
carboxylate

(CH2)4C=CH

81.30

6a

Methyl 7-(4-
chlorophenethoxy)-2-oxo-
2H-chromene3-carboxylate

(CH2)2CsHa-
4-Cl

53

7a

Methyl 6-(4-
chlorophenethoxy)-2-oxo-
2H-chromene3-carboxylate

(CH2)2CeHa-
4-Cl

>83.33

8a

Methyl 7-(3-
fluorobenzyloxy)-2-0xo-
2H-chromene-3carboxylate

CH2CsH3-3-
=

131.29

9a

Methyl 6-(3-
fluorobenzyloxy)-2-0xo-
2H-chromene-3carboxylate

CH2CsH3-3-
=

n/a

Sl: Selectivity index (IC50 MAO-A/IC50 MAO-B).
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Table 2. Chemical structures of R2 derivatives
and their MAO inhibitory activities [14]

/\N\CCI e sed

Compound|Nomenclature Structure Sl
1b 3-(4- COC6H4—
Methoxybenzoyl)-7- |4-OMe
(hex-5-ynyloxy)-
2H-chromen-2-one

>150

2b 3-(4- COC6H4-
Methoxybenzoyl)-6- |4-OMe
(hex-5-ynyloxy)-
2H-chromen-2-one

3b N-(2-Oxo-7-(hex-5- [NHCOMe ~¢ 1.6
ynyloxy)-2H- S
chromen-3- |~ m

yl)acetamide

4b N-(2-Ox0-6-(hex-5- INHCOMe ¢ >404.85
ynyloxy)-2H- P N

chromen-3-

yl)acetamide
5b 7-(Hex-5-ynyloxy)- [H ~ 140
2H-chromen-2-one “\/\/\

6b 7-(Hex-5-ynyloxy)- |C6H4-4- | |>3378.37

3-(4- OMe O »
methoxyphenyl)- W O _\ N
2H-chromen2-one ) ‘

Sl: Selectivity index (ICso MAO-A/ICso MAO-B).

The molecules were regrouped into two groups: the first group (1a to 9a)
contain R derivatives with a methyl acetate moiety at C3 while the variation
occurs at C6 or C7. Meanwhile, the second group (1b to 6b) contain R?
derivatives with a hex-5-ynyloxy chain at C6 or C7 while the variation occurs
at C3 as seen in Figure 2.
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Figure 2. Coumarin scaffold with R = CO,Me at C3 (1a - 8a) and R* = (CH),=CH
at C6 or C7 (1b — 6b).

Molecular Docking

Molecular docking was used for analysis of the interactions between the
coumarin derivatives, and the active site of MAO-B. Docking simulation was
performed by employing the AutoDock Vina 1.1.2 program [17]. The grid box
was placed near the FAD with a spacing of 1 A. Grid dimensions were chosen
large enough (24 x 24 x 24 A in x, y and z directions, respectively) to fit both
cavities of the active site in the protein. The grid box was positioned in a way
to cover the entire binding site and to allow larger molecules to dock properly
(53 x 155 x 27 A in x, y and z directions, respectively). Conformations of
docked ligands were chosen according to their binding affinity and their
conformation similarity to the native ligand.

Results
Molecular Docking Results

Conformations of docked compounds were ranked by their energies and then
selected based on their similarity to the co-crystallized ligand which is also a
coumarin derivative by mean of superposition. Hydrogen bonds were
visualized using UCSF Chimera, Discovery Studio Visualizer was used to
determine the nearby interacting hydrophobic amino acids [18]. Molecular
docking results are shown in Table 3.
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Table 3. Molecular docking results of selected ligands with MAO-B

Compound |AGb Hydrogen bonds Hydrophobic interactions
(kcal/mol) |Residues |Bond
length (A)
C18 -9.7 Tyr-435 3.0 Trp-119, Leu-164, Leu-167, Phe-168,
Leu-171, lle-199, Tyr-326, Phe-343
la -8.9 FAD- 2.3 Leu-171, lle-316, Tyr-326
1502
2a -9.1 FAD- 24 Phe-168, Leu-171, Ile-199, Tyr-326,
1502 Tyr-398, Tyr-435
3a -9.1 — — Leu-164, Leu-167, Phe-168, Leu-171,
lle-199, lle-316, Tyr-398, Tyr-435
4a -9.3 FAD- 25 Trp-119, Leu-171, Ile-199, Tyr-326,
1502 Tyr-398, Tyr-435
5a -8.1 Cys-172 3.4 Phe-168, Leu-171, lle-199, GIn-206,
Tyr-398, Tyr-435
6a -10.1 FAD- 2.3 Trp-119, Leu-164, Leu-171, lle-199,
1502 lle-316, Tyr-326
Ta -9.7 — — Trp-119, Leu-171, Ile-199, Ile-316,
Tyr-326, Tyr-398, Tyr-435
8a -10.8 FAD- 24 Leu-171, 1le-199, lle-316, Tyr-326
1502
9%a -9.7 FAD- 2.6 Ile-199, Ile-316, Pro-102, Pro-104,
1502 Tyr- Gly-434, Leu-171, Cys-172
188
1b -8.0 — — Phe-103, Trp-119, Leu-164, Leu-167,
Leu-171, lle-199, Ile-316, Tyr-326,
Tyr-398, Thr-399, Tyr-435
2b -6.1 Cys-172 34 Trp-119, Leu-164, Phe-168, Leu-171,
1le-199, Ile-316, Tyr-326, Phe-343,
Tyr-435
3b -8.5 — — Phe-103, Trp-119, Leu-164, Leu-167,
Leu-171, lle-199, Ile-316, Tyr-398,
Tyr-435
4b -8.9 FAD- 22 Trp-119, Leu-171, 1le-199, Tyr-326,
1502 24 Tyr-398, Tyr-435
Tyr-188
5b -9.2 — — Trp-119, Leu-171, 1le-199, Tyr-326
6b -8.9 — — Pro-104, Trp-119, Leu-164, Leu-167,
Phe-168, Ile-199, lle-316, Leu-171, lle-
198, Cys-172, Tyr-326, GIn-206, Tyr-
398, Tyr-435, Gly-434, FAD-1502
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A good correlation (R? = 0.535) was established between docking results
and Log of experimental 1Cso values, which confirms the reliability of the
molecular docking approach to study the mode of interaction of coumarin
derivatives with MAO-B, the correlation plot and the equation used are shown
in Figure 3.

CORRELATION CHART

¢ y=0.8315x+8.9455 4
R?=0.535

LOG 1G5, MAO-B
&
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Figure 3. Correlation between docking free binding energy and experimental 1Cso
values.

The docking poses were visualized using UCSF Chimera visualization
software and are shown in Figure 4.

An additional docking of safinamide (SAG) was conducted for
comparison purpose and the result show that it binds to the GIn-206 as
mentioned in the literature with a free binding energy of -10.1 kcal/mol [11].
Whereas the redocking of the co-crystallized coumarin derivative show that it
forms a hydrogen bond with Tyr-435 of the aromatic cage. This difference
may be due to the absence of water molecules during the docking process.

The fourteen compounds were separated into two groups: R* derivatives
(1a-9a) with variation occurring in either C6 or C7 and R? derivatives (1b-6b)
with variation occurring in C3.

The docking poses were visualized using UCSF Chimera visualization
software and are shown in Figure 4.

An additional docking of safinamide (SAG) was conducted for
comparison purpose and the result show that it binds to the GIn-206 as
mentioned in the literature with a free binding energy of -10.1 kcal/mol [11].
Whereas the redocking of the co-crystallized coumarin derivative show that it
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forms a hydrogen bond with Tyr-435 of the aromatic cage. This difference
may be due to the absence of water molecules during the docking process.

The fourteen compounds were separated into two groups: R* derivatives
(1a-9a) with variation occurring in either C6 or C7 and R? derivatives (1b-6b)
with variation occurring in C3.
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Figure 4. Docking poses of the selected coumarin derivatives within MAO-B active
site, hydrogen bonds are shown in green lines.
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Structure-Activity Relationship Analysis

To identify the structural requirements for coumarin derivatives to potently
and selectively inhibit MAO-B, the first four molecules (1a-4a) were modified
by adding a methyl group in the ether chain in each molecule. The ether chain
elongation which resulted in an increased molecule length has been shown to
be favourable for MAO-B inhibition. Molecular docking showed a significant
increase in hydrophobic interactions. MAO-B active site is a long cavity and
hence the elongated ether chain allowed the ligand to occupy both cavities and
interact with the FAD cofactor through hydrogen bonding as demonstrated in
the compound 4a. This compound is considered a dual inhibitor with 1Cso
values of 9.64 nM and 1.41 nM for MAO-A and MAO-B respectively [14].

The compound 5a which is a C7-isomer of 4a has been shown to be
slightly less potent with an 1Cso of 123 nM but more selective towards MAO-
B (SI > 81). The structural analysis reveals that the ether chain in the C6-
isomer is directed towards the bottom of the entrance cavity and forms a
hydrogen bond with the residue Cys-172 which is not present in MAO-A
suggesting that this residue may play a role in MAO-B selectivity.

We note that this increase in selectivity due to the replacement of the ether
chain in C6 is also noted in the compound 7a. The docking result shows that
it binds to the aromatic residue Tyr-188 which is located in the bottom of the
aromatic cage through hydrogen bonding. We note that this residue is replaced
with a glutamic acid in MAO-A and thus may be involved in MAO-B
selectivity.

Lastly, the compound 8a was modified by adding a 4-fluorobenzyloxy
moiety in C7, according to the docking result, this ligand is the most stable
amongst the selected compounds displaying the lowest binding affinity (-10.8
kcal/mol). We note that this compound was also the most potent with an 1Csg
value of 0.58 nM according to the experimental study [14].

In the compound 9a, a C6-isomer of 8a was modelled and docked for
comparison purpose. Our result show that it binds in a similar way to the
compound 7a, forming two hydrogen bonds with FAD cofactor and Tyr-188.
Detailed SAR analysis is illustrated in Figure 5.

In the second group, the C6-isomer 2b bearing the 1-(4-methoxyphenyl)
ethan-1-one at C3 is reported for losing inhibitory activity for both MAO-A
and MAO-B, the docking result also shows that this compound binds to MAO-
B with the highest binding affinity among the selected compounds. However,
the addition of the N-methyl acetamide moiety in the isomers 3b and 4b has
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been shown to correlate well with the previous suggestions. The C6-isomer 4b
is 400 times more selective for MAO-B compared to its C7-isomer. The
binding mode is similar to the previous C6-isomers. Two hydrogen bonds
were visualized involving the FAD cofactor and the residue Tyr-188.

R'at C6: R? at C3:
-(CH2)4C=CH -CO2Me
-(CH2)2C6H4-4-Cl -NHCOMe
-CH2C6H4-3-F -C6H4-4-OMe
Fills entrance hydrophobic cavity Fills aromatic cage
Improves hydrophilicity Hydrogen bond with FAD in C7-isomers
Suitable for MAO-B selectivity Hydrogen bond with Cys-172
F and CI contribute to halogen bonds 6 & R? or Tyr-188 in C6-isomers
RI
R'atC7: 7 0 Hydrogen bond with FAD in
-(CH2)4C=CH Cé6-isomers
-(CH2)2C6H4-4-Cl
-CH2C6H4-3-F

Fills entrance hydrophobic cavity
Improves hydrophilicity
Suitable for MAO-A and B inhibition
F and CI contribute to halogen bonds

Figure 5. Structure-activity relationship (SAR) analysis of alkynyl coumarinyl
ethers.

Finally, the last compounds bearing the hex-5-ynyloxy chain at C7 were
compared by adding a 1-methoxy-4-methylbenzene moiety at C3 in the
compound 6b while leaving it blank in the compound 5b. The docking result
of the compound 6b shows that it binds to MAO-B with a free binding
energy of -8.9 kcal/mol. Its experimental ICso value is estimated to 2.96 nM
and displays a MAO-B selectivity of over 3400 [14].

The structural analysis shows that the aromatic ring at C3 in the compound
6b occupies the aromatic cage and it’s stabilized between the two residues
Tyr-398 and Tyr-435. Meanwhile the coumarin ring is involved in n-stacking
interactions with the gating residues lle-199 and Tyr-326. Other hydrophobic
interactions are shown in Table 3.

Discussion

Based on previously reported experimental data, it was confirmed that C7-
isomers of coumarins tend to be more potent towards MAO-B, meanwhile the
C6-isomers are slightly less potent but tend to be more selective towards
MAO-B isoform [14]. We noticed that this hypothesis is applied to the
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compounds: 4a, 6a and 3b and their respective C6-isomers: 5a, 7a and 4b
which displayed a MAO-B selectivity of approximately 80, 80 and 400-fold
respectively. Due to the absence of compound 8a isomer, we used molecular
modeling to design a C6-isomer of this compound and was docked within
MAO-B active site. Structural analysis revealed that it binds in a similar way
to other C6-isomers, with the 4-fluorobenzyloxy moiety directed towards the
bottom of the cavity and engaging the residue Tyr-188 in a hydrogen bond
with the oxygen of the methyl acetate moiety at C3, meanwhile the oxygen of
coumarin scaffold established a hydrogen bond with the cofactor FAD as
observed in most compounds. However, an in vitro inhibition assay is required
to determine its MAO-B selectivity.

Structural analysis of the most selective compound, 6b, revealed that it
does not bind to MAO-B active site through any hydrogen bonds but
establishes hydrophobic interactions involving various residues of the
hydrophobic pocket which seems to be more favorable for the stability of the
protein-ligand complex than any other interactions such as hydrogen or
halogen bonds. Furthermore, the long shape of the molecule plays a role in its
selectivity as the differences between MAO-A and MAO-B are mainly related
to the shape and the flexibility of their active site cavities. The long and narrow
cavity of MAO-B makes it preferentially bind long inhibitors which forces a
conformational change of the gating residue Ile-199 and fuses the two cavities
into one [19-21]. The absence of this mechanism in MAO-A isoform further
strengthen this hypothesis and could explain why such inhibitors tend to be
more selective towards MAO-B.

Moreover, the molecular docking study further confirmed that all
coumarin derivatives bind non-covalently to MAO-B active site and the triple
bond of the ether chain doesn’t bind to the cofactor FAD as such in irreversible
inhibitors.

Conclusion

The current study aimed to shed a light on the mode of interaction of
previously reported alkynyl coumarinyl ethers at the molecular level. It was
found that C6-isomers are more selective towards MAO-B compared to their
respective C7-isomers. Structure-activity relationship revealed that the loss of
activity towards MAO-A of these compounds may be due to the bulky side
chain of Phe-208 which is replaced by the gating residue lle-199 that displays
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a conformational change depending on the nature of the inhibitor. Among the
studied ligands, the compound 6b is considered the best drug-candidate among
the fourteen compounds which needs more focus for the development of new
antiparkinsonian drugs in respect to its drug likeness, high potency and
selectivity for MAO-B.

Disclaimer

None.
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