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Abstract—A series of coumarin-3-acyl derivatives have been synthesized and investigated for the ability to inhibit selectively
monoamine oxidases. The coumarin-3-carboxylic acids, 2a—e, proved to be reversible and selective inhibitors of the MAO-B iso-
form, displaying pICs, values of particular interest: 2a shows pICsy 7.76 and a selectivity index (pS.I.) 2.94 and 2b shows pICsy 7.72
and a pS.I. of 2.80. The coumarin-3-acyl chlorides 3a—e showed high pICs, values against both MAO-A and MAO-B isoforms, 3d
being the highest against MAO-B with a pICs, value of 8.00. In order to rationalize the activity/selectivity results, molecular de-
scriptors were generated. Further insight about enzyme—inhibitor interaction was obtained by docking experiments with the MAO-B

isoform.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Monoamine oxidase (MAO, EC 1.4.34) is a FAD-
containing enzyme tightly bound to the mitochondrial
outer membranes of neuronal, glial, and other cells.' It
catalyzes the oxidative deamination of monoamines
both from endogenous and exogenous sources, thereby
affecting the concentrations of neurotransmitter amines
as well as many xenobiotic?> ones.

Two subtypes, MAO-A and MAO-B, which have a
different inhibitor, amino acid sequence, and substrate
specificities, have been described. MAO-A preferentially
oxidizes nor-epinephrine and serotonin, and is selectively
inhibited by clorgyline; whereas MAO-B preferentially
deaminates B-phenylethylamine and benzyl-amine, and
is selectively inhibited by L-deprenyl.?
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The two MAO isoforms also have a different tissue
distribution; for example, MAO-B is predominant in the
human brain, and is compartmentalized into different
cell types. It occurs mainly in glial cells and serotonin-
ergic neurons, while MAO-A occurs in cathecholamin-
ergic neurons as well as glia.*

Following an initial experience with nonselective, irre-
versible MAO inhibitors (MAO-Is) in the treatment of
depression associated with severe side effects’ it can be
stated that today the new selective, reversible inhibitors
of MAO-A and MAO-B are, respectively, useful thera-
peutic agents in the treatment of depression and anxiety,
and coadjuvant agents in the treatment of Parkinson’s
disease, and perhaps also Alzheimer’s disease.®

It has been shown recently that MAO is responsible for
the biotransformation of 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) into 1-methyl-4-phenylpyrid-
inium, a Parkinson producing neurotoxin,” and may
also contribute to the apoptotic process because it
inhibits MAO activity-suppressed cell death.®
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Chart 1. Reversible (R) and irreversible (I) MAO-A/B inhibitors.

Chart 1 shows the structures of the irreversible and
nonselective MAO-Is iproniazide’ and pargyline,'® of
the irreversible and selective MAO-B-I L-deprenyl,'! of
the reversible and selective MAO-A-Is moclobemide,
brofaromine and toloxatone,'? and of other compounds
such as esuprone!® and LU 53439,'* which are reversible
MAO-Is, and selective, respectively, for the A isoform
and the B isoform.

That there are many different structures of MAO inhibi-
tors is essentially due to the fact that the active site of
the MAOs is unknown. A step forward has been the
description of the experimental crystal structure of the
human MAO-B active site by Binda et al. in the late
2001.'5 These authors crystallized the pargyline inhibitor
covalently bound to the N5 atom on the re side of the
flavin moiety of the enzyme, identifying the residues
bonding the catalytic cavity. Nevertheless, the structure
of the active site of MAO-A is still unknown today, lim-
iting the design of new potent selective MAO inhibitors.

Among the different existing inhibitors, those with a
(1H)-benzopyran structure have been studied recently.
Besides esuprone and LU53439 cited above, in recent
years 7-benzyloxy coumarin derivatives (Fig. 1) have
been reported to have inhibitory activity and selectivity

towards MAO-B.!®
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Figure 1. 7-Benzyloxy-coumarin.
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It is reported for these compounds that hydrogenation
of the 3,4-double bond as well as substitution of the
coumarin nucleus at position 3 and/or 4 modulates
MAO-B inhibitory activity and A/B selectivity.

Substitution of the coumarin nucleus at position 3 has
been carried out with phenyl and methyl groups or with
hydrogen, but no data have been reported with polar
groups such as acyl so far. Particular attention has been
dedicated to the steric hindrance of the substituent at
position 6: only small substituents are tolerated. More-
over in the presence of a benzyloxy substituent in the near
7-position, the substituents in the 6-position, methoxy,
benzyloxy, glucosyl, or the OH groups decreased or
abolished activity, regardless of size or lipophilicity.

Considering that no data was found in the literature on
the importance of an acyl in position 3, we deemed it
important to study the influence of this group on MAO
inhibitory activity and on A/B selectivity. For this rea-
son in this work we synthesized and tested for MAO
inhibitory activity some coumarin derivatives substi-
tuted at position 3 with carboxylic acid, ethyl ester or
acyl chloride groups, at position 6 with halogen, nitro
and methyl groups, and unsubstituted at position 7, with
the aim of verifying MAO inhibitory activity and A/B
selectivity. Since we were dealing with potentially reac-
tive compounds, before carrying out the assays, we
tested the chemical stability of the different acyl deriv-
atives in the assay conditions by '"H NMR spectroscopy.
Furthermore, we examined the biological results by
theoretical methods, by computing several molecular
descriptors, including LogP, and considering the bind-
ing modes of the most active analogues with respect to
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the MAO-B isoform using docking simulations. The
results were compared with those of previously reported
inhibitors.!”

2. Chemistry

Coumarins la—e, 2b-e (2a is commercially available),
and 3a—e were synthesized as reported in Scheme 1 and
are listed with the analytical data in Table 1.1323

Except for coumarin-3-carboxylic esters la—e, obtained
following a Knoevenagel reaction between the appro-
priate benzaldehydes and diethylmalonate, the couma-
rin nucleus was more conveniently achieved by the
heterocyclization reaction of 2-hydroxybenzaldoximes 1
a’'—¢’ and carbon suboxide.? This route was preferred in
order to afford multigram scale synthesis and easy
purification compared with other syntheses.

Oximes 1b'—¢’ were obtained starting from the appro-
priate 2-hydroxybenzaldehydes and hydroxylamine. The
subsequent reaction with carbon suboxide afforded
carboxamides 1b”"-e”, which gave acids 2b-e after
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hydrolysis with sodium hydroxide. Treatment of acids
2a-e with thionyl chloride yielded 3-acyl chlorides 3a—e.

The synthesized compounds were submitted to stability
tests in the assay conditions. During the NMR tests, the
stability of the esters, of the acids, and of the chlorides
was determined in H,O, DMSO, in a pH 7.4 phosphate
buffer, in perchloric acid, and in acetonitrile. In partic-
ular the examined samples were held in direct contact at
room temperature for 0.5, 1, 2 and 3 h, under stirring
with their respective solvent. The NMR spectrum of each
quantitatively isolated sample was performed; in the case
of the esters and chlorides we looked for the possible
appearance of a peak at 13.27 ppm relating to the OH
and due to the formation of the corresponding acid, and
for all derivatives we looked for the appearance of peaks
that were different from those of the initial products.

3. Results and discussion

The stability tests carried out showed that in the assay
conditions and in the time provided for (up to 3h), the
assayed compounds were perfectly stable and no
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Scheme 1. Reagents and conditions: (a) EtOH, EtOOC-CH,-COOEt; (b) acetonitrile-water 2:1, NH,OH hydrochloride, CH;COONa; (c) NaOH

20%; (d) SOCl,; *2a is commercially available.

Table 1. Chemical-physical data of derivatives la—e, 2a—e and 3a—e
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Compound R 1 R'=0C,H; 2 R'=0H 3R'=Cl
Mp (°C) % Yield Mp (°C) % Yield Mp (°C) % Yield

a H 94-96 68 1902 130-132 98
b CH; 105-106 65 159-160 95 173-175 93
c Br 162-164 62 200-202 93 158-161 98
d Cl 145-147 65 280-282 93 163-165 98
e NO, 190-192 68 209-212 98 138-140 96

% Commercial source.
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decomposition or reaction ensued. This allowed to use
the acyl derivatives without reserve in order to obtain
greater insight on the influence of the carbonyl group on
activity. From Table 2, which shows the MAO inhi-
bition data from all the reported compounds, it can be
seen that esters la—e show weak activity against both
MAO isoforms, while acids 2a—e are more active as
inhibitors of MAO-B, as their pICs, values range be-
tween 7.48 and 7.76. With the exception of 6-nitro
coumarin 2e (pICsy 7.17), the inhibitory activity of these
acids against MAO-A was lower (pICsy 4.82-6.30). The
introduction of a 6-substituent in coumarin-3-carboxylic
acids affects activity against MAO-A. As a matter of
fact, it can be observed that activity increases in the
substituted compounds (compare the activity of 2a with
that of 2d and 2e).

Chlorides 3a—e show high inhibitory activity against
MAO-A, as their plCs, values are in the 7.22-7.70
range. These same compounds also show activity
against MAO-B, 6-chloro coumarin-3-acyl chloride, 3d,
being the highest (pICsy = 8.00).

From this order of activity we can observe that esters are
the compounds with the lowest inhibitory activity, and
that acids have high potency and B selectivity. In fact
compounds 2a and 2b (pICsy MAO-B=7.76 and 7.72,
respectively) have a very high selectivity towards the
MAO-B isoenzyme (B-selectivity=2.94 and 2.80,
respectively). Acyl chlorides show a high potency
against both isoforms.

It is interesting to point out that all assayed compounds
act through the reversible mode, as shown by dialysis
performed over 24h in a cold room against a 0.1 M
potassium phosphate buffer (pH 7.2) capable of restor-
ing 90-100% of the activity of the enzyme. The proven
chemical stability of the acyl derivatives as well as the
reversibility of action suggests that the acyl group is
involved in the interaction with the enzyme and con-
tributes to its activity.

Table 2. Structures and monoamine oxidase inhibitory activity of
derivatives 1a—e, 2a—e and 3a—¢*

Compound MAO-A pICs

MAO-B pICs, pS.1.Y selectivity

la 6.64 5.30 -1.34
1b 6.72 6.00 -0.72
1c 6.68 6.00 —-0.68
1d 6.30 6.00 -0.30
le 6.59 6.00 -0.59
2a 4.82 7.76 2.94
2b 4.92 7.72 2.80
2c 6.00 7.48 1.48
2d 6.30 7.64 1.34
2e 7.17 7.71 0.54
3a 7.22 6.94 -0.28
3b 7.54 7.00 —-0.54
3c 7.70 6.96 -0.74
3d 7.52 8.00 0.48
3e 7.54 6.98 —-0.56

#The data represent mean values of at least three separate experiments.
°pS.I: log selectivity index = pICso(MAO-B)—pICsy (MAO-A).

The computational work was carried out on a 13-node
cluster of Linux Intel 1.5 GHz Pentium IV PCs with the
following purposes: (a) to identify physical-chemical
properties significantly correlated to the inhibition
activities, (b) to study the recognition of the synthesized
compounds with the MAO-B enzymatic cleft.

The first computational issue was investigated comput-
ing several chemical descriptors. We carried out
descriptor analysis with the programs Dragon® and
ClogP.*® With Dragon, after generating several hundred
molecular descriptors, we found the best linear correla-
tion against the pICs; MAO-B/MAO-A ratio with the
Ghose—Crippen method of atom-centred fragments,
which qualitatively distinguishes between carboxylic
acids (positive values) and ethyl ester or acyl chloride
moieties (zero value). In agreement with the selectivity
expressed as pICsy ratio, this descriptor was not suffi-
cient to explain our observation of the general lower
activity of ester derivatives compared to the compounds
of the 2 and 3 series. ClogP values reported in Table 3,
generally confirmed the lipophilic trend, which de-
creased from the ester to the acid and to the chloride
derivatives in the homologous series a, b, ¢ and d, but
could not explain the differences in activity shown in
Table 2.

The second computational issue was carried out by
docking experiments of these compounds and the only
isoform of the enzyme available in the Protein Data
Bank (PDB).!> The crystallographic model, code 1GOS,
contains the adduct of the pargyline inhibitor covalently
bound to the enzyme isoalloxazine moiety and the res-
idues involved in the catalytic site. According to the
MOLINE approach,’ in the first step in this computa-
tional issue was the conformational analysis of each
inhibitor by Monte Carlo (MC) simulation with the
AMBER* force field united atoms and the GB/SA water
implicit solvation model* as implemented in the Mac-
roModel program.** The acid series of compounds 2a—e
was considered in anionic form at physiological pH
conditions. The MC search was conducted working only
with the isolated compounds sampling all unique con-
formers within 50 kJ/mol above the global minimum.

In the second step, all MC found conformations for
each ligand were submitted to the MOLINE automatic
docking procedure.

The receptor was prepared modifying the crystallo-
graphic structure of the MAO-B enzyme by removing
the pargyline moiety from the 1GOS PDB model. The
computational protocol was exactly the same for each
compound—enzyme complex.**

Table 3. ClogP values for derivatives 1a—e, 2a—e and 3a—e

Compound R 1R'=0C,Hs 2R!'=0OH 3R'=Cl
a H 1.91 1.54 0.83
b CH; 2.77 2.41 1.70
c Br 241 2.04 1.33
d Cl 2.62 2.26 1.55
e NO, 1.65 1.30 0.68
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In the third step we analyzed the results of the docking
procedure selecting lowest energy bimolecular com-
plexes within 5kcal/mol above the global minimum.
Considering a linear proportionality between the degree
of cleft occupation and the inhibitor potency, the
inclusion degree of each compound within the enzyme
cleft was computed as the probability of finding the
ligand in proximity of the FAD isoalloxazine moiety.
Using an arbitrary threshold of 10 A, measured between
N5 of this chemical group and C2 of the coumarin
moiety, we estimated the percentage of each matching
configuration evaluating the degree of cleft occupation
for each compound (Table 4). These percentages and the
MAO-B pICs, values are in good agreement (n = 15,
r* = 0.7633), indicating a higher quality of this 3D
descriptor with respect to those adopted in the first issue
of the computational work.

Table 4. MAO-B binding modes found by MOLINE within 5 kcal/mol
above the global minimum and percentage binding site occupation for
series 1, 2 and 3

Compound Number of binding % Binding site occupation
modes
1a 154 14.94
1b 236 1.69
1c 180 2.22
1d 128 4.69
1le 193 0.52
2a 51 96.08
2b 37 97.30
2¢ 30 100.00
2d 37 94.59
2e 20 95.00
3a 37 97.30
3b 20 100.00
3¢ 12 100.00
3d 17 100.00
3e 33 18.18

The binding site recognition of the lowest energy con-
figurations obtained in the most active compounds 3d
and 2a were energy minimized at the same conditions
used in the conformational search of each inhibitor. In
order to consider the induced fit effect within the binding
cleft, a constrained protocol®® was applied, allowing
ligands, FAD, and enzyme residues within 10 A from the
N5 isoalloxazine moiety to relax freely. The geometry of
lowest energy complexes of the most active compounds
are shown in Figure 2.

Compounds 2a and 3d easily fit in the MAO-B active
site but with very different binding modes. The acid
moiety of compound 2a is directed towards the cofactor,
while the corresponding acid chloride moiety of 3d is in
the opposite position, towards TYR 326. Both com-
pounds shown one hydrogen bond, 2a with the phenolic
hydroxyl of TYR 188 and 3d with the phenolic hydroxyl
of TYR 326.

Substitution of carboxylic hydroxyl with chlorine pro-
duces a different hydrogen bond network. In fact, while
2a showed one hydrogen bond with the phenolic hy-
droxyl of TYR 188, 3d established another one with the
phenolic hydroxyl of TYR 326. Boltzmann population
analysis at 300°K carried out on all configurations
found in the inhibitor-enzyme complex revealed a con-
sistent difference between the two global minima shown
in Figure 2. While 2a is evaluated at 57.60%, demon-
strating a large recognition variability within the enzyme
cleft, 3d is much more stable in the binding mode with a
population of 94.41%. This different behaviour can be
attributed to the stronger steric and electrostatic repul-
sion between the acyl chloride moiety and GLY 434.
Actually, the presence of the chlorine substituent in 6,
located in the complex close to GLY 434 and TYR 188,
induces the translation of the 3d coumarin moiety far
from these residues, amplifying the differences between
the acid and chloride binding modes.

Figure 2. Stereoview comparison of lowest energy MAO-B complexes with 3d (green polytube model) and 2a (blue polytube model) within the
enzymatic cleft. The cofactor is displayed in ball-and-stick style and the hydrogen bond network in dashed lines. Non-interacting residues with both

inhibitors are hidden for clarity.
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Comparison of these data with previously reported
docking experiments with MAO-B inhibitors'? confirms
the role of residues TYR 345 and TYR 398 as lateral
cleft delimitation in the common binding pattern of
coumarin and 4,5-dihydro-(1H)-pyrazole derivatives.
The main difference between the two binding modes is
due to the hydrogen bond acceptor contributions of the
hydroxyl side chain moieties of TYR 326 and TYR 188,
which can only establish productive interactions with
coumarin derivatives.

In conclusion, in this work the synthesized coumarin-3-
acyl derivatives were tested against MAO-A and MAO-
B to assay their potency as inhibitors. Among the tested
derivatives we selected coumarin-3-carboxylic acids 2a—e
as potent anti-MAO agents, derivatives 2a and 2b being
highly selective against the MAO-B isoform. Coumarin-
3-acyl chlorides 3a—e showed strong anti-MAOQO activity
against both isoforms, especially compound 3d, which
shows the highest activity against MAO-B. Unfor-
tunately this compound showed a very low selectivity
index.

The bidimensional molecular descriptors generated in
our study cannot fully account for the inhibition of
activity and selectivity of our compounds against the
MAO-A and B enzymes. 3D descriptors based on the
solvent accessible surface qualitatively indicate the role
of the steric effect of ester derivatives (which are less
active) with respect to acid and chloride compounds
(which are more active). MAO-B docking experiments,
examined as the probability of occupancy of the enzyme
cleft, are crucial to improve the correlation with pICs,
and provide binding modes partially corresponding to
the interactions found with another series of inhibi-
tors.!” Availability of the MAO-A crystallographic
structure will be necessary to complete the correlation
study with selectivity inhibition data.

The information from this study is important for the
rational drug design of more potent/selective MAO
inhibitors based on the coumarin scaffold.
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ibly inhibited by a low concentration of clorgyline, but is
unaffected by a low concentration of L-deprenyl, which on
the contrary is used in the MAO-B form. Fluorimetric
measurements were recorded with a Perkin—Elmer LS 50B
Spectrofluorimeter. The protein concentration was deter-
mined according to Bradford.?® The results are reported in
Table 2. The data are the means of three or more
experiments each performed in duplicate.
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According to the MOLINE methodology and previously
reported enzyme-ligand docking experiments, both grid
resolution GR and Van der Waals compression factor y
were established at 6 and 0.8, respectively. The adopted
resolution generated exactly 65,712 configurations for
each inhibitor-enzyme complex. Other docking protocol
details are the activation of the selection module:
SEL_SFD, and the number of cycles of the rigid optimi-
zation process: 3, each with 100 Simplex iterations. The
force field used for the protocol validation was AMBER*
united atoms with dielectric constant 80.

In the constrained protocol two different shells of atoms
were generated. One included all atoms located between 10
and 12A from FAD N5, on which a constant force of
100 kJ/mol was applied to the coordinates in order to limit
the freedom of moments. The other shell included the
enzyme atoms ‘frozen’ (rigidly fixed and not considered in
the energy evaluation) more than 12 A from the isoallox-
azine moiety.
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