ELSEVIER

Available online at www.sciencedirect.com

SCIENCE<d)DIRECT®

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 4135-4140

Synthesis, molecular modeling studies, and selective inhibitory
activity against monoamine oxidase of
N,N'-bis|2-0x0-2 H-benzopyran]-3-carboxamides

Franco Chimenti,* Daniela Secci,** Adriana Bolasco,* Paola Chimenti,*
Arianna Granese,* Simone Carradori,* Olivia Befani,® Paola Turini,?
Stefano Alcaro® and Francesco Ortuso®

2Dipartimento di Studi di Chimica e Tecnologia delle Sostanze Biologicamente Attive, Universita degli Studi di Roma
“La Sapienza,” P.le A. Moro 5, 00185 Rome, Italy
®Dipartimento di Scienze Biochimiche “A. Rossi Fanelli” and Centro di Biologia Molecolare del CNR Universita degli
Studi di Roma “La Sapienza,” P.le A. Moro 5, 00185 Rome, Italy
®Dipartimento di Scienze Farmaco Biologiche ““Complesso Nini Barbieri,” Universita degli Studi di Catanzaro
“Magna Graecia,” 88021 Roccelletta di Borgia (CZ), Italy

Received 13 April 2006; accepted 13 April 2006
Available online 12 June 2006

Abstract—A novel series of N,N'-bis[2-0x0-2 H-1-benzopyran]-3-carboxamide derivatives have been synthesized and investigated for
the ability to inhibit the activity of the A and B isoforms of monoamine oxidase (MAO). Some of the synthesized compounds show
good selective inhibitory activity against the MAO-A isoform. Both the MAO-A and -B isoforms, deposited in the Protein Data
Bank as the 2BXR and 1GOS models, respectively, were considered in a computational study performed with docking techniques

on the most active and selective inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

Recently many researchers have shown great interest in
the study of MAO thanks to the key role played by the
two MAO isoforms (MAO-A and MAO-B), which differ
in substrate specificity, sensitivity to inhibitors, and
amino acid sequence.! MAO-A preferentially oxidizes
norepinephrine and serotonin, and is selectively inhibit-
ed by nanomolar concentrations of clorgyline,” whereas
MAO-B preferentially deaminates B-phenylethylamine
and benzylamine, and is irreversibly inhibited by nano-
molar concentrations of L-deprenyl.> Dopamine, tyra-
mine, and tryptamine are non-selective substrates for
MAO-A and -B.*

Therefore, selective and reversible inhibitors of MAO-A
or MAO-B may be useful therapeutic agents, devoid of
undesirable side-effects, the so-called ‘cheese effect.”> In
humans MAO-B inhibitors (MAO-B-Is) are useful as
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coadjuvants in the treatment of Parkinson’s disease and
perhaps Alzheimer’s disease,®® while MAO-A inhibi-
tors (MAO-A-Is) are antidepressant and antianxiety
agents.” 1!

The recent description of the crystal structure of the two
isoforms of human MAO, by Binda et al., provides to
elucidate the mechanism underlying the selective interac-
tions between these proteins and their ligands, to probe
the catalytic mechanism, and to gain a better under-
standing of the pharmacophoric requirements necessary
for the rational design of potent and selective enzyme
inhibitors with therapeutic potential.'?>~!7

Between MAO inhibitors some (1H)-benzopyran deriv-
atives, otherwise called coumarins, are known for their
MAO inhibitory activity. Esuprone,'® LU 53439,'° 7-
benzylossi derivatives (I),° and some 3-acyl coumarins
(II)*! have been the object of recent studies (Fig. 1).

To the best of our knowledge nothing has been reported
about the MAO inhibitory activity of N,N’-bis[2-
oxo-2H-benzopyran]-3-carboxamides  (dicoumarinoyl
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Figure 1. Chemical structures of reversible (R) selective MAO-A or
MAO-B inhibitors (A or B).
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diamides). In this study, we performed the synthesis and
the evaluation of the MAO-A and MAO-B inhibitory
activity of the dicoumarinoyl diamides 3a-g. Further-
more, a molecular modeling work was performed by
docking techniques to explain the selective inhibitory
activity toward the MAO-A and MAO-B enzymes.

Very little is reported in the literature about the prepara-
tion of these compounds. Their synthesis could be per-
formed by two main routes:

(1) Reaction of coumarin-3-acyl chloride?? or coumarin-
3-ethyl ester?® with the suitable alkyliden diamine.

(2) Heterocyclization reaction of the suitable N,N'-
bis(salicylidene)diamine with carbon suboxide.?*

In the present work, we investigate the routes of synthe-
sis depicted in Scheme 1 in order to find the best way to
obtain 3a-g in good yields.

mCOOC2H5
R o "0

1a, 1c
Na, EtOH

R= H 1a HoN-X-NH,

=-OCH3 1c

In Route 1 the reaction of esters la and lc with the
diamines always gave the dicoumarinoyl diamides 3a-g
in different yields ranging from 11% to 30% (Table 1),
while no reaction was observed starting from couma-
rin-3-acyl chloride.

In Route 2 the reaction of N,N’-bis(salicylidene)diam-
ines 2a-g with carbon suboxide gave the dicoumarinoyl
diamides 3a-g with yields ranging from 0% to 72%
(Table 1).

On the basis of these results for the synthesis of com-
pounds 3b—d we choose Route 2, while for the synthesis

of compounds 3a, 3e-g we preferred Route 1 starting
from coumarin-3-ethyl esters.

Table 1. Chemical-physical properties of derivatives 3a-g

o (o]
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Compound X R Yield % Yield % Mp (°C)
Route I Route 2

3a (CH»), H 30 10 118-120*

3b (CH,), H 12 65 83-85%

3c (CH,)4 ~OCH; 12 68 176-178

3d (CHb)s H 11 72 68-70*
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Scheme 1.
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The reactions for the preparation of 3a and 3e—g>> deriv-
atives were performed by addition of the ethyl ester of 2-
oxo-2H-1-benzopyran-3-carboxylic acid to a solution of
the appropriate diamine in absolute ethanol and in the
presence of natrium. For the synthesis of 3b-d deriva-
tives the reactions were carried out by addition of car-
bon suboxide at —70 °C to a solution of the suitable
N,N'-bis(salicylidene)diamine in dry chloroform. Their
structures were confirmed by observing the formation
of a singlet for the amidic proton at 13.35 ppm and
the disappearance of the broad peak of the aminic pro-
tons (NH,) in the '"H NMR spectra.?

The final compounds 3a-g were assayed for their MAO-
A and MAO-B inhibitory activity.

Bovine brain mitochondria were isolated according to
Basford.?¢ In all experiments the MAO activities of the
bovine brain mitochondria were determined by a fluori-
metric method according to Matsumoto et al.?’ using
kinuramine as a substrate at four different final concen-
trations, ranging from 5puM to 0.1 mM. Briefly, the
incubation mixtures contained: 0.1 mL of 0.25 M potas-
sium phosphate buffer (pH 7.4), mitochondria (6 mg/
mL), and drug solutions with a final concentration rang-
ing from 0 to 103 uM.

The solutions were incubated at 38 °C for 30 min. Addi-
tion of perchloric acid ended the reaction. The samples
were centrifuged at 10,000g for 5 min and the superna-
tant was added to 2.7 mL of 0.1 N NaOH. The couma-
rine derivatives were dissolved in dimethylsulfoxide
(DMSO), added to the reaction mixture from 0 to
10~ uM. In order to study the inhibition of coumarine
derivatives on the activities of both MAO-A and -B sep-
arately, the mitochondrial fractions were pre-incubated
at 38 °C for 30 min before adding the specific inhibitors
(L-deprenyl 0.5 uM to estimate MAO-A activity, and
clorgyline 0.05 uM to assay the isoform B), considering
that MAO-A is irreversibly inhibited by a low concen-
tration of clorgyline, but is unaffected by a low concen-
tration of L-deprenyl, which is used in the MAO-B form.
Fluorimetric measurements were recorded with a
Perkin-Elmer LS 50B Spectrofluorimeter. The protein
concentration was determined according to Bradford.?®
The data are means of three experiments performed in
duplicate. It is interesting to note that all compounds
act through the reversible mode, as shown by dialysis
performed over 24 h 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 MAO-
A and MAO-B inhibition data, expressed as pK;, are
reported in Table 2 together with the selectivity index.

The molecular modeling work was carried out consider-
ing the most active compound 3b to explain by docking
techniques its selectivity toward the MAO-A isoform
(Table 2).

The work was performed with compound 3b, built and
energy minimized with AMBER" united atoms notation
in GB/SA water as implemented in MacroModel soft-
ware.?? The crystallographic models 2BXR!4 for the

Table 2. Structures and monoamine oxidase inhibitory activity of
derivatives 3a-g*

Compound X R pkK; pK; pSI®
MAO-A MAO-B A
selectivity

3a (CHa), H 748 520 2.8
3b (CH,), H 9.00  6.00 3.00
3¢ (CHa), _OCH; 6.77 585 0.92
3d (CH,)e H 840 574 2.66
3e C{ H 7.79 5.52 2.27
3f O H 5.62 5.76 -0.14
3g C{ H 674 585 0.89

#Data represent mean values of at least three separate experiments.
b pSI, log selectivity index = pKimao-a) — PKimao-s)-

MAO-A and 1GOS'? for the MAO-B enzymes deposit-
ed into the Protein Data Bank (PDB) were pre-treated
with a 48 kcal/mol constrained energy minimization
of those residues out of a radius of 15 A from the N5
of the isoalloxazine ring in order to restore the natural
planarity of the isoalloxazine FAD ring and to relax
the active site amino acids. The resulting energy mini-
mum structures, after removing covalent ligands (clo-
rgyline for 2BXR and pargyline for 1GOS), were used
as receptor models.

The starting position of compound 3b into the enzymat-
ic clefts of both isoforms was built according to previ-
ously reported conformational results,?! that is, with
one coumarine ring stacked between Tyr398 and
Tyr435 into the MAO-B. Similarly, this compound
was built into the MAO-A in stacking configuration
with Tyr407 and Tyr444.

The docking study was performed by a 1000 iterations
of MC in situ search, allowing all rotatable bonds of
the inhibitor to freely rotate and to translate into the
enzymatic clefts within 10 A from the original position,
using the MOLS directive in_the command file. In this
search all residues within 10 A from N5 of the isoallox-
azine ring were allowed to move, while all other atoms
were kept fixed by a 48 kcal/mol constant force. All con-
figurations within 11.95 kcal/mol above the global min-
imum were fully energy minimized with the same force
field and implicit solvation conditions.

The MOLINE approach3® was used in the estimation of
the state functions related to the recognition process of
MAO-A and MAO-B complexes with 3b. In order to
analyze more relevant intermolecular contacts between
ligands and the enzyme isoform, the most stable com-
plexes were submitted to a Ligplot*' analysis and visual-
ized with the Pymol software.3?

All the assayed compounds showed a selective inhibitory
activity toward MAO-A. Among the compounds con-
taining a phenyl or cyclohexyl as separator between
the two coumarin-3-carboxamide moieties, the best
activity was found for derivative 3e (pKimao-a = 7.79).
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The lowest activity was detected for compound 3f in
which the phenyl ring is linked to the carboxamide
groups in the 1,4 positions. Among all compounds,
3b and 3d showed the best MAO-A inhibitory activity
(pKimao-a = 9.00 and 8.40, respectively) together with
the best selectivity (pSI = pKimao-a — PKimao-s = 3.00
and 2.66, respectively).

The results of the docking into the MAO-A and MAO-B
clefts performed on the most potent and selective inhib-
itor 3b consisted, respectively, of 34 and 72 configura-
tions. In agreement with the experimental selectivity,
the thermodynamic analysis of both configurational
ensembles revealed a consistent difference in the free
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energy of complexation (AAG = —14.91 kcal/mol) favor-
ing MAO-A molecular (AG = —58.20 kcal/mol) versus
MAO-B recognition (AG = —43.29 kcal/mol).

The analysis of the most stable complex configurations
was carried out by the LigPlot software considering
the most stable complex of 3b in both enzyme isoforms.
A summary of the intermolecular contacts is reported in
Figure 2.

In the MAO-A model the compound assumed a partially
folded conformation interacting with 15 residues
including the FAD. The recognition with the Tyr407
and Tyrd444 was remarkably strong and extended,

FAD
Tyr398
Tyr188
Phe343
Tyr326

1le198
Gly434
Leul 71
Cys192
GIn206
Tyr435
Thr399
Cys172

Figure 2. Number of non-bonded 3b contacts within MAO-A and MAO-B clefts obtained by the LigPlot analysis of most stable complexes. Empty

bars are related to intermolecular hydrogen bonds.
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Figure 3. (a) Most stable complex between 3b (blue carbon polytube) and MAO-A. Interacting residues of the active site are depicted in labelled
polytubes, FAD in CPK rendering, other amino acids in ribbon. (b) LigPlot representation without hydrogen atoms: hydrogen bonds are reported as

dashed lines with distances between heavy atoms.
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Figure 4. (a) Most stable complex between 3b (blue carbon polytube) and MAO-B. Interacting residues of the active site are depicted in labelled
polytubes, FAD in CPK rendering, other amino acids in ribbon. (b) LigPlot representation without hydrogen atoms: hydrogen bonds are reported as

dashed lines with distances between heavy atoms.

configuring a double stacking with the aromatic side
chains by one coumarine ring (Fig. 3). The partially folded
conformation of 3b allowed a concomitant interaction of
the cofactor with both coumarine rings. Other residues
were involved in the recognition of 3b with multiple con-
tacts. Two strong hydrogen bonds were established with
the side chain of Ser209 and Glu216 (Fig. 3).

Conversely, in the MAO-B model the conformation of
the inhibitor was more highly folded than in the
MAO-A complex (Fig. 4).

As consequence of the different conformation assumed
by 3b into this isoform, few residues and a minor num-
ber of contacts into the cleft were observed in this case
(Fig. 4). In particular the recognition with the cofactor
and the tyrosine residues 398 and 435, corresponding
to Tyrd07 and Tyr444 in MAO-A, was less consistent.
In fact 3b interacted with residues relatively far to the
inhibitor best location close to the FAD. With some
of these residues, such as Thr399, GIn206, and Cys172,
the inhibitor accepted hydrogen bonds mainly with its
sp” oxygen atoms. Another one was established by one
amidic hydrogen and Tyr435 phenolic oxygen. The re-
sult was a completely different recognition energetically
less stable than that of the MAO-A isoform. The inter-
action with Tyr326 seemed to play an important role in
the selectivity of 3b toward the MAO isoforms. This res-
idue hindered the active site and the access to the cofac-
tor establishing multiple steric contacts with the
inhibitor (Fig. 4). Conversely, Ile335, the corresponding
residue in the MAO-A, gave only one contact with 3b
suggesting that the Ile335-Tyr326 mutation can play
an important role in the selectivity of the inhibitors
based on coumarine scaffold.

In summary, the recognition of 3b within the MAO
clefts were driven more by the van der Waals and elec-

trostatic contacts than by intermolecular hydrogen
bonds. The advantage of two hydrogen bonds favoring
the MAO-B recognition was energetically inverted by
the large number of contacts especially with Tyr and
FAD residues, as indicated in Figure 2.

A series of bis-coumarine derivatives has been synthe-
sized using two different routes: (a) by reaction of cou-
marin-3-ethyl ester with the suitable alkyliden diamine
and (b) by heterocyclization reaction of the suitable
N,N'-bis(salicylidene)diamine with carbon suboxide.

The biological behavior of the bis-coumarine derivatives
was investigated against both MAO-A and -B isoforms.
Most of them showed potent inhibition activities in the
nanomolar range with selectivity against the MAO-A
isoform. The docking study carried out on the most ac-
tive and selective compound 3b provided new insights
into the inhibition mechanism and for the rational drug
design of more potent/selective MAO inhibitors based
on the coumarin scaffold.
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