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Chromone carboxylic acids were evaluated as human monoamine oxidase A and B (hMAO-A and hMAO-
B) inhibitors. The biological data indicated that only chromone-3-carboxylic acid is a potent hMAO-B
inhibitor, with a high degree of selectivity for hMAO-B compared to hMAO-A. Conversely the chro-
mone-2-carboxylic acid resulted almost inactive against both MAO isoforms. Docking experiments were
performed to elucidate the reasons of the different MAO IC50 data and to explain the absence of activity
versus selectivity, respectively.

� 2010 Elsevier Ltd. All rights reserved.
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Figure 1. Endogenous, dietary, and xenobiotic amines.
Monoamine oxidases (MAOs; EC 1.4.3.4) are widely distributed
enzymes that contain a flavin adenine dinucleotide (FAD) cova-
lently bounded to a cysteine residue.1 Many living organisms pos-
sess MAOs and in mammals two isoforms are present, MAO-A and
MAO-B, located in the outer membrane of the mitochondria. These
two isoforms are involved in the oxidative deamination of exoge-
nous and endogenous amines, including neurotransmitters, thus
modulating their concentrations in the brain and peripheral tis-
sues. Physiologically, MAOs oxidize biogenic neurotransmitters
such as dopamine, norepinephrine, 5-hydroxytryptamine (5-HT,
serotonin) and b-phenethylamine, dietary, and xenobiotic amines
such as tyramine and benzylamine (Fig. 1).2

Although MAO-A and MAO-B have an amino acid sequence sim-
ilarity up to 70% they exhibit different substrate specificity, inhib-
itor sensitivity, and tissue distribution. MAO-A is located
predominantly in catecholaminergic and serotonergic neurons.
Consequently, this MAO isoform has a higher affinity for serotonin,
epinephrine and norepinephrine and it is more sensitive to inhibi-
tion by clorgyline and moclobemide.1 On the other hand MAO-B is
present in dopaminergic neurons and glia and, therefore, has a
preferential action on dopamine, b-phenethylamines, benzylam-
ll rights reserved.
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ines and sterically hindered amines. This isoform is selectively
inhibited by low concentrations of selegiline (L-deprenyl) and
rasagiline.1,3

MAO-A inhibitors are frequently used as antidepressants and
antianxiety agents while MAO-B inhibitors, alone or combined
with L-Dopa, are relevant tools in the therapy of Alzheimer’s and
Parkinson’s diseases.1,4 Development of MAO inhibitors is important
not only from the standpoint of symptomatic treatment (i.e., by
increasing the biological half-life of monoamine neurotransmitters),
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but also with regard to the neuroprotective effects (i.e., prevention
or delay of neurodegeneration itself).

All of these aspects have led to an intensive search for novel
MAO inhibitors and this effort has increased considerably in recent
years. However, a large number of MAOs inhibitors introduced into
clinical practice were abandoned due to adverse effects, such as
hepatotoxicity, orthostatic hypotension, and the so-called ‘cheese
effect’, which is characterized by hypertensive crises.1

In spite of the considerable progresses in the understanding of
the interactions of MAO isoforms with their specific substrates or
inhibitors, there are not any available rules for the rational design
of new potent and selective MAO inhibitors. Privileged structures,
such as indoles, arylpiperazines, biphenyls, and benzopyranes are
considered useful in drug discovery. Different families of nitrogen
and oxygen heterocycles, such as xanthones, coumarins and their
precursors (chalcones) have also been extensively used as scaffolds
in medicinal chemistry programs searching for novel MAO-B inhib-
itors.4–6

In order to include other scaffolds in the series of MAO inhibi-
tors the chromone scaffold [(4H)-1-benzopyran-4-one] has been
considered, since it is common to a large number of bioactive mol-
ecules either of natural or synthetic origin. Until now, numerous
biological effects, especially in the popular medicine, have been as-
cribed to this benzo-c-pyrone nucleus such as anti-inflammatory,
antitumor and antimicrobial activities.7 Enzymatic inhibition prop-
erties towards different systems, such as oxidoreductases, kinases,
tyrosinases, cyclooxygenases have also been recognized.8

In this work, we focus our attention on two chromone isomers
(Fig. 2) that were screened towards MAO-A and MAO-B (Table 1).
Details about the enzymatic evaluations are reported in the Sup-
plementary data.

The results of the enzymatic experiments of the two chromones
under study, with respect to the reference compounds, disclose a
significant chemical feature related with the location of carboxylic
moiety in the c-pyrone nucleus. In fact, when the acidic substitu-
ent is in position 3 of the heterocyclic scaffold the compound 2
acted as MAO-B inhibitor with IC50 values in the nanomolar range.
Its inhibition effect onto the MAO-A isoform resulted three orders
of magnitude lower with a interesting selectivity ratio. Surprisingly
the isomer 1, with the acid moiety in position 2, gave no inhibition
O
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Figure 2. Chemical structures of the chromone isomers 1 and 2.

Table 1
IC50 values for the inhibition of hMAO (in lM) of chromone carboxylic acids and
reference inhibitors

Compounds hMAO-A hMAO-B SI

1 ** ** —
2 ** 0.048 ± 0.0026 >2083b

Clorgyline 0.0052 ± 0.00092a 63.41 ± 1.20 0.000082
R-(�)-Deprenyl 68.73 ± 4.21a 0.017 ± 0.0019 4043
Iproniazide 6.56 ± 0.76 7.54 ± 0.36 0.87
Moclobemide 361.38 ± 19.37a *** <0.36b

a P <0.01 versus the corresponding IC50 values obtained against MAO-B.
b Values obtained under the assumption that the corresponding IC50 against

MAO-A or MAO-B is the highest concentration tested; SI: hMAO-B selectivity
index = IC50 (hMAO-A)/IC50 (hMAO-B).
** Inactive at 100 lM (highest concentration tested).
*** Inactive at 1 mM (highest concentration tested).
on both MAO isoforms. Compound 2 revealed to bind the hMAO-B
exerting a selective inhibition with respect to the A isoform (see
Supplementary data).

This curious appraisal attracted our attention and led us to
investigate at molecular level the recognition mechanisms of com-
pounds 1 and 2 within both enzymatic clefts by means of molecu-
lar modeling experiments. These studies were performed using
available hMAO-A and hMAO-B structures deposited into the Pro-
tein Data Bank (PDB) as receptor models to understand the en-
zyme–inhibitor interactions and explain the biological data. Two
recently determined MAO crystallographic structures were
adopted as targets after a preliminary treatment (see Supplemen-
tary data). Ligand flexible docking, followed by fully geometry
optimization of the generated complexes, reported the capability
of compounds 1 and 2 to fit within both hMAOs catalytic sites,
but only the latter compound revealed strong energy favoured
binding modes into the hMAO-B (Table 2). Such an observation
was in qualitative agreement to the experimental IC50 previously
discussed.

Then the most stable optimized complexes were graphically in-
spected and the key enzyme–ligand interacting residues were
highlighted (Table 3).

In hMAO-A both compounds 1 and 2 showed a similar orienta-
tion (see Supplementary data), with their aromatic and carboxylate
moieties respectively directed towards the FAD and the outer side.
The latter compound was able to perform a deeper recognition
with respect to the former one. Actually, compound 1 did not
establish direct contacts to the cofactor with the lack of strong pro-
ductive interactions into the active site. Moreover, compound 1
recognition was penalized by electrostatic repulsions between its
sp2 oxygen atom and Ile180-Asn181 backbone. These unfavorable
interactions, coupled to the lack of the few productive contacts
highlighted by compound 2, could explain the poor complexation
energy of 1 within the hMAO-A binding cleft. A similar scenario
can be addressed to 2, but it showed stacking contacts to the
Tyr407 and, moderately, to Tyr444 and its ether oxygen, partially
negative charged, favorably interacted to FAD C4 that, in the used
force field, resulted partially positive charged.
MM-GBSA interaction energies in kcal/mol of compounds 1 and 2 into the hMAOs

Compounds hMAO-A hMAO-B

1 31.11 �1.67
2 �2.86 �22.91

Table 3
Relevant hMAO-A and -B interacting residues with respect to 1 and 2 binding modes

Corresponding residues Compounds

hMAO-A hMAO-B 1 2
Tyr69 Tyr60 b a
Ile180 Leu171 ab ab
Asn181 Cys172 ab ab
Tyr197 Tyr188 a ab
Ile207 Ile198 ab ab
Phe208 Ile199 ab b
Ser209 Ser200 a —
Gln215 Gln206 ab ab
Ile335 Tyr326 ab ab+

Leu337 Leu328 a ab
Met350 Met341 — a
Phe352 Phe343 b ab
Tyr407 Tyr398 ab ab
Gly443 Gly434 — ab
Tyr444 Tyr435 ab ab
FAD FAD b ab

a: hMAO-A interaction; b: hMAO-B interaction; +: hydrogen bond.



Figure 3. Global minimum energy configuration of compound 2 into the hMAO-B catalytic site. The ligand is reported as orange carbon polytube. The interacting residues are
in white carbon polytube and the FAD cofactor is displayed in spacefill rendering. Yellow dotted line indicates the intermolecular hydrogen bond.
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Conversely, into the hMAO-B cleft compounds 1 and 2 gave best
poses in opposite configurations. The former chromone reported
its carboxylate moiety directed toward the FAD electrostatically
interacting to the C4 cofactor atom. No stacking contacts were
highlighted by the aromatic pyrone ring that hydrophobically
interacted to Ile171, Ile199, Tyr326 and Phe343. The sp2 oxygen
atom of 1 electrostatically recognizes the Tyr435 hydroxyl group
but, due to a distance larger than 3.0 Å, was not able to establish
hydrogen bond (see Supplementary data). Compound 2 showed,
into the hMAO-B catalytic site, its aromatic moiety directed toward
the inner side and the carboxylate substituent was involved in
hydrogen bond to the Tyr326. The pyrone ring perfectly fits be-
tween Tyr398 and Tyr435, suggesting a strong stacking interaction,
the sp2 oxygen was located in front of the FAD C4 (Fig. 3).

The compounds 1 and 2 binding modes analysis provided inter-
esting information to rationalize the experimental biological data.
The most relevant issue could be addressed to the hydrogen bond
established by 2 into the hMAO-B recognition site. Such a produc-
tive interaction was allowed by the presence of the Tyr326, substi-
tuted, in the hMAO-A, by the Ile335. Taking into account the
position of the carboxylate moiety onto the pyrone ring, the hydro-
gen bond to Tyr326 allowed the perfect fit of 2 aromatic moieties
with respect to Tyr398 and Tyr435 and the favorable electrostatic
interaction of the sp2 oxygen to the C4 FAD atom.

Compound 1, reporting the carboxylate in position 2, was not
able to concurrently perform all these productive interactions. In
order to verify this observation, we manually built a configuration
of 1 starting from the global minimum energy complex of 2 and
after fully optimization of the resulting structure we found that
the hydrogen bond was conserved, but the stacking to catalytic
tyrosines and the electrostatic contact to the C4 FAD was com-
pletely lost. Moreover the internal energy of such biased optimized
structure was about 13 kcal/mol higher than 1 hMAO-B global
minimum configuration, suggesting it as improbable.

In conclusion chromone appears to be an interesting scaffold for
the design of selective MAO inhibitors. The easy synthetic accessi-
bility, the potentially low toxicity and especially the versatile bind-
ing properties of chromones make them as ‘privileged’ scaffolds.
Our findings pointed out a crucial, undisclosed role of the presence
of a hydrogen donor group in position 3 of the pyrone ring that is
able to establish hydrogen bond interactions with active site resi-
dues. This discovery opens a new avenue to obtain highly potent
and selective MAO-B inhibitors. The docking technique provided
new insights on the inhibition mechanism and the rational drug
design of this type of inhibitors. The molecular modeling studies
highlighted that the most structurally simple chromone deriva-
tives 1 and 2 can fit into the hMAO binding clefts. The hydrogen do-
nor moiety should be located in position 3 of the pyrone ring for
obtaining favoured energy and selective recognition of the
hMAO-B isoform.

Additional studies are warranted for a systematic lead optimi-
zation, modulated by appropriate modifications of length, size,
and chemical nature of the substituents, process that can lead to
in the future to a drug candidate.
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