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Monoamine Oxidase Inhibition In the Light of New Structural Data
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Abstract: The recent description of the crystal structures of rat MAO-A and human MAO-B provides an
unprecedented framework to elucidate the mechanisms underlying the selective interactions between these
proteins and their ligands. The analysis of previous and emerging data, in the light of the structural similarities
and differences between both isozymes, allows a better understanding of the requirements that determine the
affinity and selectivity of substrates and inhibitors. This augurs a new impulse for the rational design of potent

and selective MAO inhibitors with therapeutic potential.
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This is an exciting time for scientists working on
monoamine oxidase. The recent description of the crystal
structures of the two isoforms of the enzyme provides a
nurturing framework to elucidate the mechanisms
underlying the selective interactions between these proteins
and their ligands, to probe the catalytic mechanism and to
gain a better understanding of the pharmacophoric
requirements necessary for the rational design of potent and
selective enzyme inhibitors with therapeutic potential.

Several reviews concerning different aspects of
monoamine oxidase research have appeared during the last
two years [1-10 to name a few]. Specifically, the structural
aspects of the membrane binding and the active site
(inhibitor/substrate  binding) domains of human
monoamine oxidase type B, and the local environment of
the FAD binding site and its effects on function, have been
extensively reviewed with reference to the recently
described crystal structures of the free enzyme and its
complexes with several inhibitors [11-14]. These aspects
are therefore summarily discussed here. The attention of the
present paper is focused on a review of the structural
similarities and differences between the two enzyme
isoforms and the consequences that these might have for
function and drug design.

GENERAL BACKGROUND

Monoamine oxidase (monoamine oxygen oxidore-
ductase (deaminating) (flavin-containing); EC 1.4.3.4;
MADO) exists in two isoforms termed MAO-A and MAO-
B. Both isozymes are outer mitochondrial membrane-
bound flavoproteins, with the FAD cofactor covalently
bound to the protein. Both catalyse the oxidative
deamination of primary amines as well as some secondary
and tertiary amines according to the overall reaction
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RICH,NR2R3+ O, + H,0 ® RICHO + NHR2R3 + H,0,

The metabolic reaction involves the generation of an
imine intermediate and the reduction of the flavin cofactor,
which is reoxidised by molecular oxygen producing
hydrogen peroxide. The imine intermediate is hydrolysed,
in a non-enzymatic process, generating ammonia and the
corresponding aldehyde (Scheme 1 exemplifies this for a
primary amine).

Physiologically, MAOs oxidize biogenic neurotran-
smitters such as dopamine (1), noradrenaline (2), serotonin
(5-HT, 3) and b-phenethylamine (PEA, 4), and also dietary
and xenobiotic amines such as tyramine (5), benzylamine
(6) and the parkinsonism- producing neurotoxin 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, 7) [1,15-17].

Due to the role of MAOs in the metabolism of
monoamine neurotransmitters, MAO inhibitors are useful
tools in the treatment of diverse neuropsychiatric and
neurological disorders. In particular, selective and
reversible MAO-A inhibitors are used as effective
antidepressant and antianxiety drugs, whilst selective
MAO-B inhibitors are used in the treatment of Parkinson’s
disease [18-21]. Selective inhibitors of each isoform are
currently under clinical investigation for their use as
antidepressants and for the treatment of Parkinson’s and
Alzheimer’s diseases and related disorders [22-26].

Although both isoforms have similar catalytic
activities, they differ in their molecular genetics, substrate
preference, inhibitor selectivity and tissue distribution.
MAO-A and MAO-B are encoded by separate genes
situated on the X chromosome [27,28] and have identical
intron—exon organization, suggesting that both proteins are
derived from duplication of a common ancestral gene [29].
Amino acid sequences of both enzymes from several
species including human [30,31] and rat [32,33] have been
elucidated by cDNA cloning. These studies have shown
that both proteins have molecular weights of ~60 kDa and
that the isoforms from the same species show about 70 %
identity. 85-88 % identity is observed between the same
isoforms from human and rat [see 34 for a recent review].
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Scheme 1.

MAO-A preferentially metabolises 5-HT and is irreversibly
inhibited by nanomolar concentrations of clorgyline (8)
[35], whereas MAO-B preferentially catalyses the oxidative
deamination of PEA and benzylamine and is irreversibly
inhibited by nanomolar concentrations of I-deprenyl (9).
Dopamine and tyramine are non-selective substrates of both
isoforms. MAO-A-deficient humans [37] and mice [38]
exhibit elevated brain levels of 5-HT and noradrenaline and
MAO-A KO mice have a phenotype characterized by
increased aggressive behaviour. Increased levels of PEA but
not 5-HT, noradrenaline or dopamine are observed in
MAO-B KO mice, and these animals are resistant to the
Parkinsonism induced by MPTP [39]. Both isozymes are
present in most mammalian tissues, with the human
placenta (MAO-A) and platelets (MAO-B) being two of the
few tissues that have been shown to express predominantly
one form of the enzyme [20,40]. In the CNS,
catecholaminergic neurons contain predominantly MAO-A,
whereas serotonergic neurons express MAO-B [41,42].
This rather unexpected neuronal distribution (MAO-B in
5-HT containing neurons), has been suggested to play a
role in protecting these cells from foreign monoamines
which may act as false neurotransmitters [20,41]. The
specific expression of MAO-B in 5-HT neurons and its
proposed role, has also been implicated as one of the
important mechanisms underlying the serotonergic
neurotoxicity induced — presumably via H,O, generation —
by the commonly abused drug methylenedioxymetham-
phetamine (MDMA, also known as Ecstasy) [43,44].
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GENERAL FEATURES OF RAT MAO-A AND
HUMAN MAO-B AS REVEALED BY THEIR
CRYSTAL STRUCTURES

High level expression of MAO in Saccharomyces
cerevisiae [45] or Pichia pastoris [46] provided the
systems that yield the large quantities of homogeneous and
functional enzyme required for detailed structural studies.

The crystal structure of human MAO-B, both free and
covalently complexed with pargyline (10; PDB code
1GOS) was originally described at 3 A resolution [47].
The enzyme crystallized as a dimer in two different crystal
forms (orthorhombic and triclinic), which show a
significant monomer-monomer interaction area (~ 15 % of
the accessible monomer surface), suggesting that the
dimeric assembly may also occur in its in vivo membrane
environment. Improved crystal quality allowing
resolutions up to 1.6 A have been reported by the same
authors [48,49] for human MAO-B forming complexes
with several structurally diverse, reversible and irreversible
inhibitors (PDB codes 10JA, 10JB, 10JC, 10JD, 10J9,
1S2Q, 1S2Y, 1S3E , and 1S3B).

More recently, the crystal structure of rat MAO-A, in
complex with clorgyline (PDB code 105W), has been
determined at 3.2 A resolution [50]. Although the enzyme
packed in a tetrameric formation in the crystal (a dimer of
dimers), this form was disregarded as the biologically
relevant structure, since the membrane-binding C termini
of one dimer extended in a different direction from those in
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the other dimer. As in human MAO-B, an extensive
monomer-monomer interaction area (~ 11 % of the
accessible monomer surface) was observed in each dimer of
rat MAO-A. Thus, considering the similarities in the
overall folding between crystal dimeric assemblies of
human MAO-B and rat MAO-A, it has been suggested that
the latter also forms a dimeric structure in vivo. Fig. (1)
shows a schematic representation of the MAO-A and
MAO-B monomers.

THE MEMBRANE BINDING REGION

MAO-A and MAO-B are tightly bound to the outer
mitochondrial membrane. Different reports had either
shown [51,52] or suggested [53] that the C-terminal tail of
MAO was essential for attachment of the protein to the
membrane. Crystal structures have confirmed that the
globular portion of each monomer in both isozymes is
attached to a C-terminal hydrophobic a-helix which is
presumably inserted into the membrane in an orientation
almost perpendicular to the lipid bilayer. In addition, the
dimer structure predicts no interactions between the helices
from each monomer.

Remarkably, Ma et al. [50] were able to crystallize
MAO-A monomers showing helical C-terminal structures
consisting of five or five and half turns in which only the
last five to six amino acid residues were not visible in the
electron density map. The length of these a-helices (~ 30
A), which is consistent with a protein segment almost
completely traversing a lipid bilayer, and the hydrophilic
characteristics of some of the missing amino acid residues,
strongly suggest that the C-terminal assembly observed in
the crystal structure of rat MAO-A is the same as that
present in vivo, and that MAO-A is a transmembrane
protein. Although a similar arrangement for the C-terminal
helix is predicted in the case of human MAO-B, the fact
that the last 20 amino acid residues appear disordered in
the crystal structure, has so far precluded any certainty as to
whether this isoform also has a transmembrane domain.
Indeed, an alternative membrane anchoring model in which
the last residues, rather than traversing the lipid bilayer,
may turn back to position the C-terminal on the same side
of the outer membrane surface where the main body of the
MAO-B dimer is located, has been proposed [11].

From the analysis of the crystal structures, several other
hydrophobic and electrostatic interactions have been

Fig. (1). Schematic representation of the MAO-A and MAO-B monomers in complex with clorgyline (1O5W) and isatin (1OJA)
respectively. The FAD cofactor and the inhibitors are shown as ball-and-stick figures.
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proposed to be implicated in MAO-membrane binding.
This is in agreement with data showing that truncation of a
significant part or complete deletion of the C-terminal
produced analogues of the enzyme that still retainedaffinity
for membranes [51-53]. Indeed, in the case of rat MAO-A,
a peptide sequence preceding the C-terminal helix (residues
489-493) is predicted to be helically buried in the
membrane [50]. In human MAO-B, a longer sequence of
eight amino acids (residues 481- 488) which includes the
same residues discussed above for MAO-A, has been
regarded as being involved in the protein-membrane
interaction, but current data do not determine if this
peptide may actually be inserted into the membrane
[11,47].

In spite of the subtle differences discussed, it is clear
that both MAO-A and MAO-B interact significantly with
the mitochondrial membrane. The attraction of protonated
substrates to the negatively charged membrane surface and
the consequent increase in their local concentration near the
catalytic site has been proposed as one of the possible roles
of this interaction [11,14].

THE FAD BINDING DOMAIN

It has been known for several years that FAD is
covalently bound to MAO via a thioether linkage between
the 8a-methyl group of the cofactor and Cys406 or Cys397
in MAO-A and MAO-B respectively [54,55].

Crystallographic data confirmed this information,
revealing that the FAD binding domain is buried inside
the molecules with the active site situated on the re side of
the flavin ring, and showed that there is an extensive array
of hydrophobic and hydrogen bonding interactions between
MAO-A or MAO-B and the cofactor. As expected, the
conserved character of the amino acid residues that were
originally described to interact with all the structural
elements of FAD in MAO-B, determines that the nature of
these interactions is very similar in MAO-A as well. This
information also strongly supports the notion that covalent
flavin linkage [56-58] and non-covalent FAD interactions
[45,59,60] play a critical role in the stabilization of enzyme
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structure [See 13 for a recent review]. In this sense, the
interaction established between Lys296 of MAO-B
(Lys305 in MAO-A) and the isoalloxazine ring of the
cofactor deserves mention. This amino acid residue is
hydrogen-bonded to N5 of the flavin ring through a water
molecule [12,48,49], constituting a Lys-H,O-flavin N5
substructure which has also been found in some other
flavoenzyme oxidases, and which therefore is thought to be
a structural motif of these enzymes. Although the
resolution of the MAO-A crystal structure does not allow
the presence of a water molecule bridging Lys305 with the
N5 atom of the flavin to be definitely established, the
conserved character of the FAD-enzyme interactions
suggests that this feature might also be present in MAO-A.
Interestingly, site-directed mutagenesis studies have shown
that substitution of Lys305 or Lys296 by an alanine, in
human MAO-A and -B respectively, resulted in the
complete loss of catalytic activity [61].

Another striking feature of FAD seen in both enzyme
crystal structures is that the isoalloxazine ring is in a bent
conformation, differingfrom the planar structure observed
for this aromatic system in solution. It should be noted
that the dihedral angle formed by the median planes of the
benzene and the pyrimidinedione rings of the flavinappears
to be slightly less in MAO-A than in MAO-B. As
discussed by Edmondson et al. [13,14] for MAO-B and
Trickey et al. [62] for trimethylamine dehydrogenase (an
FMN-dependent dehydrogenase that also shows a high
degree of butterfly bending on its flavin cofactor), this bent
structure of the flavin ring might facilitate the catalysis and
the formation of adducts at either the N(5) or the C(4a)
positions of the isoalloxazine ring, such as those observed
with  clorgyline for MAO-A and pargyline or
tranylcypromine, among other irreversible inhibitors, for
MAO-B [48].

THE SUBSTRATE/INHIBITOR BINDING SITE

Crystallographic data have revealed that N-propargyl-
substituted irreversible inhibitors bind covalently to either
MAO-A (clorgyline) or MAO-B (pargyline, rasagiline (11)
and three of its analogues) via a linkage between the
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terminal carbon atom of the propargyl moiety and the N5
atom of FAD (scheme 2).

In all of these enzyme-inhibitor complexes, the longer
axis of the inhibitor molecule is oriented perpendicular to
the longer axis of the isoalloxazine ring. Indeed, in all
cases but one, MAO-B crystal structures obtained in the
presence of reversible or irreversible inhibitors have shown
that the ligands bind with their aromatic moieties
perpendicular to the flavin. The single exception is the
adduct formed by tranylcypromine (12), in which the
phenyl ring of the inhibitor lies parallel to the
isoalloxazine ring, possibly allowing a p stacking
interaction between these two systems. It is noteworthy
that in this case the adduct involves C4a instead of N5.
Also, a glutamine active site residue (GIn206) has to move
~1 A away from the conformation observed with other
ligands in order to allow this relative ring orientation.
Unlike the situation found with MAO-B, in the case of
MAO-A the aromatic ring of clorgyline is not
perpendicular to the flavin ring. The larger size of
clorgyline, which may constrain its aromatic ring far away
from the isoalloxazine ring in MAO-A, and/or the
existence of hydrogen bonds between the two chlorine
atoms and Cys323 and Thr336, might account for this
observed orientation. Therefore, the possibility that the
aromatic ring of a small inhibitor of MAO-A shares the
same binding pattern as that of MAO-B inhibitors can not
be excluded.

According to the structural data from these enzyme-
inhibitor complexes, the substrate/inhibitor binding sites
of rat MAO-A and human MAO-B display several
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common characteristics. Both can be described as a pocket
lined by the isoalloxazine ring and several aliphatic and
aromatic amino acid residues (Fig. 2), which provide the
highly hydrophobic environment predicted from modelling
[63,64] and several QSAR studies [see for instance 65-67].
In addition, a critical role of Tyr444, Tyr407, GIn215 and
11e180 of MAO-A (Tyr435, Tyr398, GIn206 and Leul71l
in MAO-B) in the orientation and stabilization of the
substrate/inhibitor binding can be inferred from the crystal
structures of both proteins.

In the case of MAO-B, it has been shown that the
substrate binding site is actually a cavity (a flat entity of
420 A3 in volume, termed the “substrate cavity”), which
can be distinguished, in some cases, from another
hydrophobic entity (290 A3 in volume, termed the
“entrance cavity”) situated closer to the protein surface
[14,47,48]. It is believed that the entrance cavity functions
as a passageway for the diffusion of substrates and
inhibitors into the catalytic site. Both cavities can either be
physically separated or fused into one single entity in the
presence of different inhibitors. It has been demonstrated
that the 11e199 side-chain can act as a “gate” opening or
closing the connection between the two cavities by
modifying its conformation. Thus, when relatively small
inhibitors such as isatin (13), pargyline or tranylcypromine
are bound to the active site of MAO-B, the two cavities
appear separated, and the 11199 side-chain is in a “closed”
conformation (Fig. 2 shows this conformational state). In
contrast, this residue adopts an “open” conformation when
bulkier ligands such as 1,4-diphenyl-2-butene (14) or
lauryldimethylamine N-oxide (15) are bound, allowing
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Fig. (2). Substrate/Inhibitor binding sites of MAO-A (left) and MAO-B (right). Non-conserved amino acid residues are shown in

purple. To simplify the comparison, some residues are not shown.
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these compounds to span both cavities, which now may be
seen as a single larger binding domain.

The extension of ligands through both cavities had
been predicted (although without mentioning any change
in the conformation of 11e199), by a flexible docking study
performed with several tetrazole (16), oxadiazolone (17),
oxadiazinone (18), aryl-N-acylhydrazone (19) and coumarin
(20) derivatives, most of them reversible and selective
MAO-B inhibitors [68]. It appears from this work that, in
theory, optimal binding ought to implicate some parts of
these molecules traversing the space that defines the
separation between both cavities. It should be noted,
however, that extension of a ligand into both cavities is
not an absolute requirement for an “open” conformation,
since rasagiline and some of its derivatives, which fit
snugly into the substrate cavity, are able to interact with
11e199 in a way that forces this residue to adopt an open
conformation [49].

Such an arrangement is not observed in the MAO-A-
clorgyline crystal structure, which seems to delimit a larger
binding site in this isoform, in agreement with SAR
studies [See 69,70 for reviews]. However, it can be noted
that in MAO-A there is an array of two aromatic amino
acids (Phe208 and Phe 177) situated in close proximity to
an aliphatic residue that might adopt two different
conformations (lle335). This arrangement is at a similar
distance from the flavin ring as the corresponding 11199,
Phel68 and Tyr326 triad observed in MAO-B at the
juncture of the substrate and entrance cavities. Thus, the
displacement of 11e335 in MAO-A might determine an
open or closed state of the substrate cavity much as 11e199
does in the case of MAO-B. It may be envisaged that
clorgyline, because of its size, hydrophobic and/or
electrostatic characteristics, interacts with 11335 of MAO-
A in a way that forces this residue to be in an “open”
conformation, much as the MAO-B cavity-spanning
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ligands do with 11e199. Further studies, in which MAO-A
crystallizes with smaller inhibitors, are necessary to
confirm whether 11e335 can act as “gate” residue similar to
11e199 in MAO-B. In this sense, due to its nonselective
character, pargyline seems to be a good candidate to
attempt this analysis.

Assuming the existence of separate entrance and
substrate cavities in MAO-A, the volume of the latter
should presumably be similar to that determined for MAO-
B. It is worth pointing out that this is quite precisely what
has been estimated from the dimensions of the largest rigid
isatin and pirlindole analogues able to inhibit MAO-A
[71,72]. If the dynamic substrate cavity systems demons-
trated for MAO-B were also present in MAO-A, the
exchanged locations of the aromatic and aliphatic non-
conserved residues (Phe208/11e199 and 11e335/Tyr326, in
MAO-A and -B respectively) would determine a “gate”
operating in opposite directions depending on the isoform
considered. This difference might be implicated in the
affinity and selective recognition towards substrate and
inhibitors, as has been shown by site-directed mutagenesis
studies in which reciprocal interchanges of some of these
residues generate mutants with altered substrate/inhibitor
specificities and affinities [73,74].

The predominantly hydrophobic entrance cavity (MAO-
B) and putative channel (MAO-A) preceding the ligand
binding pocket appear to be very similar, as might be
expected from the high degree of sequence identity of both
proteins (Fig. 2). In fact, both differ only in that Leul64
and Thr314 of MAO-B are replaced by Phel73 and
Cys323, respectively, in MAO-A. A study in which all the
cysteine residues of both isoforms were mutated
systematically for serine gave no indication that such an
aminoacid in the entrance region might be important in
determining specificity [75]. However, chimeric constructs
showed that the sequence from residue 152 to 366 in
human MAO-B (and 161 to 375 in human MAO-A)
contains the residue(s) responsible for selective ligand
recognition [76]. Although it has been shown that Tyr326
and 11e335 play an important role in isoform selectivity
[73], no attention has been paid to the possible relevance of
Leul64 and Phel73, located at the rear of the entrance
cavity of MAO-B or the corresponding region of MAO-A.
The fact that some large inhibitors extend into this part of
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the MAO-B molecule has been mentioned as a possible
basis for drug design [48,49,68], and the Leu/Phe
dichotomy might be exploited in a rational search for new
selective compounds.

The active sites, i.e. where the oxidation of the
substrate is carried out, are very similar in both MAO-A
and MAO-B as revealed by diffraction data. Two conserved
tyrosine residues (Tyr407, Tyr 444 and Tyr398, Tyr4d35
in MAO-A and -B respectively), whose aromatic rings face
each other, are located almost perpendicular to the
isoalloxazine ring defining an “aromatic cage”, that is
believed to be critical for the alignment of the substrate
amino group in front of the N5-C4a motif of the flavin ring
(Fig 2). [12]. A similar aromatic cage has been revealed in
the crystal structure of polyamine oxidase [77]. Site-
directed mutagenesis studies have also demonstrated the
importance of the presence of these aromatic residues near
the isoalloxazine ring for the catalytic activity either in
MAO-A or MAO-B, since inactive mutants were obtained
when any of these tyrosines was replaced by a serine [61],
while decreased but still significant activity was observed
when either tyrosine was mutated to phenylalanine [61,78].
In addition, high-resolution X-ray data have demonstrated
the existence of two ordered and conserved water molecules
between Tyr398 and Tyr435 in MAO-B [49], the presence
of which had also been predicted as a protein-ligand
complex stabilizing feature by the docking study
mentioned above [68]. Taken together, these results
strongly suggest that the cage formed by aromatic residues
and the flavin ring is the recognition site for the substrate
amino group in several flavoenzymes including MAO-A
and MAO-B. Furthermore, either through favourable polar
or H-bond interactions, this site should be important to
allocate the relatively hydrophilic groups of several classes
of MAO-A or MAO-B inhibitors, which therefore should
prevent the catalytic cycle, as had been predicted by several
SAR, QSAR and docking studies [65,68,79-81].

MODE OF LIGAND BINDING

Many SAR studies on MAO inhibition have been
carried out using unrelated families of compounds [69,70].
Coumarin  [67], aryloxazolidinones (21) [79,82],
indenopyridazines (22) [66], indoloquinoline (23) [72],
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arylalkylamine (24) [83,84], and aminoindan (25) [85]
derivatives have been the subject of particularly extensive
analyses.

In some cases electronic or electrostatic properties have
been claimed as of paramount importance, while in others
lipophilic or steric features have been identified as major
determinants of inhibitory potency. However, the inherent
structural homogeneity of these sets of molecules suggests
that in each case some particular aspect of their interactions
with the enzyme may have been overlooked, and that the
preferences identified may therefore be biased by the choice
of compounds. In the light of our present knowledge of the
structures of the active sites of both isoforms of the enzyme
and the routes giving access to their ligands, it seems
likely that a subtle interplay of a variety of factors
determines the potencies and selectivities of the wide array
of inhibitors studied to date.
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A model assuming that the aromatic moiety of MAO
ligands stacks parallel to the flavin cofactor [69] is no
longer tenable in view of the available crystallographic
studies. In order to approach the catalytic site, substrates
and inhibitors must fit into a narrow space (~ 7A width)
lined by GIn206 and Leul71, Tyr 398 and Tyr 435 in
MAO-B (GIn215 and 11180, Tyr 407 and Tyr 444 in
MAO-A), which obliges the aromatic rings to adopt a
perpendicular orientation with regard to the long axis of the
flavin ring. The narrowness of the active sites is in good
agreement with that predicted by SAR and QSAR studies,
which had highlighted that inhibitors have certain
“thickness” limitations and that more planar molecules are
more potent that their less planar congeners [64,67,71,86].
The perpendicular orientation of the aromatic moieties of
MAO ligands in the active site would allow p stacking
interactions with the tyrosine residues, which in turn
might explain several correlations which were rationalized
assuming parallel stacking with the isoalloxazine.
Moreover, (possibly water-mediated) hydrogen bonds
between the polar substituents of the tyrosine and
glutamine residues and nitrogen or oxygen functionalities
of substrates or inhibitors could further stabilise the
positioning of these ligands. The likelihood of these
geometrical constraints and all the functional interactions
mentioned is supported by several docking studies in
MAO-B [68,80,87-89] and by in silico superimposition of
a number of inhibitors into the active site of MAO-A as
defined by clorgyline [50]. Nevertheless, as mentioned
above, tranylcypromine is able to interact with the
glutamine residue in MAO-B, forcing it to move ~ 1A
from its original position, and eventually resides with its
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aromatic ring in an almost parallel orientation. This
observation highlights the plasticity of this binding site.
The non-selective character of the inhibitory properties of
tranylcypromine, suggests that a similar conformational
change could be observed in MAO-A. In fact, conforma-
tional changes of the binding site have been invoked to
explain shifts in the UV and CD spectra of MAO-A upon
interaction with different inhibitors [86,90,91].

The importance of hydrophobicity in several series of
inhibitors of both MAO isoenzymes has been well
established. Thus, since most of the amino acid residues in
the rear of the substrate binding cavity and in the entrance
cavity or channel are hydrophobic, relevant interactions
with longer inhibitor molecules should occur at these sites.
Relatively few inhibitor molecules, however, are long
enough to occupy much of the entrance. Therefore,
exploration of flexible molecules that might reach deeply
into this region is still an attractive approach for drug
design.

Regarding selectivity of substrates and inhibitors for
MAO-A or -B, it is reasonable to assume that this is
determined at two levels, namely by access to the substrate
binding site and/or by differential interactions with specific
residues once the molecule has entered. Thus, mutational
studies have shown that the interchange of nonconserved
amino acids in the binding site modifies the ligand
selectivity of the isoenzymes [73,74]. Any explanations
based on the crystal structures, however, should be handled
with caution, as mutation of specific residues in the rat and
human MAO-A have not always resulted in identical
functional changes [74,92]. Likewise, the conclusions
extracted from docking studies at the substrate binding site
are limited not only by the crudeness of the algorithms
used and by the fact that human MAO-B models have
sometimes been tested using biological results obtained
with the rat enzyme, or vice versa, but also by the lack of
dynamic studies on the trajectory of ligands from the
outside of the protein to their final interaction locus.

CATALYSIS

As intimated by Tipton and colleagues [1], there are
certainties and uncertainties regarding the mechanism
underlying the substrate oxidation reaction. It has been
demonstrated, using a benzylamine derivative, that
catalysis involves a 1:1 stoichiometry between substrate
and MAO-A [93], and the same is true in the case of
inhibitors [90,93; structural data]. In addition, data
obtained from QSAR and kinetic studies for benzylamine
and several of its derivatives have shown that the a-C-H
bond cleavage is the rate-limiting step for both MAO
isozymes [93,94]. This step almost certainly involves
proton abstraction, as shown in the latter study by a
Hammett analysis of the substituent effects. The
stereospecific abstraction of the pro-R-hydrogen has been
demonstrated with several substrates [95,96]. Interestingly,
the introduction of a methyl group at the a-methylene of
substrates such as benzylamine or phenethylamine
generates chiral a-methylbenzylamine or amphetamine
derivatives, both of whose isomers inhibit MAOs,
regardless of whether the pro-R- or the pro-S-hydrogen is
the substituted atom [97-99].
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Two models (Scheme 3) for the MAO-catalysed
oxidation of amines are currently debated. In general terms,
the single electron transfer (SET) mechanism [100,101]
proposes that oxidation of the substrate would involve an
initial one-electron transfer from the lone pair of the amine
substrate to the FAD to yield an aminium cation radical
and the flavin semiquinone. Proton abstraction, the
formation of a carbon-centred radical and a subsequent
second electron transfer would follow to yield the iminium
species and the reduced flavin. The polar nucleophilic
mechanism [14,93], proposes a concerted pathway in
which the substrate amino group would react
nucleophilically with the flavin C4a. The concomitant
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increase in the basic character of the FAD N5 would allow
this atom to abstract the proton from the substrate’s a-
carbon to yield the imine and the reduced flavin.

Although the new structural results do not make either
catalytic mechanism obvious, and a great deal of data
support both options, the current balance of evidence seems
to favour the latter proposal [14]. In this sense, a recent
theoretical study on the interaction of lumiflavin with
several b-carbolines (which are MAO-A inhibitors)
indicates that protonation at N5, in particular, strongly
increases the electrophilicity of C4a [102]. Therefore, the
role of the essential Lys296 (in MAO-B) or 305 (in MAO-
A) may be rationalized not only as a structural but also as
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a mechanistic necessity if it is viewed as a proton source,
via an intermediate, conserved, hydrogen-bonded water
molecule. In spite of these considerations, it is clear that
further studies are necessary to definitely decide this issue.

CONCLUDING REMARKS

Recent results have shown that there is ample scope for
the development of highly potent MAO inhibitors.
Knowledge of the crystal structures of both isoenzymes
augurs a new impulse to this rapidly moving field. Solid-
state structural studies, however, only provide a snapshot
of one of the many conformations available to proteins,
even when complexed with high-affinity ligands.
Consequently, experimental and theoretical approaches that
give adequate consideration to dynamic aspects are an
important requisite in order to better understand the
physiological functioning of these enzymes and to place
drug design on a more solid basis.
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PEA = b-Phenethylamine
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CNS = Central Nervous System

MDMA = Methylenedioxymethamphetamine

PDB = Protein Data Bank

FMN = Flavin Mononucleotide

SAR = Structure-Activity Relationships
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