Eur J Med Chem (1997) 32, 721-730
© Elsevier, Paris

721

Reversible inhibition of type B monoamine oxidase.
Theoretical study of model diazo heterocylic compounds
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Summary — Different families of heterocycles containing 2 to 4 nitrogen atoms (oxadiazolones, tetrazoles and oxadiazinone
derivatives, so-called diazoheterocyclics) are currently used as lead compounds for the design of reversible and selective monoamine
oxidase B (MAO-B) inhibitors. In order to clarify the mechanism of interaction of these molecules with the enzyme, we adopted a
theoretical approach (ab initio calculations) and studied several structural and electronic properties of prototype molecules of the aryl
diazo heterocyclic chemical series. This work provides a theoretical basis for structure—inhibition relationships in chemical series with

potential IMAO-B properties.

reversible MAO-B inhibition / model of interaction / ab initio calculation

Introduction

In the symptomatic treatment of Parkinson’s disease a
useful approach consists in restoring an appropriate
concentration of dopamine (DA) in the synaptic cleft
of DA neurons of the central nervous system. Oral
levodopa substitution continues to be the most effec-
tive and well-tolerated drug treatment for early
Parkinson’s disease, but leads to failure as a result of
the development of drug-induced dyskinesia, motor
response oscillations, psychiatric complications and
the progressive emergence of poorly responsive gait
and balance problems.

An alternative strategy involves the administration
of an inhibitor of type B monoamine oxidase (MAO-
B) in order to inhibit the metabolism of dopamine and
consequently increase the DA concentration in the
synaptic cleft of the remaining DA neurons of the
nigrostriatal pathway. Clinical use of L-deprenyl, an
irreversible inhibitor of MAO-B, confirms this hypo-
thesis and opens new perspectives in the treatment of
Parkinson’s diseases. However, only a few selective
and potent inhibitors of MAO-B are available and
there is a considerable interest in understanding their
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mechanism of interaction with the enzyme in order to
design new molecules [1-2].

The first generation of inhibitors of MAO-B were
irreversible, mechanism-based compounds such as
propargylamine deprenyl (fig l1a). A lot of effort has
been dedicated during the past years to develop more
potent compounds, in particular among irreversible
propargylamines AGN 1135 [3], fluoroalkylamines
(MDL 72145 and 72974) [4] and aminomethylaryl-
oxazolidinones [5-8] chemical series. Those studies
led to a better understanding of the molecular mecha-
nism catalyzed by the monoamine oxidase and these
chemical series are of great interest as pharmacologi-
cal tools.

Another class of compounds has been developed,
belonging to the benzamide series: Ro 16-6491
and lazabemide (Ro 19-6327) (fig 1b). These two
IMAO-B’s are considered as reversible inhibitors [9,
10]. More recently, an additional set of molecules was
discovered as IMAO-B’s and belong to various aryl
diazoheterocyclic families including oxadiazolones,
tetrazoles and oxadiazinones (fig 1c). These new inhi-
bitors of MAO-B are reversible, very potent and
selective for the type B of monoamine oxidase [11,
12]. They contain the ‘diazo’ N-N moiety (scheme 1)
which is present among other MAO inhibitors and
that can also be found in another family of newly
synthetized competitive MAO-B inhibitors, the inde-
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Fig 1. Examples of structures of irreversible (a) and reversible (b and c) inhibitors of type B monoamine oxidase.

nopyridazines [13]. A detailed description of the
structure—activity relationships of these original mole-
cules can be found in the papers of Milcent et al [12}
and Testa et al [13] respectively.

Several features emerged from those studies that
are relevant for enzyme-inhibitor interaction of
potent, selective IMAO-B’s. They can be briefly
summarized as follows (fig 2):

(i) Lipophilicity plays a crucial role for the activity
of these inhibitors. It has been demonstrated that the
presence of a benzyloxy group in the para position of

R_iN\)N/RI

Scheme 1. Common diazo N-N moiety.

the aryloxadiazolones and aryloxadiazinones is essen-
tial for their activity. The introduction of both electron
acceptor or donor substituents on the terminal phenyl
ring leads to less active molecules. Those inhibitors
which contain an unsubstituted terrninal benzyloxy
function present the best inhibition activity. This
underlines both electronic and steric constraints for
this part of the molecule.

(ii) The exact role of the heterocycle is not well
established although it seems that five-membered
heterocycles (oxadiazolone, oxadiazolethione, thiadia-
zolone or thiadiazolethione) usually present a better
affinity for MAO-B than six-membered rings (oxa-
and thiadiazinones). The inhibitory potency also
seems to be related to the electron density at the sp2?
atom of YC=X group (fig 1c), heterocycles D <B < C
< A and in the C=X group, heterocycles C, D < A, B,
F (figs 2 and 3).



(iii) As was similarly observed for the substrates of
MAO-B (benzylamine, phenylethylamine), the length
of the lateral chain of the aryl diazo derivatives
should not be longer than two carbon atoms. This
indicates that the groups being present on the ethyl
chain (Z = OH, OMe, CN, in fig 2) could interact with
the same binding site as the amine of the substrate,
which could explain the competitive profile of these
compounds.

The mode of interaction of the previously men-
tioned aryl diazo heterocyclic IMAO-B’s with the
enzyme must be investigated, as the role of the hetero-
cyclic moiety.

In the present work we analyse the role of various
heterocycles (oxadiazolones, tetrazoles and oxadiazi-
none derivatives) that were used as lead compounds
for reversible and selective MAO-B inhibition in
order to contribute to a better understanding of
the mechanism of interaction between these mole-
cules. We adopted a theoretical approach (ab initio
calculation) and studied several structural and electro-
nic properties of various prototype molecules in
some aryl diazoheterocyclic series. This report
provides a theoretical basis for structure—inhibition
relationships in chemical series with potential
IMAO-B properties.

Results and discussion

In order to investigate the influence of the heterocycle
present in potential MAO-B inhibitors on the para-
meters supposed to be important for the affinity to the
enzyme, we selected several prototype compounds
(A-F) which were studied through a quantum chemi-
cal approach to measure electronic properties (net
atomic charges, molecular electrostatic potential,
energy and topology of molecular orbitals). Based on
the results published in the literature for substituted
analogs [11-13], it was possible to propose the affi-
nity order for this set of molecules and it is reasonable
to expect that the inhibitory potency of the chosen
fragments should decrease as follows: A ~E >C > B
> D ~ F Those fragments proved to be useful in
understanding the influence of the heterocycle (part
(ii) in fig 2) of different MAO-B inhibitors.

The internal geometries of all these compounds
correspond to minimal-energy conformations and
were obtained by geometry optimization within the
SCF-MO-LCAO formalism using the 3-21G (or 3-
21G*) basis set (see methods). The minimal-energy
structures are completely planar with the methoxyphe-
ny! ring coplanar to the different heterocycles studied
(data not shown). This is convenient as the molecules
lie in the xz plane and the 7 density can be calculated
along the z axis.
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Net atomic charges

Total atomic charges (e) and nt (p,~p,) overlap (%) for
fragments A to F are presented in figure 3 and result
from a Mulliken analysis [14]. The charge density on
the common methoxy phenyl rings (not included in
figure 3) is the same for all the fragments A-F indicat-
ing that this part of the molecules is influenced in a
similar way whatever the nature of the heterocycle
(oxadiazolone, oxadiazothione, tetrazole, oxadiazi-
none, etc).

The electronic delocalization scheme significantly
differs among the different molecules, the tetrazole
ring (E) being completely delocalized in contrast with
the oxadiazinone (F). Introduction of a sulfur atom (B,
C, D) in the oxadiazolone (A) cycle only slightly
affects the distribution of &t electrons (fig 3b). In terms
of atomic charges, however, the replacement of an
oxygen atom by a sulfur atom induces a major modifi-
cation of the electronic structure of the molecule and
can lead to the inversion of the sign of the charge
carried by some heteroatoms (fig 4a). As a conse-
quence, the electrostatic potential that is induced by
those fragments must also be different. This point will
be discussed in more detail later and may be of inter-
est in characterizing the several MAQO-B inhibitor
models.

Mazouz and colleagues {12} postulate a specific
interaction of the phenyl heterocycle part of their
molecules and a nucleophilic site at the active site of
the enzyme. This hypothesis tends to explain the
better affinity of oxadiazolones, with respect to the
corresponding oxadiazinones, in terms of a &+ excess
of positive charge generated by electronic delocaliza-
tion on atom N1 (scheme 2), more important in the
case of oxadiazolones. Stabilization of this pseudo-
aromatic &+ entity by a nucleophilic site in the protein
active site should explain the observed differences in
affinities.
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Scheme 2. Hypothesis of Mazouz et al.
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(i) Hydrophobic pocket
(ii) Interaction site with the heterocycle
(iii) Stabilization of the lateral chain by a catalytic residue
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Fig 2. Main structure—activity relationship features among aryl diazo heterocyclic derivatives.
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However, no correlation is possible between the
calculated total atomic density at some heteroatom
levels (eg, on N1) and the inhibitory potency of the
compounds. As a consequence, additional electronic
descriptors were investigated as the topology of fron-
tier molecular orbitals and the molecular electrostatic
potential.

Energy and topology of molecular orbitals

Examination of the topology of the highest molecular
orbital occupied by electrons, the HOMO (fig 4)
confirms what has already been observed regarding
the different electronic distribution among the aryl
heterocycles present in reversible MAO-B inhibitors
studied here.

In contrast to MAO-A reversible inhibitors, for
which the  type HOMO always seems to be located
on a phenyl ring rich in electrons as observed in
different families of compounds including aryl oxazo-
lidinones and B carbolines [15-17], it is not possible
to find a unique pattern among reversible MAO-B
inhibitors (fig 4). For befloxatone, a very potent
reversible and selective MAO-A inhibitor belonging
to the aryloxazolidinone family [18], the energy of
the HOMO (located on the oxyphenyl moiety) is
—6.18 eV (for comparison, Eyome of hydroquinone,
calculated with the same method, is —6.08 eV). It has
been proposed that this compound acts as electron
donor in a charge transfer with the flavin cofactor of
MAO [19-21]. Based on the sole energy of the
HOMO criteria (fig 4a), some MAO-B inhibitors
could be good electron donors (Eygumo > —6.0 eV)
versus a common electron acceptor (the flavin cofac-
tor of the enzyme). This has been observed experi-
mentally by absorption spectroscopy (data not
shown). This interaction would however involve the
heterocycle instead of the oxyphenyl moiety of the
molecules, as can be expected from the topology of
the HOMO (fig 4b).

The electron donor properties (topology and
energy of the HOMO) of the model molecules we
investigated is not related to their affinity for MAO-B.
The reversible inhibition of MAO-B can not be
explained in terms of a specific, reversible interaction
(charge transfer) with the flavin cofactor of the protein,
in contrast with what is proposed for MAO-A inhibi-
tors. Such an interaction with the cofactor is not
excluded but certainly does not represent the major
stabilizing contribution of the inhibitor in the active
site of the enzyme. This also tends to demonstrate
that, although both MAO-A and B share some structu-
ral properties, including amino acid sequences [22]
and secondary structure patterns [23], their inhibition
mechanisms could be different.
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Molecular electrostatic potential

It became clear, after the examination of total atomic
charges and & overlap percentage of the model mole-
cules A-F, that a specific interaction of the aryl hete-
rocycle of MAO-B inhibitors with a nucleophilic site
of the enzyme is unprobable. Based on the molecular
electrostatic potential (MEP) calculated around the
several model compounds A-F (fig 5), we propose
that those parts of the MAO-B inhibitors, enriched in
electrons, interact with specific hydrogen donors
(electrophilic sites) in the active site of the protein. It
is clear from figure 5 that the several heterocycles that
were included in this study (oxadiazolone, oxadiazo-
thione, tertazole, oxadiazinone, etc) generate impor-
tant attractive (versus a proton) potential wells that
could play a crucial role in anchoring the MAO-B
inhibitors at the active site of the protein. The identifi-
cation of a common pattern of three nucleophilic sites
for MAO-B inhibitors and the geometrical characteri-
zation of this pharmacophoric element are illustrated
in table I. The importance of those attractive potential
sites is quantified by a parameter P which is in fairly
good correspondance with the order of affinity for
MAO-B. Particularly the decrease in activity observed
for the heterocycles containing a sulfur atom can be
explained by their lower nucleophilic/basicity
property.

The superimposition of the molecular structures
presented in figure 6 allows the oxyphenyl part, which
is common to all the molecules studied. to be in the
same region of space. For this geometry, the attractive
potential wells generated by the several heteroatoms
of the heterocycles define a unique pharmacophoric
pattern and can be considered as privileged anchoring
parts to the active site of the protein. Identification of
those interaction sites with appropriate hydrogen
donor residues (Ser, Thr, Tyr, Lys, His, etc) or with
the peptide backbone of the protein is an important
step in the understanding of the role played by the
phenylheterocycle moiety of several MAO-B inhibi-
tors. This also demonstrates that, in contrast with
reversible MAO-A inhibitors [16-21], a charge trans-
fer component is not the major stabilization contri-
bution of the MAO-B inhibitors we studied. It is
however interesting to note that stabilization of MAO-
A inhibitors by hydrogen bonds was also proposed to
improve the interaction of those compounds with
monoamine oxidase [19-21]. For aryloxazolidinones
(toloxatone, befloxatone) those sites correspond to P1
and P2 in table I. This interaction seems however less
crucial in the case of reversible MAO-A inhibitors
(for which the charge transfer component is impor-
tant) than for MAO-B inhibitors.

The pharmacophoric elements defined in our study
are useful for the generation of original leads.
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Fig 4. (a) Energy (eV) of the highest occupied molecular orbital (HOMO) for different aryl-heterocycle fragments (A—F). The
energy of the first © type molecular orbital localized on the oxyphenyl ring is also presented. *: HOMO-1 and **: HOMO-2.
(b) Topology (isodensity contour) of the HOMO in the same A-F fragments of MAO-B inhibitors. The electronic density is
presented at 0.005 /A3, More details are given in the methods section.
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Fig 5. Molecular electrostatic potential (MEP)
calculated (ab initio, 3-21G(*) basis set) around
the several model compounds A-F. (a) MEP
calculated in the xz plane of the different mole-
cules with repulsive potential zones presented
in solid lines (isocontours of the molecular
electrostatic potential representation from 1 to
5 kcal/mol) and attractive regions in dashed
lines (from —80 to 0 kcal/mol with a contour-to-
contour interval of 5 kcal/mol).

(b) Representation of the attractive potential
wells (given in kcal/mol) generated by the hete-
roatoms of fragments A—F.
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Table I. Topology of the attractive regions of the molecular electrostatic potential (nucleophilic/basic sites) generated around
the arylheterocycles A~F. The MEP map of 5-(R)-methy! 3-[4-methoxyphenyl] oxazolidin-2-one is also represented for compa-
rison. Py, P, and P; define attractive MEP wells generated at a distance d,, d, and d; of the centroid of the adjacent phenyl ring.

d P,
Al kcal/mol
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Fragment I (fig 7) was defined from the elements
deduced in table I. This fragment was submitted to
a systematic search of the Version 5 Cambridge
Structure Database. The search fragment consists of
a total of 109 molecules. Among those molecules
interesting structures emerge. They are presented in
figure 7.

Fig 6. Superimposition of the molecular structures of the
model compounds A-F based on the topology of the attrac-
tive potential wells (indicated by an arrow) generated by the
heteroatoms of the heterocycles. All molecules lie in the
same plane.
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The electrostatic anchoring points proposed for the
heterocycles are however not sufficient to explain the
very high affinity of the corresponding MAO-B inhi-
bitors (I, in the nanomolar range when well substitu-
ted) and it is therefore clear that the other parts of the
molecule ((i) and (iii) in fig 2) play the most important
role in the affinity for the enzyme.

Conclusions

Taking into account the results we presented in this
work, it is possible to propose a mode of reversible
interaction of certain MAO-B inhibitors with the
enzyme, based on the electronic characterization of
several prototype compounds (fig 8).

In this model of interaction elaborated on the
pharmacophoric elements deduced from this study
and including structure activity results from the litera-
ture [11-13], it is important to underline the crucial
role played by the terminal benzyloxy parts of the
compounds. In a more general way, the lipophilicity
of those MAO-B inhibitors seems to be the most
important parameter governing the affinity for
MAO-B.

The nature of the heterocycle (oxadiazolone, terta-
zole, oxadiazinone, etc) is not essential. However,
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Fig 7. Results of the CSD (Cambridge Structure Database)
statistical search. The search fragment (1) corresponds to
the pharmacophoric elements deduced in table I. The most
interesting molecules retrieved from the database (corre-
sponding to a refcode) are presented.

their electronic properties must be conserved as this
part of the inhibitor has to fit with the pattern of
nucleophilic/basic sites presented in this study (fig 6).
This point is clearly demonstrated by recent results of
the literature. Opening of the oxadiazolone hetero-
cycle leads to acylhydrazone derivatives (scheme 3)
which retain MAO-B inhibitory activity [24]. The
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Fig 8. Proposition of interactions between MAO-B inhibi-
tors at the active site of the protein.

presence of a 4-benzyloxyphenyl entity is however
essential for affinity and selectivity for MAO-B. This
may well confirm the fact that what is important for
MAO-B inibition is the possibility to stabilize (via
hydrogen bonds) the inhibitor in a hydrophobic pocket
of the binding site of the protein by means of fixed
anchoring points (see pattern in table I and fig 6).

The presence of an appropriate lateral functionali-
zed (CN, OR) ethyl chain is also essential for interac-
tion with MAO-B. It is reasonable to propose that this
chain reaches a catalytic Cys residue as do inactiva-
tors [3—7] and substrates of this enzyme. In contrast
with the substrates, the reversible inhibitors do not
react with the protein (no amine function) and can
only lead to reversible interactions (H bonds) with this
catalytic cystein. This may also explain the behavior
of these molecules.

The proximity of the isoalloxazine ring (planar) of
the flavin cofactor of MAO may explain the preferred
planar conformation of the aryl heterocyclic part of
the compounds we considered (steric constrain). It is
also interesting to note that our hypothesis of a charge
transfer component being less important for MAO-B
inhibition than MAO-A inhibition is in good agree-
ment with the substrate specificities of the two types
of monoamine oxidase. Indeed, substrates of MAO-A

N
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/
i
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Scheme 3. Acyclic acylhydrazone derivatives.
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(serotonine (5-HT), (nor)adrenaline), because of their
chemical structure (catechol, hydroxyindole), are
better electron donor groups in the perspective of a
charge transfer interaction than MAO-B substrates
(benzylamine, phenylethylamine) which are more
hydrophobic and characterized by an aromatic ring
more poor in electrons.

The present study allows us to underline different
points to be taken into account for the inhibitor—
enzyme interactions: a planar support presenting a
conserved pattern of H-bonding acceptor sites, substi-
tuted by a functionalized (CN, OR) ethyl lateral chain,
able to reach the catalytic site of MAO-B without
reacting with it (reversibility and competitivity), and a
benzyloxy chain, conferring lipophilicity to the mole-
cule so that it interacts with the hydrophobic binding
site of the protein.

Experimental protocols

The molecular orbital topology, ie, pattern of the highest occu-
pied molecular orbital (HOMO), and the electronic properties
of the model compounds, ie, overlap populations, atomic
charges and molecular electrostatic orbitals (MEP) have been
obtained at the non-empirical Restricted Hartree~Fock (RHF)
LCAO-MO-SCF (linear combination of atomic orbitals—
molecular orbitals—self consistent field) level of electronic
theory [25]. At such a level, one considers the independent
motion of a single electron in the electrostatic field of fixed
nuclei and averaged Coulomb and exchange fields due to other
electrons. This level of the theory results in the traditional
molecular orbital (MO) language. Within this framework,
calculations have been performed at the 3-21G [26] (or 3-21G*
when the molecule contains a sulfur atom [27]) degree of
sophistication in the LCAO expansion of the molecular
orbitals. For qualitative interpretations, this scheme has the
great advantage of relating molecular properties to simple
atomic parameters and allow for a conceptual approach
common to both theoreticians and experimentalists.

The internal geometries of all the compounds (A-F) corre-
spond to minimal-energy conformations and were obtained by
geometry optimization within the SCF-MO-LCAO formalism
using the 3-21G(*) basis set. The minimal energy structures are
completely planar with the methoxy phenyl ring coplanar to the
different heterocycles studied. This is convenient as the mole-
cules lie in the xz plane and the density can be calculated along
the z axis.

The generation of the electron charge density two-dimensio-
nal iso-contour maps was performed with the MOPLOT
(Molecular Orbital Plot) subprogram [28] available within the
MOTECC (Modern Techniques in Computational Chemistry)
package [29]. All computations were carried out using the
GAUSSIAN92 programs [30] adapted to a IBM Risc 6000
computer system. The 2D iso-contour maps were drawn with
an in-house device-independent contouring program CPS
{Contouring Plotting System) [31] developed in Fortran with
the IBM graPHIGS software [29]. A fragment corresponding to
the pharmacophoric elements deduced from our study was
submitted to a systematic search of the Version 5 Cambridge
Structure Database [32]. The corresponding hits (109) were
retrieved from the database.
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