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Abstract—The stereoelectronic properties of several potent reversible monoamine oxidase B (MAO-B) inhibitors were studied with
a view to develop a pharmacophore model for reversible MAO-B inhibition. This study suggested that important specific H-bond
and hydrophobic interactions are required for potent and selective MAO-B inhibition. These requirements were applied in the
design and synthesis of a novel reversible and selective MAO-B inhibitor, 3-methyl-8-(4,4,4-trifluoro-butoxy)indeno[1,2-c]pyridazin-
5-one, that is ca. 7000 times more selective as an inhibitor for MAO-B than for MAO-A, with Kjnao-s) in the low nanomolar

range.
© 2002 Elsevier Science Ltd. All rights reserved.

Introduction

Monoamine oxidase (MAO; E.C. 1.4.3.4y—an FAD-
containing enzyme located in the outer mitochondrial
membranes of neuronal, glial and other cells—cata-
lyzes the oxidative deamination of biogenic and xeno-
biotic amines to the corresponding aldehyde and
ammonia in the periphery as well as in the central
nervous system.! MAO exists in two forms, that is
MAO-A and MAO-B: MAO-A preferentially catalyzes
the deamination of serotonin, norepinephrine, and epi-
nephrine and is irreversibly inhibited by nanomolar
concentrations of the mechanism-based inactivator
clorgyline; MAO-B preferentially catalyzes the deami-
nation of B-phenylethyla mine and benzylamine and is
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irreversibly inhibited by nanomolar concentrations of
deprenyl, also a mechanism-based inactivator.”? Due to
the key role played by the two MAO isoforms in the
metabolism of neurotransmitters, inhibitors of MAO
represent a useful tool for the treatment of several psy-
chiatric and neurological diseases. In particular, rever-
sible and selective MAO-A inhibitors are used as
antidepressant and antianxiety drugs, whilst reversible
and selective MAO-B inhibitors are under investigation
for the treatment of Parkinson’s disease (PD) and Alz-
heimer’s disease (AD).?

The rational design of reversible MAO-B inhibitors is
severely hampered by the lack of a reliable three-dimen-
sional structure of the enzyme catalytic site. We therefore
undertook the study of several classes of potent reversible
MAO-B inhibitors 1-8+'° using an indirect approach to
propose a general MAO-B pharmacophore.'! This study
was based on a previously established MAO-B pharma-
cophore which was obtained from the computation of
the molecular electrostatic potential (MEP) generated
around representative fragments of the diazohetero-
cyclic derivatives 1-6."!
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The development of this MAO-B pharmacophore led to
the rational design of 3-methyl-8-(4,4,4-trifluoro-butoxy)
indeno[1,2-c]pyridazin-5-one (9), a very potent and
selective reversible MAO-B inhibitor (Table 1). To the
best of our knowledge, this compound is among the
most potent and selective reversible MAO-B inhibitors
yet reported. Finally, with the recent determination of
the X-ray crystal structure of human MAO-B,'?> com-
pound 9 was docked within the active site of the
enzyme. The results obtained from this docking study
support the pharmacophore model established in the
drug design work and is the first docking study per-
formed with such a potent and selective reversible
MAO-B inhibitor in the crystal structure binding site.

Molecular Modeling Study

Earlier studies suggest that MAO-B inhibitors likely are
stabilized within the active site of the enzyme through
several hydrogen bonds.'' Therefore, we used a new
computational tool, known as the Molecular Hydrogen-

Table 1. 1Cs, value measured for MAO-B for compounds 1-8 (taken
from refs 4-10)*

Compd MAO-B
Doy o
X/Y
1 X=0,Y=(C=0) 22
2 X=0,Y=(C=S) 4.4
3 X=8,Y=(C=0) 8.0
4 X=S,Y=(C=5) 16
5 X=(N=), Y=(=N) 2.0
6 X =0, Y =CH2(C=0) 18
CFs3
Ot
7 o OTOMS 20 nM
o~ OMe
N=N CF,
8 = / 90 nM
4
(0]
N=N
F.C o
9 Y C[?J’ 0.014
(o]
N=N
10 @:?Jk 130
(o]
FsC~_©
11 \CQ 0.318
(o]
[¢]
FsC ~_0
12 o 9
(o]

2K; values (expressed in uM) for the inhibition of MAO-B by com-
pounds 9-12. For 9, an approximate K; value of 100 uM was measured
for MAO-A inhibition.

Bonding Potential (MHBP),!? to identifiy groups that
likely would be able to stabilize these compounds (1-8)
inside the active site of the enzyme. This study showed
that the MHBPs generated by compounds 1-8 (Fig. 1)
define a unique pharmacophore pattern complementary
to that derived from the study of the MEPs calculated
for diazoheterocyclic fragments. For a detailed descrip-
tion of MHBP and its advantages the reader is referred
to ref 13.

Calculation of the molecular lipophilic potential
(MLP)'# also showed that compounds 1-7 could be
stabilized within the MAO-B binding site through
hydrophobic interactions between their aryl side chain
and amino acid residues residing in the MAO-B active
site. This hypothesis agrees with previous studies that
also demonstrated a significant role for lipophilic inter-
actions in increasing MAO-B inhibitory activity and
selectivity.*810

In order to best superimpose compounds 1-8 on the
pharmacophoric elements just described we performed
conformational analyses using high-temperature mole-
cular dynamics (HTMD) with the cfi91 forcefield.

All the conformers generated in this way occur within 5
kcal mol~! and were superimposed using a rigid RMS
fitting procedure. Although structurally different, the
conformations of compounds 1-8 could be found among
all of the conformers generated by HTMD to optimally
align the pharmacophoric elements deduced from the
computation of the MLPs and the MHBPs (Fig. 2).

Taking into account all of these data we were able to
generate a MAO-B pharmacophore that satisfies the
relative three dimensional positions of inhibitor hetero-
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Figure 1. Molecular hydrogen bonding potential (MHBP) calculated
on the solvent accessible surface area of compounds 1-8.
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Figure 2. Alignment between compounds 1-8 as achieved by RMS
fitting between all the pharmacophoric elements.
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Figure 3. MAO-B pharmacophore model. HA represents the relative
position of the hydrogen accepting group.

atoms engaged in H-bonding with amino acid residues
within the MAO-B active site (Fig. 3). As deduced from
the conformational analyses these heteroatoms are
located in the same plane as the aromatic moiety. This
model also underscores the crucial role played by the
aryl side chain found in compounds 1-7. The aryl side
chains in all these compounds are directed towards the
same region and it is likely that this structural feature
could stabilize these inhibitors through hydrophobic
interactions.

According to these results we proposed that substitution
of the indeno[l,2-c]pyridazin-5-one ring, either on posi-
tion 7 or 8, should lead to potent and selective MAO-B
inhibitors. In order to validate this hypothesis 3-methyl-
8-(4,4,4-trifluoro-butoxy)indeno[1,2-c]pyridazin-5-one (9)
was synthesized according to our previously published
method (Scheme 1).13

MAO Inhibition

Intact mitochondria prepared'® from human placenta
and baboon liver served as sources for MAO-A and
MAO-B, respectively. Human placental mitochondria
express almost exclusively MAO-A! while baboon liver
mitochondria express almost exclusively MAO-B.!7
Before use, the mitochondrial homogenate was sus-
pended in sodium phosphate buffer (100 mM, pH 7.4)
containing 50% (w/v) glycerol, and the protein con-
centration (25-60 mg/mL) was determined by the
method of Bradford.'® The inhibition of MAO by the
test compounds (9-12) were evaluated by incubating the
nonselective substrate 1-methyl-4-(1-methylpyrrol-2-yl)-
1,2,3,6-tetrahydropyridine (MMTP; 30-120 uM) with
the mitochondrial homogenate (0.15 mg of protein/mL)
and various concentrations of the test compounds. The
K., values of MMTP for MAO-A and MAO-B are 527
and 60.9 uM,!”7 respectively, in human placental and
baboon liver tissue. The test compounds were dissolved
in DMSO and added to the buffered incubation mixture
such that the final DMSO concentration was 4%. The
final volume of the incubation mixtures were 500 pL (in
sodium phosphate buffer, pH 7.4) and the samples were
incubated at 37°C for 15 min. The reactions were ter-
minated by the addition of 20 uL perchloric acid (70%
v/v), centrifuged (16,000g for 5 min) and the concen-
trations of the enzyme-generated dihydropyridinium
metabolite MMDP™* in the supernatant fractions were
estimated spectrophotometrically at 420 nm (£=25,000
M~! cm™1).!7 These data were used to determine the
velocity (V) of the MAO catalyzed oxidation of MMTP.
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Figure 4. Lineweaver—Burke plots obtained by incubating varying
concentrations of the substrate (MMTP) with MAO-B in the absence
(filled circles) and presence of different concentrations [7 nM (open
circles), 14 nM (filled triangles) and 28 nM (open triangles)] of 9. The
inset is the secondary plot of the slopes versus concentrations of 9.

Figure 5. Molecular interaction between compound 9 and amino acid
residues of the human MAO-B active site.

Lineweaver—Burke plots with MAO-A and MAO-B
were obtained from incubations at four different sub-
strate concentrations with and without three different
inhibitor concentrations. The K; value (x when y=0)
was determined from a secondary plot in which the
values of the slopes obtained from the Lineweaver—
Burke plots were plotted as a function of the con-
centration of the competitive inhibitor.?® These K;
values are presented in Table 1. The Lineweaver—Burke
plots and secondary plot (inset) for 9 are presented in
Figure 4. The K; value for the inbibition of MAO-B by 9
was estimated to be 14 nM (inset, Fig. 4).

Compound 10 and two synthetic intermediates (11-12)
were also tested according to the same experimental
protocol (Table 1). These compounds displayed a lower
MAO-B inhibitory activity compared to 9 and also
satisfied fewer of the requirements for inhibitory activ-
ity, suggesting that the pharmacophoric elements deter-
mined in this study appear to be essential for MAO-B
inhibition.

Docking

Finally, we performed docking of 9 in the active site of
the human MAO-B structure obtained through X-ray
crystallography (1gos),!? using the GOLD program.?!
Prior to the docking study the reported crystal structure
of human MAO-B was energy minimized after
‘removal’ of the co-crystallized suicide inhibitor, pargy-
line. Analysis of the optimal binding mode for 9 (Fig.
5)—identified from the docking study—revealed that
compound 9 positions in the vicinity of the FAD
cofactor and that the carbonyl and pyridazine func-
tional groups of the indeno[l,2-c]pyridazin-5-one
nucleus form H-bonds with Tyr-188,-398, and-435. The
binding mode adopted by 9 also allows the tri-
fluorobutoxy side chain to settle within a cavity lined
with hydrophobic amino acid residues. These data con-
firm the hypothesis derived from the study of the
stereoelectronics of compounds 1-8 discussed earlier,
and are in accordance with the MAO-B pharmacophore
proposed at that time.

Conclusion

Results obtained from studies of the stereoelectronic
properties of several putative MAO-B inhibitors affor-
ded coherent information about the nature and spatial
location of the main interactions required for reversible
MAO-B inhibition, thus guiding the design of novel
reversible MAO-B inhibitors. Using these data, we
embarked on the rational design of new potent and
selective reversible MAO-B inhibitors. Results from
this study confirmed that the MAO-B pharmacophore
established in this work is a useful tool for the de
novo design of potent and selective reversible MAO-B
inhibitors with novel structures, exemplified by
3-methyl-8-(4,4,4-trifluoro-butoxy)-indeno[1,2 - c]pyri-
dazin-5-one (9).

Syntheses of other 5H-indeno[1,2-c]pyridazinones are cur-
rently in progress in an attempt to improve the inhibitory
potency of 9 even further and to assess the influence on
MAOI activity, of varying substitution patterns on the
pyridazine ring.
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