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Abstract—A novel series of 1-acetyl-3,5-diphenyl-4,5-dihydro-(1H)-pyrazole derivatives have been synthesised and investigated for
the ability to inhibit selectively monoamine oxidases, swine kidney oxidase, and bovine serum amine oxidase. The newly synthesised
compounds 1-6 proved to be reversible and non-competitive inhibitors of all types of the assayed amine oxidases. Compounds
inhibit monoamine oxidases potently, displaying low Isy values of particular interest. In particular 1-acetyl-3-(2,4-dihydroxy-
phenyl)-5-(3-methylphenyl)-4,5-dihydro-(1H)-pyrazole 6 showed to be a potent monoamine oxidase inhibitor with a K; of about
10~3 M. Further insights in the theoretical evaluation of the possible interactions between the compounds and monoamine oxidase

B have been developed through a computational approach.
© 2002 Elsevier Science Ltd. All rights reserved.

Amine oxidases (AOs) are enzymes widely distributed
among all living organisms. Without doubt their wide-
spread occurrence accounts for important oxidatively
deaminated biological functions, such as biogenic amine
metabolism.

Two major classes of amine oxidases (AOs) are known:
the AOs containing flavin adenin dinucleotide as co-
factor (FAD-AOs) and the semicarbazide sensitive AOs
(ssAOs) containing copper II and 2,4,5-trihydroxy-
phenilalanine quinone as cofactors (TPQ-Cu AOs). The
former sub-class includes the mitochondrial monoamine
oxidases (MAOQOs), which can be distinguished by sub-
strate specificity and amino acid sequence in the two
major isoforms MAO-A and MAO-B."?> Recently a
critical role of Ile-335 in MAO-A and Tyr-326 in MAO-
B in determining substrate and inhibitor specificities in
human MAO-A and -B has been reported.?

*Corresponding author. Tel.: +39-06-4991-3735; fax:+39-06-4991-
3976; e-mail: fedele.manna@uniromal.it

The initial interest in MAO inhibitors (MAOISs) for the
treatment of depression faded because of their severe
side effects and irreversible mechanism of action.* Only
recently the development of new generation of inhibi-
tors led to a renewed interest in the design, synthesis,
and study of reversible, selective compounds.>~’

The finding that 1,3,5-triphenyl pyrazolines show
monoamine oxidase inhibitory properties unrelated to
tranquilizing, muscle relaxant, psychoanaleptic and
anticonvulsant activities,® ' pushed us to synthesize a
series of substituted 1,3,5-triphenyl-4,5-dihydro-(1H)-
pyrazoles.!! These compounds showed reversible and
selective inhibitory activity on AOs, belonging to the
third generation of AOIs. Modelling studies of the
interaction with the isoalloxazine nucleus of FAD,
however, revealed that the structure of the inhibitors did
not allow the formation of a charge-transfer bonding
interaction between the N2 of the pyrazoline ring and the
N5 of isoalloxazine, reported to be particularly important
for MAOs inhibition.'?* The compounds showed in fact
low inhibitory activity on MAQOs, while inhibited BSAO.
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The results of this work encouraged us to study the
influence of the 1,3,5-phenyl substituents of the
4,5-dihydro-(1H)-pyrazole nucleus on the selective inhib-
itory activity towards AOs. We hypothesised that
replacing the substituted phenyl ring at N1 by an acetyl
group could increase the inhibitory activity towards
MAOs. Such a substitution, in fact, was expected to
decrease the bulkiness of the molecules and to increase
the positive charge on N1 of the heterocycle, so as to
strengthen the charge-transfer bonding interaction with
isoalloxazine, then postulated as one of the major
interactions with MAOs of reversible inhibitors.!?® A
preliminary computational analysis, performed on 1 -
acetyl - 3-(2-hydroxyphenyl)- 5 - (3 - methylphenyl) - 4,5 -
dihydro-(1H)-pyrazole (reported as 4 in Table 1) to
verify this hypothesis, demonstrated a more favourable
interaction with isoalloxazine nucleus of this com-
pound'® with respect to our old-generation com-
pounds.'!

On the basis of this data a new series of 1-acetyl-
3,5-diphenyl-4,5-dihydro-(1H)-pyrazole derivatives was
synthesised (Scheme 1 and Table 1) and biological
results were examined by theoretical methods.

Compounds 1-6 were obtained starting from chalcone,
obtained from condensation of substituted acet-
ophenone with the required benzaldehyde by adding
hydrazine hydrate dropwise (2.5:1 mol) in acetic acid
(30mL) during 8 h under stirring.'!

All the compounds were tested on MAQOs, on swine kidney
diamine oxidase (SKDAO) and on bovine serum amine
oxidase (BSAO) (Table 2).!* SKDAO and BSAO are
TPQ-Cu AOs and are both tested because of their specifi-
city on different substrates: histamine and putrescine for

Table 1. Chemical and physical data (1-6)

Compd R R’ Yield (%) Mp (°C) Formula®

1 H 3-CH, 82 78-81 C,5H sN,O
2 H 4-Cl 74 110-112  C,7H,5N,OCl
3 2-OH 2-CH; 72 120-121 CsHsN>O,
4 2-OH  3-CH, 67 128130 CugH,sN,O,
5 2,4-OH 2-CHj; 63 132-136  CygHsN,04
6 2,4-O0H 3-CH, 62 141143 CuH,sN,O;

2Results of elemental analysis were +0.4% of theoretical values;
NMR and IR spectra confirmed the assigned structures.
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Scheme 1.

Table 2. Inhibiting activity [K; (M) £SD] on MAOs, SKDAO and
BSAO (1-6)

Compd MAOs SKDAO BSAO
1 2.0x107#4£0.08 N.I.# N.L2
2 6.0x107°£0.4 N.L# N.L2
3 3.0x107440.5 5.5x10764+0.4 5.7x10734+0.2
4 5.5x107°40.6 8.0x107°40.8 5.5x107°40.3
5 8.0x107840.09 1.0x1074£0.2 1.0x1074£0.2
6 5.0x107840.04 2.5x107340.7 1.0x107340.1

aN.I., no inhibition, corresponding to values > 1074,

DAO and spermine and spermidine for BSAO. The
most active compounds 5 and 6 were also tested on
MAO-A and MAO-B in the presence of specific sub-
strates serotonine and benzylamine, respectively. This
test did not show any significant different inhibiting
activity between MAO-A and B of 5 and 6 (Table 3),
suggesting residues I1e335 and Tyr326 not to be strongly
involved in the binding of these inhibitors.?

It is interesting to point out that all the compounds were
found to belong to the third generation of inhibitors
and to act through the non-competitive and reversible
mode as demonstrated by the fact that dialysis for 24 h
in a cold room against 0.1 M potassium phosphate buf-
fer pH 7.2 was able to restore 90-100% of the enzyme
activity. The most active compound (6) showed Isq
values of 40 nM accompanied by a selectivity factor of
4000 for MAOs.

The experimental crystal structure of human MAO-B,
deposited in late 2001 in RCSB Protein Data Bank
(1GOS),%° was exploited to perform a molecular mod-
elling study. While synthesized compounds were, in fact,
tested on bovine MAOs, the very high sequence identity
(91%) between bovine and human MAO-B?! stands
1GOS as a candidate eligible for such an approach. The
recognition process between R- and S- enantiomers of 6
(chosen as the reference compound) was theoretically
investigated by flexible docking experiments, assuming
it was accommodated into the catalytic site of the
enzyme, in accordance with a protocol already defined
by some of us and well validated.?”> Using the iso-
alloxazine nucleus as a counterpart to study n—m stack-
ing interactions, in fact,'"-!?*" is now to be considered
an oversimplification leading to unuseful, if not erroneous,
models. Our approach was expected to give an insight
into major binding interactions inside the catalytic site
of the enzyme, helpful to explain the pharmacological
behaviour of our compounds and to assist the design of
new reversible inhibitors. Moreover, the calculation of
enzyme-inhibitor interaction energies might allow a
theoretical evaluation of which enantiomer of every
inhibitor could be better accommodated into the cata-
lytic site of MAO-B.

Table 3. Inhibiting activity [K; (M) £SD] on MAO A/B of 5 and 6

Compd MAO A MAO B
5 52x1078+1.40 3.0x1078+£1.20
6 1.3x1078+£0.30 3.8x10784+0.35
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MAO-B active site has been accurately described by C.
Binda et al.>> who crystallized the pargyline inhibitor
covalently bound to the N5 atom on the re side of the
flavin moiety of the enzyme and identified, in this way,
the residues bounding the catalytic cavity. In our stud-
ies, the lowest energy conformation of both enantiomers
of 6 in the gas phase, manually predocked in place of
the inhibitor,?> were used as the starting geometries for
several consecutive Monte Carlo runs into the active site
of the enzyme. During each run, only the side chains of
twelve residues (Tyr60, Tyrd35, GIn206, Tyr188, Ile198,
Phel68, 1le199, Tyr326, Leul71, Cys172, Tyr398 and
Phe343), reported to line the pargyline binding site,>
were allowed to relax together with the ligand and iso-
alloxazine (fully oxidized planar form), while the
remainder of the enzyme was fixed in 3-D-space.?*

A sole binding mode per enantiomer was found through
the docking experiments within a 10 kcal/mol energy
window over the global minimum. In the case of (R)-6,
(see Fig. 1), the 2,4-substituted phenyl and the dihydro-
(1H)-pyrazole rings were found to face the isoalloxazine
nucleus (the nearest atoms—NI u,01e) and COphenyly—
were located at about 3.1 A from the isoalloxazine
plane). Moreover, the disubstituted phenyl ring was
sandwiched between the side chains of Tyr435 and
Tyr398 and involved in a network of two hydrogen
bonding interactions with the backbone CO of residues
Gly434 (at a distance of 2.1 A) and Cys172 (at a dis-
tance of 2.0A).>” The CO of the acetyl group was
favourably directed towards the protonated nitrogen of
the side chain of Lys296 (distance between the carbonyl
oxygen and the nitrogen equal to 3.2 A), in proximity of
the flavin-N5 (distance between the carbonyl carbon and
the nitrogen equal to 3.8 A), while the phenyl ring at C5
was accommodated in a pocket of the catalytic site
formed by residues Phe343, Leul71, Leu328 and Tyr326.

Compound (S5)-6 showed a binding geometry very simi-
lar to the one displayed by (R)-6 as for the disubstituted

\ Gly434

Gin206

Leu3zs Leu171

Tyr326

phenyl and pyrazoline rings, which displayed the set of
intermolecular interactions already described in the case
of the R-enantiomer. The main difference with respect
to the recognition of (R)-6 was in the spatial orientation
of the phenyl ring at C5, accommodated this time in
proximity of residues Tyr60, Tyr326 and GIn206 (see
Fig. 1). Such a different orientation was mainly respon-
sible of the lower stability theoretically calculated for
the complex between MAO-B and (S)-6 with respect to
the one between MAO-B and (R)-6 (AE(s.gy = 3kcal/
mol).

The docking studies rationalized the relevant inhibitory
activity of 6 towards MAO-B, as due to the formation
of several favourable interactions with the catalytic site
of the enzyme. Notably, residues Tyr398 and Tyr435,
both interacting with the disubstituted phenyl ring of 6,
have been already underlined in the paper by Binda et
al. to play a role in the substrate specificity of MAO-
B.2> The importance of the 4-OH group in properly
positioning the disubstituted phenyl ring of 6 by
H-bond formation was pointed out. It is worth noting
that compounds lacking this OH, like in the case of 1-4,
showed their inhibitory activity lowered at least by two
orders of magnitude. As shown in Table 2, the intro-
duction of one Cl in position 4 of the phenyl ring at C5
increased the activity of 2 by two orders of magnitude
with respect to 1. Notably, the in-silico introduction of
such a substituent in the docking geometry of 6 revealed
that this atom might be properly accommodated
between the side chains of residues Leul71, Leu345,
Tyr326 and Phe343, in a favourable hydrophobic
environment. Unfortunately, the modelling studies
could not rationalise the selectivity towards MAO-A
and MAO-B of our derivatives due to the lack, up-to-
date, of a reliable 3-D structure of MAO-A.

In the light of the discussion developed so far it appears

reasonable to assert that the recognition of the most
active compounds among 1-6 by MAO-B can prevent

Glya34

Leu3azs Leu171

Tyr3ze

Figure 1. Superimposition (relaxed stereoview) of the calculated recognition geometries (thick) of (R)-6 (green) and (S)-6 (light green) located at their
proper respective position inside the catalytic site of MAO-B (thin, coloured by atom types). For the sake of simplicity only the MAO residues useful
for the discussion are shown. Hydrogen atoms bound to heteroatoms are displayed. Hydrogen-bonding interactions are depicted as dashed lines.
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the access of substrates to the isoalloxazine nucleus
hampering their oxidation by the enzyme. Moreover,
the molecular modelling studies have highlighted that
computational approaches like the one we followed in
the past,'' are too simplistic to have importance in
assisting the drug design of new reversible AO inhibitors.

In conclusion and in partial, even though fortuitous,
agreement with our preliminary hypotheses, the acetyl
group proved to contribute to the inhibitory activity
and selectivity towards MAOs of 1-6, likely taking part
in the interaction with the isoalloxazine nucleus. The
OH groups on the phenyl ring at C3, in a similar man-
ner, could participate in the formation of important
intermolecular hydrogen bonds, increasing in this way
the inhibitory activity towards MAOs of the most active
compounds.

The information conveyed by the structure—activity
studies reported here are considered important for
ongoing projects of rational design and synthesis of new
potent reversible derivatives, structurally related to the
already synthesized compounds 1-6. A new method for
the synthesis of 1-acetyl-3-(2,4- and 2,6-dihydroxyphenyl)
- 5-(disubstituted - phenyl) -4,5 - dihydro - (1H) - pyrazole
derivatives is under study with the dual-purpose to pre-
pare new derivatives, in homochiral form and with better
yields than those reported here. A full computational
approach will be applied as well, that will take into con-
sideration several reversible inhibitors, with the aim to
develop a SAR model of the inhibition of amine oxidases
activity by l-acetyl-3,5-diphenyl-4,5-dihydro-(1H)-pyra-
zole derivatives, able to rationalize the influence of the
stereoisomers on the activity/selectivity.
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