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Monoamine oxidase A (MAO-A) converts norepinephrine and serotonin to an oxidative form. These monoamine
neurotransmitters have important roles in depression. The MAO-A inhibitors have been discovered for neurodegenerative
disease therapy. In order to design novel MAO-A inhibitors, in this study, the quantitative structure-activity relationships for
the combined series of indoles and pyrroles were elucidated and the structural conditions to show good inhibitory effects on
MAO-A were derived. This result can help us design new inhibitors irrespective of their specific moiety.
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1. Introduction

The drug market targeting the central nervous system
(CNS) increased dramatically by 70 billion dollars in
2005, the fastest growing rate except for cardiovascular
drugs. Among CNS drugs, anti-depressants occupy 23%
of the drug market and, therefore, many anti-depressants
have been researched and developed. One of the oldest
classes of anti-depressants is an inhibitor of monoamine
oxidase (MAO). MAO is a flavoenzyme and is divided
into two isoforms, type A and type B. MAO-B prefers
dopamine and beta-phenylethylamine as its substrate [1].
Inhibitors of MAO-B have been studied for both
Parkinson’s disease and Alzheimer’s disease. MAO-A
converts norepinephrine and serotonin to an oxidative
form. These monoamine neurotransmitters have import-
ant roles in depression [2,3]. The X-ray crystallographic
structure of the human MAO-A was released in 2005
and the rat MAO-A structure in 2004 [4]. The human
MAO-A contains 527 amino acids which are composed
of flavin-adenine dinucleotide (FAD)-binding domain,
the substrate-binding domain and the C-terminal
membrane region. The inhibitory selectivity of MAO-A
and MAO-B is caused by the structural differences
between Ile-335 of MAO-A and Tyr-326 of MAO-B [4].
The X-ray crystallographic structure of MAO-A can help
us predict good ligands using in silico computational
methods. MAO inhibitors (MAOISs) have been discovered
during the last five decades for use in neurodegenerative
disease therapy. The first generation of MAOIs was
irreversible and non-selective resulting in severe side
effects like hypertensive crisis [5,6]. To overcome
these problems, the next generation of reversible and

selective MAOIs was developed, such as moclobemide
and toloxatone, which were used as anti-depressants and
anxiety treatment drugs. Since these too had side
effects, such as bone marrow damage and increase in
anxiety, there have been renewed efforts towards the
discovery of new MAO-A inhibitors. In this study, to
design novel MAO-A inhibitors, computational tools
were introduced.

2. Materials and methods

The compounds used for the quantitative structure—activity
relationships (QSAR) with three dimensional-comparative
molecular field analysis (CoMFA) were obtained from the
papers published previously by Mor6n, Silvestri, Santo and
Regina [7—-10]. They included 96 compounds showing the
inhibitory activities against MAQOs. Of them, only 34
compounds were selected based on the selectivities
between MAO-A and MAO-B as 5-fold and the kinetic
constants of the competitive inhibition (Ki < 18 uM). The
activities of the compounds in the four papers were
standardised by comparing them with the activity of
clorgyline used as a reference in each paper. The Ki values
of indole derivatives had been optimised by multiplying
1.8-fold because the Ki value of the reference compound,
clorgyline was 1.8-fold lower than those of the experimen-
tal data of pyrrole derivatives [11].

The 3D structures of 34 compounds were built up
using an Intel Core 2 Quad Q6600 (2.4 GHz) Linux PC
with Sybyl 7.3 (Tripos, St Louis, MO, USA). The
compounds were subjected to energy minimisation.
The minimisation process was ceased at the convergence
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Table 1. The structures of the compounds used for QSAR and their biological data which are expressed in negative log scale of the
kinetic constants of the competitive inhibition (Ki/puM).

Compound number Structure Experimental pKi. Predicted pKi. Residuals
1[9] /N 1.02 1.108 —0.088
Y
2 9] N —-0.24 1.402 —1.642
(o]
309] ; Q 2.12 2.021 0.099
']
! o]
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!
\
509] /T [Nj 0.46 0.537 -0.077
N
I g
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6 [9] Ak 0.46 0.472 -0.012
Y
®
719] A 1.00 0.796 0.204
Y
8 [9] /A N 2.15 2.136 0.014
N H
/ (o]
9 [9] /N 1.42 1.505 —0.085
N CHy
o
/1 H
10 [9] Ny N@ 0.4 0.325 0.075
o]
11 [8,10] /“‘ nﬁ 0.6 0.551 0.049
(o)
12 [8,10] W e 0.22 0212 0.008
(o]
13 [10] OYW\() 1.26 1.226 0.034
14 [10] O 0 1.62 1.612 0.008
!
15 [10] M 0.82 0.849 —0.029
(’J\/N\/@
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Table 1 — continued

Compound number Structure Experimental pKi. Predicted pKi. Residuals
16 [10] @L»& 1.70 1.694 0.006
17 LA K -
[10] NS 0.64 0.665 0.025
(o]
4 |
18 [8,10] @\rr"/ 112 1.052 0.068
(o]
19 8] (’f;“\WF«'V@ 0.59 0.671 ~0.081
Q
20 [8] @\W'V@ 0.27 0.354 —0.084
! [o]
21 (8] @\W’I‘VQ 0.74 0718 0.022
I o F
/) H
22 8] e 0.40 0.353 0.047
[s] F
23 (8] %\Q\ 0.47 0.362 0.108
24 [8] @w"ﬂ 0.14 0320 ~0.18
o
i H
25 (8] C‘Hrw@ 0.40 0.367 0.033
o. A
26 [7] O~ 257 2.496 0.074
\
\ J:/
27 [7] - 2.60 2.490 0.11
28 [7] m-’/ 2.84 2.935 ~0.095
\
\N—/:
29 [7] @\}—/ 3.27 3.339 —0.069
\
f
30 [7] Co- 0.36 3.240 ~2.880
31 (7] 8= —125 2231 —3.481
32 7] @;pﬂ 2.11 2.070 0.04
\
33 (7] mﬁ 1.99 2.101 —0.111
\
HO. \N_/:
34 7] @"\ 2.14 2.083 0.057

Of 34 compounds, 29 compounds (except 8, 14, 22, 27, 34) were selected for the training set and others were used for the test set. The 4th column lists the predicted values
obtained by the QSAR calculations. The 5th column shows the differences between the experimental values and the predicted values. The superscripts on the compound numbers

denote the reference numbers which the compounds were quoted from.
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criteria of the total energy (0.05 kcal/molA). The 3D-
QSAR was carried out using a Sybyl 7.3 program.
All compounds were aligned with a DATABASE
Alignment module provided by the Sybyl program. The
substituents of pyrrole derivatives can be placed far from
the FAD-binding domain or close, so that two different
alignments were performed.

The partial least-square analysis was carried out to
obtain the correlation between the biological activities and
descriptors showing the physicochemical properties of the
compounds. In order to get a linear scale, the values of the
biological activities (Ki) were expressed in the negative
log scale (pKi). Consequently, pKi values were used for
the QSAR calculations. The cross-validation analysis was
performed using the ‘leave one out’ (LOO) method. The
optimum number of components obtained from the LOO
method was applied to derive the final non-cross
validated correlation 2. The best COMFA model was
improved by region focusing method. To check the
CoMFA model, the activities of the compounds contained
in the training set were predicted and compared with the
experimental data.

For the docking study, two X-ray crystallographic
structures containing the inhibitors clorgyline (2BXR.pdb)
and harmine (2Z5X.pdb) were used. The docking
experiments were performed on an Intel Pentium D CPU
2.80GHz Linux PC with Insight 2005 (Accelrys, San
Diego, CA, USA).

Molecular Simulation 1245
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Figure 1. The correlation of the experimental values
plotted against the predicted values obtained by QSAR. The
blue diamond indicates the training set and the red square, the
test set.

3. Results and discussion

A data set of 34 indole and pyrrole derivatives showing the
inhibitory effects against MAO-A was selected for QSAR
and docking studies (Table 1) [7—10].

The data set was split up into two groups such as a
training set of 29 compounds to create QSAR models and
a test set of 5 compounds (8, 14, 22, 27, 34 in Table 1) to
validate the models. All calculations were carried out on a

Figure 2. CoMFA contour maps with compound 29. Green: steric bulk-favoured region, yellow: steric bulk-disfavoured region, blue:
positive charge and hydrogen bond donor-favoured region, red: negative charge and hydrogen bond acceptors-favoured region. L1: the
outside of the six-membered ring of indole, L2: the linear region, and L3: the electrostatic region.
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Figure 3. (a) The structures of clorgyline and harmine. (b) The substrate-binding site of the complex of MAO-A and harmine
(2Z5X.pdb). The yellow coloured molecule denotes compound 29, and green colour, harmine. (c) The substrate binding site of 2Z5X.pdb
where compound 1 is docked. The pyrrole ring is placed from flavin-adenine dinucleotide (FAD) binding-domain. The blue coloured
molecule denotes compound 1. (d) The substrate-binding site of 2Z5X.pdb where pyrrole ring of compound 1 (blue) is placed close to

FAD binding-domain.

Linux workstation PC with Sybyl 7.3 (Tripos, St Louis,
MO, USA). A training set was used for CoMFA.
Compounds 2, 30 and 31 in Table 1 were outliers. Where
these compounds were contained in the calculation, the
QSAR model gave a lower value of the regression
coefficient (r2) than 0.5. Of the several models generated
from CoMFA, the model showing the best cross-validated
value (g %) and the regression coefficient (r %) was chosen,
whose values were 0.870 and 0.991, respectively.
The experimental values of the inhibitory activities
obtained from the previous results [7-10] and the
predicted values calculated by QSAR are listed in
Table 1. The residual values between the experimental
and predicted values are ranged between 0.006 and 0.204.
To validate the QSAR model, a test set was selected. As
listed in Table 1, the residual values between the
experimental and predicted values for the test set are
ranged within 0.110. Figure 1 shows the experimental
values vs. the predicted values for the training set and
the test set.

In order to visualise the relationships between the
structures and their activities, COMFA contour maps were
obtained using Sybyl 7.3 program. The steric contribution
and the electrostatic contribution are depicted in Figure 2.
The corresponding field contributions of steric and
electrostatic are 87 and 13%, respectively.

Compound 29 contains ‘indole-methylamine’ and its
experimental value is the best among all the compounds in
this experiment. It is displayed in the contour map. When
the biological data of the compounds used in this
experiment are observed, most indole derivatives show
better activities than pyrrole derivatives. It can be expected
that the benzene ring of indole contributes towards the
activities. As expected, the green contour denoting the
steric bulk-favoured region is observed around the benzene
ring of indole. The opposite site of the indole group is
surrounded by the yellow contour, so that the site is defined
as steric bulk-disfavoured region. The electrostatic contours
are observed in the region of heterocyclic ring involved
in pyrrole derivatives such as compounds 5, 6 and 7.
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Figure 4. The region L1 contains the pyrrole or indole moiety, which is surrounded with L.97, F208, 1335 and L337. The region L2
contains the methylamine group, which consists of a cleft surrounded by Y407, Y444 and the FAD binding-domain. The electrostatic
region L3 contains the heterocyclic ring which is close to E216. Compound 1 (blue) and compound 29 (yellow) are docked into the

binding site.

In order to know the relationship between the contour maps
of CoMFA and the active site of MAO-A, compounds 1
and 29 were selected as the representatives of pyrrole and
indole derivatives, respectively. Most pyrrole derivatives
used in this experiment contain the common features such
as methyl group, benzene ring and amine group. Of them,
compound 1 has a methyl group and a benzene ring, as well
as a small amine group, so that it was chosen. For the
superposition of the contour map and the active site, the
docking models of the compound 1 and 29 were generated.
Two MAO-A inhibitors, clorgyline (2BXR.pdb) and
harmine (2Z5X.pdb), form the complex with MAO-A.
The indole group of compound 29 is similar to harmine,
and the methylamine group of compound 29 to clorgyline
(Figure 3(a)).

The 275X.pdb is the crystallographic structure of the
complex of MAO-A, FAD, with harmine. When
compound 29 was docked into the active site of MAO-A,
the two ligands, harmine and compound 29, superimposed
well as shown in Figure 3(b). The indole groups of both
ligands are placed far from the FAD-binding domain
which includes about 20 residues. Of them, G66, G67,
A68, Y69 and M445 enclosed flavin. The contour map
obtained from CoMFA fits into the known active site of
MAO-A. A similar experiment was carried out on
clorgyline and compound 29, and the same result was
obtained. There is a pyrrole group present in compound 1.
Since indole contains a pyrrole ring, compound 1 was

docked into 2Z5X.pdb which has harmine. There are two
possible conformations because two orientations of
compound 1 are possible. Substituents of pyrrole
derivatives are placed far from the FAD-binding domain
or close (Figure 3(c) and (d)). Based on the interpretation
of QSAR data, when substituents of pyrrole are close to the
FAD-binding domain, they show better activities. The
results agree with the known data published previously by
Morén et al. [7] and Regina et al. [10].

The docking model obtained from compounds 1 and
29 described above was compared to the CoMFA contour
map obtained from QSAR calculation. The region (L1)
containing the pyrrole or indole moiety in the contour map
favours bulky substituents. The corresponding position of
the active site of MAO-A has a large cavity surrounded
with L97, F208, 1335 and L337 as shown in Figure 4.

Another region (L2) containing the methylamine
group in the contour map favours non-bulky substituents.
Its corresponding position in the active site of MAO-A
contains Y407, Y444 and the FAD-binding domain, which
consists of a cleft (Figure 4). In the case of harmine, the
distance between the nitrogen of pyridine of harmine and
the ketone of pyrimidine of FAD is about 4 A. Because
harmine consists of tricyclic rings, if a branch of the ligand
is positioned to FAD, there can be a conflict. As a result,
the region L2 does not like a bulky group. The electrostatic
region (L3) of the contour map containing the heterocyclic
ring is close to E216 of the active site in 2BXR.pdb
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(Figure 4). While L1 and L2 regions are hydrophobic, L3
region is amphiphatic. In the active site of MAO-A, L1 and
L2 regions are surrounded by L97, F208, 1335, L337,
Y407 and Y444, and L3 region, by Y69, E216 and Y444.

Based on the results obtained from the QSAR
calculations and the docking study, for MAO-A inhibitors
to show good inhibitory activities, their structural
conditions are as follows: L1 region consists of a bulky-
hydrophobic group. L2 region has a linear group. L3
region prefers a cyclic ring or heterocyclic ring. Many
research groups evaluated various compounds as MAO-A
inhibitors. For example, Chimenti et al. reviewed pyrazole
derivatives [12], and Gallardo-Godoy et al. evaluated
phenethylamines [13]. In addition, many results about
each of the indole derivatives and pyrrole derivatives have
been reported. In this study, the QSAR calculations for the
combined series of indoles and pyrroles were tried and the
structural conditions to show good inhibitory effects on
MAO-A were derived. This result can help us design new
inhibitors irrespective of their specific moiety.
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