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Summary Monoamine oxidase (MAO, EC 1.4.3.4) is a flavoenzyme bound
to the mitochondrial outer membranes of the cells, which is responsible for
the oxidative deamination of neurotransmitter and dietary amines. It has two
distinct isozymic forms, designated MAO-A and MAO-B, each displaying
different substrate and inhibitor specificities. They are the well-known target
for antidepressant, Parkinson’s disease and neuroprotective drugs. Elucida-
tion of the x-ray crystallographic structure of MAO-B has opened the way
for molecular modeling studies. In this research 12 reversible and MAO-B
selective inhibitors have been docked computationally to the active site of
the MAO-B enzyme. AutoDock 3.0.5 was employed to perform the auto-
mated molecular docking. The result of docking studies generated thermo-
dynamic properties, such as free energy of bindings (AGy) and inhibition
constants (K;) for the inhibitors. Moreover, 3D pictures of inhibitor-enzyme
complexes afforded valuable data regarding the binding orientation of each
inhibitor in the active site of MAO-B.

Keywords: Docking calculations, reversible MAO-B inhibitors, three
dimentional picture of inhibitor-enzyme complex

Abbreviations

MAO monoamine oxidase
PM3  parameterized model number 3

Introduction

Monoamine oxidase (MAO, EC 1.4.3.4) is a flavoenzyme
bound to the mitochondrial outer membrane of the cell,
which is responsible for the oxidative deamination of neu-
rotransmitter and dietary amines (Hubalek et al., 2003;
Bach et al., 1998; Youdim et al., 2006). Two isozymes of
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MAO, namely A and B, have been identified on the basis of
their substrate preference and inhibitor selectivity. Inhibi-
tors of MAO-A are clinically used as antidepressants and
anxiolytics (Pare, 1976; Shih et al., 1999), while MAO-B
inhibitors are used for the treatment of Parkinson’s disease
and for symptoms associated with Alzheimer’s disease
(Binda et al., 2004; Terud and Langston, 1989). Recent
studies have demonstrated that the irreversible MAO-B in-
hibitor rasagiline (N-propargyl-1R-aminoindan) has neuro-
protective activity in neuronal cells (Youdim et al., 2005).
A considerable amount of work has accumulated in the
past few years with the goal of elucidating the oxidation
mechanism of MAO. The major breakthrough has been
brought about by the crystallization of the human MAO-B
with several different irreversible MAO-B inhibitors (Binda
et al., 2002, 2004; De Colibus et al., 2005).
Determination of the 3D structure of MAO-B facilitated
the development of computer-assisted more selective and
reversible MAO-B inhibitor design. So far we have car-
ried out some preliminary modeling studies (Erdem and
Yelekci, 2001; Toprakci and Yelekci, 2005; Yelekci and
Silverman, 1998; Erdem et al., 2006), as have others
(Carotti et al., 2002; Carrieri et al., 2002; Manna et al.,
2002; Veselovsky et al., 2004; Li et al., 2006), in order to
gain insights into the molecular factors affecting MAO
inhibition activity and selectivity. As an extension of our
previous studies on docking a series of experimentally test-
ed MAO-B inhibitors, here we report the docking of 12
reversible MAO-B selective inhibitors, selected from the
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Table 1. Names and structures of the selected, reversible MAO-B inhibitors

Names Structures
1-(Aminomethyl)cyclopropanebenzylcarboxylate (1) @/O%NHZ

(0]

. . N _CH,

N,N-dimethylbenzylamine (2) N

CH,

0]

Cinnamylamine-2,3-oxide (3) NH,

5-[4-(4-Methoxybenzyloxy)phenyl]-2-(2-cyanoethyl)-1,3,4-oxadiazol-2(3H)-thione (4) CHSO@ /@—(N\N/\/CN
0]
A

(0}
S
OH
trans,trans-Farnesol (5) = = =
CN
/\/
N-(2-Cyanoethyl)-N-ethylcarboxy-4-benzyloxyphenylhydrazone (6) y N—N
s
ﬁO
0}
N-(2-Aminoethyl)-p-chlorobenzamid (7) NN
I
H
Cl
N—N /\/CN
5-(4-Biphenylyl)-3-(2-cyanoethyl)-1,3,4-oxadiazol-2 (3H) thione (8) /&
0" s
CN
N N/\/

5-(4-Biphenylyl)-3-(2-cyanoethyl)-1,3,4-oxadiazol 2(3H)-one (9) | /&
fo) o
OOt
5-[4-(Benzyloxy)phenyl]-2-(2-cyanoethyl)-1,3,4-oxadiazol-2(3H)-one (10) O/©—</

(+)-(R)-1-Thiocarbamoyl-3-(4-methylphenyl)-5-(4-chlorophenyl)-4,5-dihydro- @
(1H)-pyrazole (11) o

(—)-(S)-1-Thiocarbamoyl-3-(4-methylphenyl)-5-(4-chlorophenyl)-4,5-dihydro-
(1H)-pyrazole (12)
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literature, with varying inhibition constants (K;) and struc-
tural features (Table 1) The docking studies results gen-
erated inhibitor thermodynamic properties, such as free
energy of binding (AG) and K; values. Moreover, 3D pic-
tures of inhibitor-enzyme complexes afforded invaluable
data regarding the binding orientation of inhibitors in on
the active site of MAO-B.

Methods

Protein setup

The high-resolution crystal structure of monoamine oxidase-B, co-crystal-
ized with its irreversible inhibitor 6-hydroxy-N-propargyl-1(R)-aminoindan,
was obtained from the Protein Data Bank (PDB entry code 1S3E, 1.6A
resolution) (http://www.rcsb.org). The study was carried out on only one
subunit of the enzyme protein. The pdb file was edited and the B-chain was
removed together with an irreversible inhibitor of MAO-B, the 6-hydroxy-
N-propargyl-1(R)-aminoindan group. Additionally side-chain optimization
in the active region only was also performed. This treatment optimized the
1E3S structure further and the conformational changes resulting from bind-
ing of the original inhibitor in the crystal structure were partially removed.

In order to use the protein in the Autodock docking simulation program,
all polar hydrogens were added with the GROMACS modeling package
(Berendsen et al., 1995; Lindahl et al., 2001). The structure obtained was
optimized in 400 steps of conjugate gradient minimization, employing the
GROMOS-87 force field. During minimization the heavy atoms were kept
fixed at their initial crystal coordinates, but added hydrogens were made free
to move. Minimization was performed under a vacuum medium. Electro-
static interactions were calculated using the cut-off method. After the ac-
ceptable minimal force gradient was reached, the resultant protein structure
was saved. Finally atomic solvation parameters of protein and FAD were
assigned using the ADDSOL utility of AutoDock 3.0.5.

Ligands

For docking experiments with AutoDock 3.0.5 (Morris et al., 1998, 1999),
the 3D structures of ligand molecules were built, optimized — PM3 level),
and saved in mol2 format with the aid of the molecular modeling program
Spartan (Wavefunction Inc.) and VEGA programs (Pedretti et al., 2004). All
hydrogens were added. Partial atomic charges were also calculated by the
Gasteiger—Marsili method (Gasteiger and Marsili, 1980) using the VEGA
program, and saved in pdbq format. All possible flexible torsions of the

resultant ligand molecules were defined by using AUTOTORS 3.05 auxili-
ary program.

Docking

AutoDock 3.0.5 was employed to perform a docking simulation using a
Lamarckian genetic algorithm (Morris et al., 1998). The standard docking
procedure for rigid protein and flexible ligands whose torsion angles were
identified was used for 10 independent runs per ligand. The grid maps were
calculated using Autogrid (version 3.06), one of the utility programs of
Autodock. In all docking a grid of 60, 60, 60 points in X, y, and z directions
was built and, because the location of the inhibitor in the complex was
known, the maps were centered on the N5 atom of the flavin (FAD) in the
catalytic site of the protein. A grid spacing of 0.375 A (approximately one
forth of the length of carbon—carbon covalent bond) and a distances-depen-
dent function of the dielectric constant were used for the calculation of the
energetic map. The default settings were used for all other parameters. At
the end of docking, ligands with the most favorable free energy of binding
were selected as the resultant complex structures. All calculations were
carried out on PC based machines running Linux x86 as operating systems.
The resultant structure files were analyzed using VMD (Humphrey et al.,
1996) (Visual Molecular Dynamics) visualization programs.

Results

Reversible and selective MAO-B inhibitors (1-12) with
varying structural features and inhibition constants were
selected from the literature and were docked into the cat-
alytic site of MAO-B (Table 1). The results of LGA dock-
ing experiments with these inhibitors are summarized in
Table 2. The estimated free energy of binding (AGy,), cal-
culated inhibition constants (K;) as well as experimental
inhibition constants for each enzyme-inhibitor complex
are shown.

Figure 1, panels 1-4, show the docked models of com-
pound 1-4. Contrary to most of the docking modes, the
model for compound 1 shows the benzyl moiety is not
stacked between Tyr398 and Tyr435. The cyclopropyl
group is vertically inserted between these two side chains
and the carboxylate group is much closer to the Tyr435 side

Table 2. AutoDock estimated free energies of binding (AGy), calculated [K; (calculated)] and experimental [K; (experimental)] inhibition constants of the

inhibitors studied (temperature =298.15 K)

Inhibitors AGg, (kcal/mol) (calculated) K; (uM) (calculated) K; (uM) (experimental) Reference

1 —6.54 16.0 200 Silverman et al. (1997)

2 —6.30 24.0 151 Edmondson et al. (2000)

3 —6.78 10.7 110 Silverman et al. (1994)

4 —5.30 131 14.3 Leberton et al. (1995)

5 -9.0 0.251 2.3 Hubalek et al. (2005)

6 —7.86 1.72 1.32 Carrieri et al. (2002)

7 —8.31 0.804 0.142 Cesura et al. (1996)

8 —11.43 4.19x 1073 40x 1073 Mazouz et al. (1990)

9 —11.33 498 x 1073 26x 1073 Mazouz et al. (1990)
10 —10.40 23.7x 1073 6.93x 1073 Leberton et al. (1995)
11 —11.32 5.04x 1073 2.7 (£0.07) x 1073 Chimenti et al. (2005)
12 —11.68 2.74 %1073 1.0 (£0.07) x 1073 Chimenti et al. (2005)
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Fig. 1. Docking result of compounds 1, 2, 3, 4 with MAO-B. The inhibitors and FAD were designated in CPK style, the important residues in the active
site of the enzyme were presented by ligorice style. Part of the enzyme in the background was visualized in New Ribbon style using the VMD program

chain than Tyr398. The amino moiety is aligned to the N5
atom of FAD as closely as possible (a distance of 3.61 A).
The other favorable interaction is between the phenolic hy-
droxyl of Tyr435 and the etheric oxygen of the inhibitor
(2.58 A). In the binding of inhibitor 2 within the enzyme
cavity, the benzyl group is sandwiched between Tyr398 and

Tyr435. However the phenyl ring is closer (3.18 A) to the
Tyr398 than Tyr435 (3.71 A). For compound 3, the phenyl
ring is located far from both Tyr398 and Tyr435 and the
oxirane ring approaches the FAD, from re face, as closely
as possible. The distance between the oxirane ring oxygen
and the C4 atom of FAD is 2.98 A. The other close distance
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Fig. 2. The interacting mode of compounds 5, 6, 7, 8 with MAO-B. The important residues of the enzyme and the inhibitors are depicted by ligorice and

CPK model, respectively

is between the amino moiety of this compound and the N5
atom of the FAD (3.79 A). In the binding mode of the
compound 4, it is interesting to see that the 1, 3, 4-oxadia-
z0l-2(3H)-thione moiety is in close proximity with Tyr435.

Figure 2, panels 5-8, show the docked models of com-
pounds 5-8. With compound 5 the hydroxyl tail is inserted

between Tyr398 and Tyr435. The isopropyl terminal ex-
tends toward the entrance cavity and makes close contact
with the Ile199 side chain. In the docked mode of com-
pound 6, the benzoyloxy group is fitted between the Tyr398
and Tyr435 side chains. The distance between the benzoyl
oxygen and the hydroxyl group of Tyr398 is about 2.73 A.



Phel68, Leul64 and Ile199 residues nicely surrounded the
cyanoethyl moiety of the compound.

The optimal binding mode of compound 7 in the active
site of the enzyme shows that the amine moiety adopts a
position in the vicinity of the re face of FAD cofactor and
the chlorobenzamide part is positioned between two tyrosyl
residues, 398 and 435. Moreover there is one important
hydrogen bond (a distance of 1.90 A) between the carbonyl

Jiy E 16] 59

o oY

Y ‘k '! 5"
a0 : \
, ’d TYR 435
e - i ™

CYS 1724°%
/PHE 343( i)

N

N=A
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N LE6’16=§ A \
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group and hydroxyl group of the Tyr435. In the binding
mode of compound 8, the benzyl group is stacked between
Tyr398 and Tyr435. The benzoyloxy oxygen molecule is
positioned at a distance of 2.22 A, nearer to the Tyrd35
hydroxy group than the Tyr398 hydroxy group (a distance
of 5.31 A). The oxadiazine ring is positioned in a volume
surrounded by I1e199, Cys172, Phel68, and Leul64 and
the cyanoethyl group extends toward the entrance cavity.

(12)

Fig. 3. The interacting mode of compounds 9, 10, 11, 12 and their orientations in the active site of the enzyme
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Figure 3, panels 9-12, show the docked models of com-
pounds 9-12. Careful evaluation of the binding pocket re-
vealed that compounds 9 and 10 adopt the same binding
mode; their phenyl rings are sandwiched in between Tyr398
and Tyr435 and their cyanoethyl groups are aligned along
the entrance cavity. Varying degrees of electrostatic and van
der Waals interactions with the residues of Cys172, GIn206,
Ph168, and Ile199 may contribute to the binding and stabi-
lization of these compounds in the entrance cavity space.

In contrast to most of the previous docking modes,
no phenyl ring stacking behavior was observed between
Tyr398 and Tyr435 in the docking model for (+4)-R-
thiocarbomyl-3-(4-methylphenyl)-5-(4-chlorophenyl)-4,5-
dihydro-(1H)-pyrazole (compound 11). This agrees with
the results of Chimenti et al. (2005). However, the Cl atom
on the phenyl ring has van der Waals contacts with isoal-
loxazine FAD ring and the Tyr398 and Tyr435 residues.
There is an important hydrogen bond (1.98 A) between
the carbonyl moiety of GIln206 and the hydrogen atom of
the amino group of the thiocarbomyl moiety. The hydroxy
group of Tyr326 residue is in close contact (3.84 A) with
the N2 atom of pyrazole ring.

Docking of (—)-S-thiocarbomyl-3-(4-methylphenyl)-5-
(4-chlorophenyl)-4,5-dihydro-(1H)-pyrazole, (compound
12), which is the most potent competitive MAO B inhibitor
of those in this study, showed none of the phenyl rings to be
exactly oriented between Tyr398 and Tyr435 residues. The
chloride atom of chlorophenyl ring is positioned between
the two hydroxyl side chains, Tyr398 and Tyr435, forming
two electrostatic interactions (at a distance of 4.90 A be-
tween Cl and HO-Tyr398 and a distance of 3.30 A between
Cl and HO-Tyr435). The other interactions contributing
to the binding of this inhibitor are between: N1 (pyrazole
ring) and H,N-GIn206 (4.32 10\), N2 (pyrazole ring) and
HO-Tyr326 (4.18 A), thiocarbamoyl N and HO-Tyr326
(2.17 A), thiocarbamoyl NH, and HO-Tyr326 (2.26A),
thiocarbamoyl NH, and H,N-GIn206 (2.32 A), and thiocar-
bamoyl C=S and H,N-GIn206 (4.27 A).

Discussion

In addition to the binding modes and three dimensional
pictures of inhibitors in the active site, the result of these
docking studies allowed the binding free energy (AGy) and
inhibition constants (K;) to be estimated for each inhibitor.
These are essential requirements for structure-based drug
design and high throughput drug screening. The objective
of this study was to implement a robust, working simula-
tion program in order to calculate the above mentioned
properties of experimentally tested reversible MAO-B in-

hibitors and compare these in silico results with those ob-
tained experimentally. The high-resolution crystal structure
(1S3E, 1.6 A) of recombinant purified human MAO-B was
used in the AutoDock 3.05 program, with necessary mod-
ifications made by GROMACS molecular dynamics simula-
tion program and the AutoDock ADDSOL utility program.

Experimental inhibition constants were from different lit-
erature sources (see Table 2). Since these were for MAO-B
from different sources (bovine-liver for compounds 1, 2, 3,
bovine-brain for 11 and 12, human liver for 5 and 7, and rat
brain for 4, 6, 8, 9 and 10), we did not expect to obtain
exact experimental values by computational calculations.
Differences between experimental and computational results
may also arise in the approximations and simplifications
made during the computation process; for example, no ex-
plicit water molecules were considered during docking sim-
ulation. Furthermore, AutoDock 3.05 uses empirical scoring
function for free energy calculations. Considering all these
factors, a very reasonable prediction of inhibition constants
was obtained, which were at least in the correct order of
magnitude.

As seen from Table 2, where experimental inhibition con-
stants are in descending order, inhibition constant values of
the first six compounds (1-7) are in the micromolar range
and the last six (8—12) are in the nanomolar range. In order
to evaluate the accuracy of the docking, the experimental
K; values were compared to those obtained computation-
ally. Excellent agreement was obtained in the case of com-
pounds 6, 7, 9, 10, 11 and 12 (differences <6 fold),
reasonable prediction of inhibition constants was obtained
for compounds 2, 4, 5 and 8 (differences < 10 fold), and an
acceptable estimation of inhibition constants was obtained
for compounds 1 and 3 (differences 12.5, and 10.3 fold,
respectively). Compounds 11 and 12 were also docked us-
ing a different program, the GLUE flexible docking pro-
gram, by Manna et al. (2002). They obtained K; values of
2.21nM for 11 and 5.14 nM for 12, agreeing very well with
our results (5.04nM and 2.74 nM, respectively).

In conclusion, the data obtained by the AutoDock studies
allowed us to estimate the free energies of binding, binding
modes, and inhibition constants and provide a promising
tool for the discovery of new, potent inhibitors for use as
pharmacological agents. The AutoDock methodology will
be useful in the rational designing and screening of novel
selective potent MAO-B inhibitors.
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