
Spatial structure of proteins is usually evaluated by
means of X-ray analysis or NMR-spectroscopy. These
methods have been successfully employed for the deter-
mination of almost countless structures of water-soluble
proteins. However, they have limited applicability for
analysis of the numerous hydrophobic membrane-
bound proteins. Lack of precise information on three-
dimensional (3D) structure complicates investigation of
mechanism of enzyme or receptor functioning and
search for their effective ligands.

Monoamine oxidase (MAO; EC 1.4.3.4) plays an
important role in the metabolism of important
monoamine neurotransmitters. Changes in the activity
of this enzyme have been observed in numerous neu-
ropsychiatric disorders, and the employment of MAO
inhibitors often produces a therapeutic effect [1]. In
mammals MAO exists in two forms, MAO A and MAO
B, which are encoded by two different genes [2], and
characterized by different substrate specificity and sensi-
tivity to selective inhibitors [1]. Both enzymes are inte-
gral proteins of the outer mitochondrial membrane, and
they readily aggregate during purification procedures
[3]. This feature explains the lack of information on their
spatial structures. The possible use of computer model-
ing studies for evaluation of ternary structure is also

complicated by the absence of proteins with known ter-
nary structure which would be characterized by reliable
homology of amino acid sequences with MAO A and B.

Thus, there are a few directions in modern analysis
of structures of MAO A and B. The first is focused on
studies of microbial soluble (mono)amine oxidases [3].
However, from our viewpoint the biochemical and
molecular properties of these soluble enzymes differ
from those of MAO A and B so drastically that they
cannot be considered as evolutionary predecessors of
mammalian MAOs [4].

The other direction is focused on the analysis of
regions of amino acid sequences underlying differences
of MAO A and B. Tsugeno and Ito identified �key
amino acids� Phe-208 in MAO A and Ile-199 in MAO B
responsible for the sensitivity of these enzymes to �diag-
nostic� substrates and inhibitors [5]. However, our
analysis revealed that these amino acids cannot explain
all differences in substrate specificity and inhibitor selec-
tivity of MAO A and B [6].

Using a few series of reversible inhibitors of MAO A
and B, we found steric differences of the active sites of these
enzymes. Measurement of geometric sizes of rigid compet-
itive (and selective) inhibitors suggests that the �length� of
substrate/inhibitor-binding region of MAO A does not
exceed 13-14 Å, whereas the �width� and �height� are 7.0
and 4.4 Å, respectively [6, 7]. According to these calcula-
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Abstract�The mold of the substrate-binding region of the active site of monoamine oxidase A (MAO A) was designed
using data of the enzyme interaction with reversible competitive inhibitors and the analysis of their three-dimensional
structures. The superposition of ligands in biologically active conformations allowed determination of the shape and
dimension of the active site cavity accommodating these compounds. The correctness of this approach was validated by
the analysis of HIV protease interaction with its inhibitors using three-dimensional structures of HIV protease�inhibitor
complexes. The mold of the substrate/inhibitor-binding site can be used for searching for new ligands in molecular data-
bases and the development of a new generation of MAO inhibitors using lead structures that have not been employed for
this purpose yet.
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tions, the substrate/inhibitor-binding region of MAO B is
�shorter� (8.5 Å) and �narrower� (5.0 Å) [7, 8].

For subsequent analysis of structural features of the
active sites of MAO A and MAO B and their visualiza-
tion, we have used a method of spatial superposition of
selective reversible competitive MAO inhibitors. In our
view, such approach provides a �mold� of the sub-
strate/inhibitor-binding region and estimates its dimen-
sions and other characteristic features. For the inde-
pendent evaluation of the correctness of this method, we
have used HIV (human immunodeficiency virus) pro-
teinase; this is an enzyme with known ternary structure.

MATERIALS AND METHODS

Our own and literature data on the inhibition of
MAO A and MAO B by reversible competitive
inhibitors were used.

The computer modeling was run on workstation
Indigo 2 and Origin 200 server (Silicon Graphics, Inc.)
using SYBYL 6.4 program (TRIPOS Inc.) [9]. Spatial
alignment of protein�inhibitor complexes was carried
out using MULTIFIT program. Three-dimensional
models of the enzyme inhibitors were optimized using
standard Tripos force field. Partial atom charges were
calculated by semi-empirical quantum-mechanical
method AM1. Conformations of molecules were calcu-
lated using program RandomSearch.

The pharmacophore model was built up using pro-
gram DISCO and the following parameters: use of all
compounds tested; the number of possible pharma-
cophore points varied from 2 to 6; possible deviation
between pharmacophore points varied from 0.5 to 5.0 Å
(with 0.5 Å interval).

The docking procedure was carried out using the orig-
inal program of geometrical docking DockSearch devel-
oped in the Institute of Biomedical Chemistry, Russian
Academy of Medical Sciences [10]. The program has the
following parameters: angle of ligand rotation along each
axis, 15°; standard deviation of distances between ligand
atoms in complexes within one cluster, 0.25 Å.

For independent evaluation of the correctness of
the method used, we also analyzed 3D-structures of
complexes of HIV-proteinase taken from the KeyLock
molecular database [11].

Molecular databases Comprehensive Medicinal
Chemistry (CMC) and MDL Drug Data Report
(MDDR) from MDL Information Systems, Inc. were
also used in this study.

RESULTS

The interaction of substrates and reversible com-
petitive inhibitors with an enzyme requires molecular

complementarity between the ligand structure and its
binding region at the active site, which also includes
steric complementarity. In the case of an enzyme with
wide substrate specificity, its interaction with com-
pounds from various chemical classes may involve vari-
ous functional groups located in different parts of the
active site. So it is reasonable to expect that the sum of
surfaces of these ligands would reflect the structure of
the substrate/inhibitor-binding region of the active site.
If this approach is correct, superposition of ligands may
well describe the surface of this region of the active site.

For validation of this approach, we analyzed the
active site of HIV-proteinase. This enzyme is character-
ized by known 3D-structures of its complexes with vari-
ous inhibitors. Earlier it was demonstrated that
inhibitors of this enzyme occupy a certain region of the
active site and interact with the same functional groups
[12].

Figure 1a shows a cross-section of the 3D-structure
of HIV-proteinase providing an open view on the sur-
face of the active site, which represents an extended cav-
ity. Figure 1b shows the active site of HIV-proteinase
containing known inhibitor molecules in exact positions
that they occupy in 3D-structures of enzyme�inhibitor
complexes. This figure demonstrates that the inhibitor
molecules are well superimposed and the main function-
al groups involved into protein molecule-binding coin-
cide. Figure 1c shows the active site structure of HIV-
proteinase with superimposed inhibitors whose atoms
are shown as spheres with van der Waals radii. The set
of inhibitors used represents a mold satisfactorily
reflecting the structure of the active site cavity of this
enzyme.

However, if the enzyme structure remains
unknown, 3D-superposition of a ligand set becomes a
real problem. In such case, determination of probable
relative interposition of each ligand requires the design
of an appropriate pharmacophore model. The pharma-
cophore model of HIV-proteinase inhibitors consists of
two pharmacophore points: oxygen atom as an acceptor
and phenolic ring (Fig. 2). These elements are found in
all inhibitors; moreover, their interposition is tightly
fixed in the inhibitors and they determine inhibitor bind-
ing at the active site of the HIV-proteinase [12]. In some
compounds other functional groups closely neighbor
each other. For example, many HIV-proteinase
inhibitors contain a second phenol ring that has a less
tightly fixed spatial location than the pharmacophore
element. Such groups may also include some het-
eroatoms (oxygen or nitrogen). Thus, besides obligate
(pharmacophore) elements the analysis of inhibitor
structures revealed structural elements required for
manifestation of high inhibitory activity; however, they
are not ultimately essential for binding at the active site.
These elements may be used for prediction of side chain
ligand conformations during conformational analysis.
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The latter may also require additional data on stereose-
lectivity, results of 3D-QSAR analysis, etc.

Molding of the substrate/inhibitor-binding region
of the active site of MAO A was �facilitated� by the exis-
tence of a few series of selective inhibitors characterized
by rigid basic structure (derivatives of indole, isatin,
pyrazinocarbazoles) [13]. Since rigid structures have a
very limited number of possible conformers, compounds
possessing a rigid moiety were used for molding (Table
1). Comparative analysis revealed the following com-

mon elements present in all inhibitors: phenolic ring
with neighboring negatively charged nitrogen or oxygen
atom. This is consistent with our previous pharma-
cophore model proposed for MAO A inhibitors [14].
The presence of a phenol ring is an ultimate precondi-
tion for the manifestation of MAO A inhibitory activity.
Substitution of this phenol ring for a non-aromatic cycle
sharply reduces MAO A inhibitory activity [15]. So
inhibitor molecules were aligned by these pharma-
cophore elements. Molecules possessing a rigid nucleus
(compounds 18-20) were used for the backbone of the
mold.

Prediction of the position of side radicals was based
on two approaches. The first employed models of the
MAO A active site developed using 3D-QSAR +
CoMFA models, which were built up on the basis of
indole and isatin [14] or pyrazinocarbazole [7] MAO
inhibitors. These models allowed prediction of favorable
and unfavorable regions for substituents and to con-
struct the scheme of the active sites of MAO A and B.
The data obtained predict the existence of some cavity in
the active site of MAO A accommodating a substituent
at the 8th position of pyrazinocarbazole (compounds
20-22, Table 1). Such cavity is absent in the active site of
MAO B [7].

The second approach included conformational
analysis of side radicals of inhibitors and search of those
conformers of these inhibitors that are characterized by
close interposition of functional groups potentially
involved in binding to the protein. So radical phenol
rings of compounds 2, 13, and 22 from one side and 8
and 19 from another were superimposed. Oxygen atoms
of carboxy-groups of compounds 8 and 6, nitrogen
atoms of cyano-groups of compounds 2 and 4, nitrogen
atoms of compounds 11, 12, 16 (and also some other
groups) were also superimposed. Figure 3 shows the
resultant mold of the substrate/inhibitor-binding region
of MAO A. 

This mold reflects the structure and shape of the
active site. However, correct characterization of the sub-
strate/inhibitor-binding region requires creation of the
surface limiting the volume of the mold. In this case,

à

b

c

Fig. 1. Cross-section of the active site of HIV-proteinase: a)
surface of the active site; b) the active site surface with super-
imposed inhibitors of HIV-proteinase; c) the active site sur-
face with superimposed HIV-proteinase inhibitors shown as
van der Waals spheres.

DS DS

ÀÀ

HR

Fig. 2. Pharmacophore model of HIV-proteinase inhibitors.
AA, acceptor atom; DS, donor site; HR, centroid of
hydrophobic ring.
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Table 1. Structures of MAO A inhibitors used for the active site molding

1

2

3

4

5

6

7

8

9

10

11

12

13

Reference

MDDR-3D
97.2 data-
base (MDL
Information
System, Inc.)

IC50 (nM)

8.4 

not available

not available

not available

not available

320 

not available

not available

not available

31 

640 

not available

2 

Compound

14

15

16

17

18

19

20

21

22

23

24

25

26

Reference

MDDR-3D
97.2 data-
base (MDL
Information
System, Inc.)

[13]

[13]

[8]

[7]

[7]

[7]

[15]

[15]

[15]

[15]

IC50 (nM)

not available

not available

3000 

4000 

(Ki) 600 

9000

70 

40 

140 

1100

40

10 

40 

Compound
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�removal� of mold-forming molecules yields a cavity
mimicking the active site cavity. The resultant model of
the active site of an enzyme with unknown 3D-structure
may be employed for searching for new ligands in
molecular databases by means of docking programs.

Applicability of this method for characterization of
the active site structure of MAO A was analyzed using
indole, isatin [14], and pyrazinocarbazole derivatives [7]
as the enzyme inhibitors. Molecules from the CMC
database (containing information about 6,300 structures
of known drugs) were docked into the resultant cavity
after pre-processing of this database. The latter included
selection of molecules containing an indole moiety in
their structures. For molecules which were accommo-
dated within this cavity, we have calculated IC50 values
using a 3D-QSAR + CoMFA model developed for
pyrainocarbazole derivatives [7]. Table 2 shows mole-
cules with the lowest IC50 values predicted. Two of ten
compounds with the highest predicted inhibitory activi-
ty are MAO A inhibitors.

DISCUSSION

The rather high interest in monoamine oxidases is
generally explained by the use of some MAO inhibitors
in clinical practice. However, 3D-structures of both
MAO A and MAO B remain unknown. Attempts of sev-
eral laboratories to elucidate structural elements of these
enzymes by such experimental methods as construction
of chimeric molecules from MAO A and MAO B [16-18]
or site-directed mutagenesis [5, 19, 20] did not result in
exhaustive information on the structure and characteris-
tic features of these enzymes. Lack of such information
stimulated active use of computer methods for investi-
gation of structural features of MAO A and MAO B [7,
14, 21-23].

Our approach for active site molding is based on
two assumptions: 1) compounds bind at the active site of
the enzyme provided that they can be accommodated
within its cavity; 2) ligand (substrate or potent competi-
tive inhibitor) binding at the active site requires shape
complementarity. In this case, a set of effective ligands
may well characterize the spatial structure of the active
site.

Earlier several approaches for modeling of the
active site spatial structure for enzymes with unknown
3D-structure were proposed. The first approach includes
pseudoreceptor modeling [24-26]; the second is the so-
called active analogs approach [27]. Pseudoreceptor
modeling visualizes the active site structure by �cover-
ing� a single ligand (or aligned set of ligands) with a
polypeptide shell. This method uses general notions on
favorable interposition of various functional groups of
the protein and the ligand. For example, taking into
consideration the possibility of hydrogen bond forma-
tion, a histidine residue of the protein is usually posi-
tioned near the hydroxy group of ligand phenyl ring,
whereas an asparagine residue usually neighbors an
amino group of the ligand. Ligand removal yields some
cavity in the protein structure that is subsequently used
for prediction of active site properties and searching for
new ligands. However, the resultant cavity is far from
the actual active site structure [26].

The active analogs approach uses a set of ligands
containing both active and inactive compounds.
Prediction of the active site cavity by this method
involves spatial alignment of active and inactive ana-
logues followed by comparison of their volumes [27].

In contrast to the active analogs approach, our
method employs only active ligands that readily fit into
the active site. This yields a cavity accommodating
known active ligands. Cutting unfavorable or unknown
regions occurs along the border of the region occupied
by effective ligands. In contrast to the pseudoreceptor
method, our active site molding method does not predict
the structure and active site properties at the level of
individual amino acid residues.

Our approach reflects the 3D-dimensions of the
active site cavity of MAO A. This cavity together with
the method of geometric docking can be used for search-
ing for new ligands in molecular databases. This signifi-
cantly accelerates analysis of molecular databases and
selection of potential candidates for subsequent investi-
gation. Pilot use of this method for screening the CMC
database revealed its effectiveness. For example, Table 2
includes Pirlindole (compound 9) and Inkazan (5). They
are effective MAO A inhibitors employed clinically [28].
Selection of Pirlindole in this database was not unex-
pected because this compound had been used in molding
and the 3D-QSAR model. Inkazan was not used in the
previous analysis, and its selection demonstrates the cor-
rectness of our method. 

Fig. 3. Orthogonal projection of the mold of
substrate/inhibitor-binding region of MAO A active site.
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Table 2. Compounds of the CMC database, their known biological (pharmacological) activity, and MAO A
inhibitory activity predicted by the 3D-QSAR + CoMFA model

No.

1

2

3

4

5

6

7

8

9

10

IC50 (nM)

14

59

63

65

95

120

120

170

370

820

CAS-number and name

7489-66-9
Tipindole

3551-18-6
Acetryptine

40594-09-0
Flucindole

26304-61-0
Azepindole

54188-38-4
Metralindole (Inkazan)

32211-97-5
Cyclindole

13523-86-9
Pindolol

62882-99-9
Tinazoline

60762-57-4
Pirlindole

63758-79-2
Indalpine

Structure Biological (pharmacological) activity

serotonin receptor inhibitor

antihypertensive drug

antipsychotics

antidepressant

MAO inhibitor

antidepressant

β-andrenoblocker

vasoconstrictor

MAO inhibitor

serotonin reuptake inhibitor
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Thus, our method visualizes the 3D-structure of the
substrate/inhibitor-binding region, which may promote
subsequent characterization of the active site of MAO
A. Besides clarifying basic aspects underlying structural
features of this important enzyme, our �mold� can be
used to search for new inhibitors in molecular databas-
es. We believe that this approach significantly extends
modern tools for the development of a new generation
of effective MAO inhibitors.

This work was supported by the Russian
Foundation of Basic Research (grant No. 99-04-48822)
and INTAS (grant No. 99-00433). 
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