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A series of pyrazinocarbazoles, analogues of short acting antidepressant pirlindole (2,3,3a,4,5,6-hexahydro8-methyl-1H-pyrazino[3,2,1-j,k]carbazole hydrochloride), were tested as inhibitors of monoamine oxidase
A (MAO-A) and B (MAO-B). Rigid analogues exhibited potent and selective inhibition of MAO-A and
have size limits (X:Y:Z) of 13.0 × 7.0 × 4.4 Å. Besides MAO-A inhibition flexible analogues also
demonstrated potent inhibition of MAO-B and in contrast to rigid analogues their inhibitory activity did not
show the dependence on these sizes. The qualitative information (steric and electrostatic coefficients) from
the 3D-QSAR with CoMFA models for MAO-A and -B are different, and this information can be used to
determine the structural features influencing inhibitor selectivity.
INTRODUCTION

Pirlindole (2,3,3a,4,5,6-hexahydro-8-methyl-1H-pyrazino[3,2,1-j,k]carbazole hydrochloride) and its structural analogue, tetrindole (2,3,3a,4,5,6-hexahydro-8-cyclohexyl-1Hpyrazino[3,2,1-j,k]carbazole hydrochloride) (Figure 1), are
effective short acting antidepressants employed clinically.1-3
They selectively inhibit mitochondrial monoamine oxidase
(MAO) type A in vivo and in vitro.4,5 In both cases MAO
inhibition persisted throughout isolation of mitochondria
(after in vivo administration) or mitochondria wash (after
incubation in vitro),5-7 typical for such short acting tightbound MAO-A inhibitors as moclobemide.8 The development of two antidepressant drugs with very close chemical
structure suggests that pyrazinocarbazole is a perspective
class for construction of more effective and selective antidepressants. So the investigation of inhibitory potency of
pirlindole analogues possessing various substituents at the
eight position (C-8) with subsequent QSAR analysis was the
first aim of this study.
Previously we analyzed structure-activity relationship of
isatin (indoledione-2,3) (Figure 1) derivatives as MAO inhibitors.9 They are competitive and reversible MAO inhibitors, possessing relatively rigid structures. Most of isatin
analogues have planar structures and the length and width
of most potent MAO-A inhibitors did not exceed 14.0 and
6.0 Å, respectively, whereas selective MAO-B inhibitors had
smaller sizes (8.5 and 5.0 Å, respectively).9 Some isatin
analogues possessing 3D structure with “thickness” of molecule not more than 4.5 Å demonstrated more potent MAO-A
inhibition, than isatin. If size of molecules, which competitively interact with either type of MAO, actually reflects
some properties of active site volume of these enzymes, we
could expect that compounds from other chemical classes
acting in a similar manner must demonstrate similar depen†
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Figure 1. 2D-structures of basic compounds used in our QSAR
studies. 1 - pirlindole, 2 - tetrindole, 3 - isatin.

dence between 3D sizes and inhibitory activity. That data
were submitted to a three-dimensional QSAR (3D-QSAR)
approach using comparative molecular field analysis
(CoMFA).10 The CoMFA model gave good prediction not
only for MAO inhibitory activity of our compounds but also
for isatin analogues tested in the other laboratory.11 So the
investigation of applicability of previously developed models
for MAO inhibitors from another chemical class of compounds was the second aim of this study.
Data of the present report provide further evidence indicating volume differences of active sites of MAO-A and -B.
CoMFA models for MAO-A and -B are also different, and
this is a good basis for determination of structural features
required for chemical compounds which are developed as
selective MAO-A or -B inhibitors.
MATERIALS AND METHODS

Chemicals. Pirlindole and its analogues were synthesized
as described previously.1,12-17 14C-Labeled 5-hydroxy[side
chain 2-14C]tryptamine creatinine sulfate (5HT) and 2-phenyl[1-14C] ethylamine HCl (PEA) were obtained from Ra-
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Figure 2. Minimal box dimensions for determination of linear sizes
of pirlindole analogues.

diochemical Centre (Amersham, UK). Cold amines were
purchased from Sigma Chemical Co. (St. Louis, MO). Other
chemicals of highest grade available were produced by
Reakhim (Moscow, Russia).
Determination of MAO Activity and Its Inhibition. Rat
liver mitochondria were used as a source of MAO-A and
MAO-B. The activity of MAO was assayed radiometrically18
with minor modifications5 using 0.1 mM [14C]-5-hydroxytryptamine (serotonin) and 5 µM [14C]-phenylethylamine as
substrates for MAO-A and -B, respectively. These concen-
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trations which are either close to or below Km value allow
competitive inhibition to be detected. To obtain reliable
comparative IC50 values (concentration required for 50%
inhibition of enzymatic activity) rat liver mitochondria were
incubated at 37 °C for 30 min with all suspected MAO
inhibitors, and the enzymatic activity was measured thereafter
by adding substrates of MAO-A and -B. Such approach is
widely used for pilot studies of potential MAO inhibitors.19
Time-dependence of MAO-A inhibition was investigated
using initial concentrations of the inhibitors near IC50 values
obtained in the above-described experiments.
Computer Modeling. Most of the calculations were carried out on Silicon Graphics Workstation Indigo-2 (R4400,
XZ) using Sybyl 6.3 software (Tripos Inc., U.S.A.). The
molecular models were constructed, and their geometries
were optimized using the standard Tripos force field. The
atomic charges calculation and geometry optimization of
molecules were made by semiempirical AM1 method. They
were used in the subsequent analysis. Values of molecular

Table 1. Inhibitory Activity (IC50, µM) and Size (Å) of Pirlindole Analogues
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hydrophobicity were calculated by method of Moriguchi et
al.20 Linear sizes of pirlindole and its derivatives were
calculated using HyperChem 4.5 software (Hypercube Inc.,
Canada) by constructing boxes around molecules. Sizes of
minimal box in which given compound fits were considered
as sizes of the molecule. Simple geometrical dimensions
(X:Y:Z) of each molecular model were measured as shown
in Figure 2. Conformational analysis was done using
Random search program of Sybyl.
For 3D-QSAR with CoMFA analysis21 the inhibitors were
aligned by fitting indole part of molecules structure atom
by atom. The region was generated automatically by the
program. The grid size had a resolution of 2 Å. Both steric
and electrostatic fields were taken into consideration. The
steric and electrostatic potentials were generated using a sp3
carbon probe and a +1 charge. QSAR analysis was carried
out in two steps using PLS technique. In the first analysis,
using five components and a number of cross-validation
groups equal to a number of compounds, the optimal number
of components was determined. The optimal number of
components for the final 3D-QSAR model was chosen as
the number of components that corresponds to the minimum
cross-validated standard error of estimate (scv) and r2cv >
0.4. The second run was performed without cross-validation,
using the optimal number of components previously determined. The results of the second analysis were used for
drawing the coefficients’ contour maps.
RESULTS

In accordance with previous studies4,5 pirlindole selectively
inhibited MAO-A (see Table 1). With the exception of
compounds P9 and P15 all other analogues also exhibited
selective inhibition of MAO-A. Values of IC50 varied for
MAO-A from 0.03 (µM (compound P16) to 13 µM (compound P9), suggesting the essential role of substituents at
C-8 for manifestation of MAO inhibition. Study of the
dependence of MAO-A inhibition on preincubation time with
the compounds revealed that they could be divided into two
groups. Compounds of the first group exhibited properties
of time-dependent MAO-A inhibitors, whereas compounds
of the second group did not demonstrate this property (Figure
3). These data suggest that the nature of substituents at C-8
stipulates property of time-dependent inhibition. However,
the elucidation of a possible interrelationship between chemical structure of substituents at C-8 and manifestation of the
time-dependent inhibition requires further investigation.
We have initially determined molecular sizes of pirlindole
analogues (Table 1). Molecular sizes of pyrazinocarbazole
nucleus are within limits found for isatin analogues, exhibiting potent inhibition of either MAO. At the first sight,
comparison of molecular sizes and the inhibitory activity did
not reveal any dependence between these parameters (Table
1, Figure 4). However, the rigid pirlindole analogues
demonstrated most selective inhibition of MAO-A versus
MAO-B (see P1, P3-P8, P11-P14, P16). The sizes of most
potent MAO-A inhibitors have the following limits: 13.0
× 7.1 × 4.5 Å. Flexible analogues possessing more rotation
points than in rigid compounds were also potent inhibitors
of MAO-A. However, they exhibited potent MAO-B inhibition as well. The inhibitory effect of compound P15 was
equipotent with respect to both MAO. These observations
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Figure 3. Time-course of MAO-A Inhibition by pirlindole
analogues. A - compounds that show time-dependent inhibition.
B - compounds that do not show time-dependent inhibition. Other
details are given in the Material and Methods section.

Figure 4. Relationship between the sizes of pirlindole analogues
and their inhibitory activity (µM). A - MAO-A; B - MAO-B.
All symbols indicate pirlindole analogues.

support our hypothesis that relatively rigid and selective
inhibitors of MAO-A possess larger size substituents along
the X-axis.
To help confirm our hypothesis and elucidate the structural
features influencing inhibition and selectivity we developed
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Figure 5. Standard dev*coefficients contour plot of CoMFA fields of MAO-A. A. Steric fields. Sterically disfavored areas (contribution
level of 30%) are represented by solid lines; sterically favored areas (contribution level of 70%) - by dashed lines. B. Electrostatic fields.
Positive charge favored areas (contribution level of 80%) are represented by solid lines; negative charge favored areas (contribution level
of 20%) - by dashed lines.

several 3D-QSAR with CoMFA models from pirlindole
analogues. Most of these compounds have rigid structures.
Only three of them have the flexible substituents (p2, p3,
and p15), and the conformer analysis was initially done for
these flexible molecules. This analysis showed that the
conformers of these compounds could be divided into two
groups: the stretch “long” conformers and the “short”
conformers with the turn of the substituents (view of these
conformations for the inhibitor p2 is shown at Figure 7).
The attempts to design the model for MAO-A with 16
inhibitors using only long or only short conformers for
flexible compounds in analysis were not successful. The
model was designed using the compounds p2 and p3 in the
long conformation and p15 (molecule with the longest
substituent) in the short conformation. The model for
MAO-B was designed using the same conformation of
inhibitors. The quantitative results of this QSAR analysis

are summarized in Table 2. The obtained models were
statistically significant and had a good predictive power for
the test molecules. More reliable model for MAO-B was
constructed using the hydrophobic values (logP) of inhibitors
(Table 2), whereas this parameter was not important for
MAO-A inhibition. This is in accordance with data from
the other laboratory.22 For MAO-A model the relative
contributions of the independent variables show that the
distribution of steric and electrostatic fields are the equal.
Steric fields of the compounds have a major contribution in
determining MAO-B inhibitory activity. This is also consistent with our hypothesis that molecular sizes of rigid
pirlindole analogues can provide predictable manifestation
of MAO-B inhibition.
Such models can explain more than 90% of the inhibitory
potency of the compounds with respect to both enzymes.
The models also have good predictive ability: cross-validated
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Figure 6. Standard dev*coefficients contour plot of CoMFA fields of MAO-B. A. Steric fields Sterically disfavored areas (contribution
level of 30%) are represented by solid lines; sterically favored areas (contribution level of 70%) - by dashed lines. B. Electrostatic fields.
Positive charge favored areas (contribution level of 80%) are represented by solid lines; negative charge favored areas (contribution level
of 20%) - by dashed lines.

Figure 7. Schemes of MAO-A (A) and MAO-B (B) active site structures and putative positions of P2 (left) and tetrindole (right) molecules.
Arrows show that phenylethylamine (PEA) can displace tetrindole, but not P2. Serotonin (5-HT) cannot displace both molecules.

r2 values were 0.444 and 0.468 for MAO-A and MAO-B,
respectively (Table 2). For further examination of the
predictive property of our models we compared predicted
values of IC50 for MAO inhibition by tetrindole with the

experimental data (Table 3). The search for stable conformations around the bond between pyrazinocarbazole nucleus
and cyclohexane of tetrindole showed that molecule has two
stable conformers with the same energy. Prediction of these
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Table 2. 3D-QSAR with CoMFA Analysis for MAO-A and MAO-Ba
MAO-A
r2

cv

3D QSAR + CoMFA
steric fields
electrostatic fields
3D QSAR + CoMFA + logP
steric fields
electrostatic fields
logP

0.444

MAO-B
2

scv

n

r

0.83

5

0.97

s

F

0.19

65

2

scv

n

0.525

0.56

4

0.625

0.45

r

cv

50%
50%
0.300

0.89

4

r2

0.98
62%
38%
3
0.91
49%
21%
30%

s

F

0.15

131

0.22

34

a r2
cv - square of the multiple correlation coefficients in analysis with cross-validation, scv - cross-validated standard error of estimate, n optimal number of components, r2 - square of the multiple correlation coefficients without cross-validation, s - standard error, F - significance
test, logP - logarithm of partition coefficient in octanol/water system.

Table 3. Values of Experimental and Predicted Inhibitory Activity of Tetrindole for MAO-A and -Ba

a

The values of experimental activity from Medvedev et al.5

inhibitory activity shows that the higher predicted values
from two conformers are in a good agreement with experimental values determined earlier.5 So, our models satisfactorily describe the inhibitory properties of pyrazinocarbazole
analogues.
The three-dimensional steric and electrostatic contour maps
were analyzed from these models. Figure 5 shows the
important steric (A) and electrostatic (B) regions influencing
MAO-A inhibition. Pirlindole was added as a reference to
better visualize the location of these regions. Favorable steric
fields can be seen along the X-axis where substituents with
increased length demonstrated enhanced inhibition. Unfavorable steric regions can be seen on either side of substituents. The QSAR model used two electrostatic regions to
explain part of the variation in MAO-A inhibition. The
favorable region for negative charges is localized at the same
places as the favorable steric regions, and the other favorable
region for positive charges is located at adjacent site in the
plane of pyrazinocarbazole nucleus (see Figure 5).
The distribution of steric and electrostatic coefficients in
the MAO-B 3D-QSAR with CoMFA model differed considerably from the distribution of coefficients in the MAO-A
model. An unfavorable steric field limits the length of C-8
substituents in the MAO-B model, while a favorable steric
region can be seen at an adjacent site (Figure 6). The
electrostatic coefficients in the MAO-B model identify two
favorable regions for positive charge near the substituent site.
Thus, the comparison of 3D-QSAR models of MAO-A
and -B inhibition developed a series of pirlindole analogues

revealed significant differences in steric and electrostatic
fields. The qualitative structural information from these
models suggests an underlying reason for the different
inhibitor selectivity between MAO-A and -B.
DISCUSSION

Previously we analyzed isatin analogues as inhibitors of
MAO-A and -B.9 They were readily reversible competitive
inhibitors of either MAO. Within this group of compounds
the selective inhibitors of MAO-A and -B had different
volume sizes. 3D-QSAR + CoMFA analysis confirmed this
conclusion and revealed certain regions in these compounds
essential for manifestation of selective inhibition of MAO-A
and -B.10 The constructed models successfully described not
only our own data but also results obtained in the other
laboratory.11
In the present report we have investigated possible applicability of that models for the inhibitors from the other
chemical class. In contrast to isatin pirlindole and its analogues exhibited properties of tight-bound inhibitors.7 It is
still unclear whether pirlindole undergoes MAO-dependent
(time-dependent) redox-conversion in vivo.23 So, the mechanism of MAO inhibition by pirlindole completely differs
from that of isatin, and consequently, a previously developed
model required validation using the other type of MAO
inhibitors.
Evaluation of 3D sizes of pirlindole analogues revealed
that the length sizes of rigid compounds exhibiting potent
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and selective inhibition of MAO-A are within limits previously determined for isatin analogues, selective inhibitors
of MAO-A. However, we should emphasize that all isatin
analogues have sizes along the Y-axis of 5.0-6.0 Å, whereas
these sizes in most pirlindole analogues were a bit larger
(6.9-7.2). Some isatin analogues possessing 3D structure
with “thickness” of molecule not more than 4.5 Å (size along
Z-axis) also demonstrated more potent MAO-A inhibition
than isatin.9 This is in accordance with the present data.
In contrast to rigid compounds, flexible pirlindole analogues possessing substituents at C-8 with rotation points
did not demonstrate such dependence between sizes of
molecules and the inhibitory activity. The most probable
explanation of these discrepancies consists of differences of
binding sites for pirlindole analogues in MAO-A and
MAO-B molecules. The active site of MAO-A has enough
space to accommodate rather long rigid inhibitors (Figure
7). It is possible that the geometry of MAO-B active site is
more complex, and long rigid molecules cannot be accommodated in it. If this suggestion is correct, an increase in
the MAO-B inhibitory activity of flexible analogues can be
explained by the possibility of such conformation that
corresponds to the geometry of the active site of MAO-B.
Many inhibitors of MAO-B are flexible compounds, and a
limitation in flexibility of molecules often decreases MAO-B
inhibitory activity. For example, long and flexible oxodiazolones are very potent inhibitors of MAO-B, whereas shorter
but rigid analogues are less potent.24
Our 3D-QSAR + CoMFA models for MAO-A and -B
provide further evidence for steric differences of the active
sites of these enzymes. Comparison of steric fields of
pirlindole analogues as MAO-A and MAO-B inhibitors
suggests the existence of steric obstacle at C-8 (Figure 6) in
MAO-B molecule, which might explain inability of long rigid
pirlindole analogues to be potent inhibitors of MAO-B. For
MAO-A inhibitors increase of the length of molecule in this
region potentates their activity. This generally agrees with
our previous studies on isatin analogues.9,10 Also 3D-QSAR
+ CoMFA suggests that MAO-A inhibition requires certain
limits in the size of substituents, so that “width” of the (rigid)
molecule be less than 4.5 Å (see Table 1). Such distribution
of steric fields suggests that the active site of MAO-A might
represent a relatively narrow slot, whereas the active site of
MAO-B is shorter but wider. Comparison of steric and
electrostatic fields of these models revealed that regions of
positive and negative charges are near the favorable steric
region. It is possible that charged amino acid residues of
MAO-A form a cavity accommodating substituents of pirlindole analogues. Distribution of the fields for MAO-B suggests that negatively charged amino acid residues in the
active site of MAO-B probably determine limitation of the
length of substituents at C-8. Electrostatic fields of MAO-B
model are characterized by the existence of favorable regions
for positive charges, whereas these places in MAO-A model
require negative charge. Also MAO-B model takes into consideration hydrophobicity of compounds employed. This is
in accordance with the general notion that preferential substrates and selective inhibitors of MAO-B are more hydrophobic compounds than that of MAO-A.22,25 Our conclusion
does not contradict with the latest data of mutation analysis.26
A single mutation in which Phe-208 in MAO-A was
substituted for relatively more hydrophobic Ile (correspond-
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ing residue in MAO-B primary structure) resulted in dramatic
alteration in the sensitivity to diagnostic acetylenic inhibitors
chlorgyline and deprenyl and to a lesser extent in appearance
of some substrate specificity typical for MAO-B.
It is necessary to emphasize that either type of MAO can
probably interact with a certain conformer of inhibitor. For
example, tetrindole can exist in two preferential conformations characterized by the same energy level. Prediction of
MAO-A inhibition by the conformer 1 is close to the
experimental values. A better coincidence of predicted
inhibition of MAO-B with experimental data is observed for
conformer 2 (see Table 3). So it is possible that experimentally observed values reflect interaction of MAO-A and
-B with certain tetrindole conformer, which is preferential
for the given enzyme (MAO-A or MAO-B).
Thus, using pirlindole analogues as inhibitors of MAO-A
and MAO-B we have developed significant 3D-QSAR +
CoMFA models of active sites of these enzymes. The
models revealed spatial differences in the active sites of both
enzymes. Data of the present report can be used for the
design of new generation of selective reversible inhibitors
of MAO.
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