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Abstract-A series of isoquinolines, N-methyl-1,2-dihydroisoquinolines, N-methyl-1,2,3&tetrahydroisoquin- 
olines, 1,2,3,4-tetrahydroisoquinolines, and N-methylisoquinolinium ions were tested as inhibitors of mono- 
amine oxidases A and B. All compounds were found to act as reversible and time-independent MAO inhibitors, 
often with a distinct selectivity towards MAO-A. As a class, the N-methylisoquinolinium ions were found to be 
the most active MAO-A inhibitors, with N-methyl-6-methoxyisoquinolinium ion emerging as a potent (IC,, = 0.81 
pM) and competitive MAO-A inhibitor. Comparative molecular field analysis (CoMFA, a 3D-QSAR method) 
of MAO-A inilibition was performed using the data reported here and in the literature. Using the steric and 
lipophilic fields of the inhibitors, quantitative models with reasonable predictive power were obtained that point 
to the importance of steric, lipophilic, and polar interactions in modulating MAO-A inhibitory activity. 
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There has been in recent years a considerable renewal of 
interest in monoamine oxidase (MAO; EC 1.4.3.4.). an 
FAD-containing enzyme of the outer mitochondrial 
membrane that plays a key role in the degradation of 
catecholamines and serotonin [l]. MAO exists as two 
isoenzymes, MAO-A and MAO-B, which differ in their 
substrate specificity and sensitivity to inhibitors [2]. Al- 
though the amino acid sequence of the two isozymes is 
known [3], practically everything remains to be discov- 
ered about their three-dimensional structure and espe- 
cially the topographical differences between their active 
sites [4]. 

One reason for the current interest in MAO is linked 
to the discovery that the neurotoxin MPTPqI causes the 
death of dopaminergic neurons and induces symptoms 
very similar to Parkinson’s disease in humans [5]. The 
first step in this toxicity is the oxidation of MPTP by 
MAO to the MPDPf and then to the I-methyl-4-phe- 
nylpyridinium cation (MPP+) [6, 71. Whereas MPTP is 
selectively oxidized by MAO-B, a number of analogues 
of MPTP are substrates of MAO-B and/or of MAO-A. 

MAO is also of interest because it is the target of 

t Corresponding author. 
qIAbbreviations: CoMFA, Comparative Molecular Field 

Analysis; 3D-QSAR, three-dimensional QSAR; MPTP, l- 
methyl-4phenyl-1,2,3,6-tetrahydropyridine; MPDP, l-meth- 
yl-4phenyl-2,3-dihydropyridinium cation; MPPC, l-methyl-4 
phenylpytidinium cation; THIQ, tetrahydroisoquinoline; IQ, iso- 
quinoline; MLP, Molecular Lipophilicity Potential; CPC, 
Centrifugal Partition Chromatography; PLS, Partial Least 
Squares. 

novel, reversible inhibitors able to act as antidepressants 
without causing hypertensive crises through inhibition of 
tyramine breakdown [ 11. The reversible MAO-A inhib- 
itor moclobemide is an example of this new class of 
antidepressive drugs [8]. 

There are two reasons why isoquinolines and ana- 
logues are of interest in the context of MAO. First, a 
number of these compounds are formed endogenously as 
metabolites of neurotransmitters, and may be neurotoxic 
[9, lo]. Their mode of interaction with MAO-A and 
MAO-B may therefore be a significant factor towards 
understanding the etiology of Parkinson’s disease, 
should it be demonstrated that their in vivo mechanism 
of neurotoxicity closely resembles that of MPT’P. A few 
1,2,3,4-tetrahydroisoquinoline (THIQ) derivatives (e.g. 
N-methyl-THIQ) have indeed been reported to be weak 
MAO substrates [ 111. In contrast, a number of quinoline 
and quinaldine derivatives are inhibitors of both forms of 
MAO (e.g. several THIQs and their N-methylated deriv- 
atives) [12, 131. The reversible nature of this inhibition 
has been demonstrated for a large series of isoquinoline 
(IQ) derivatives [ 141. 

Because of such inhibitory effects, quinoline and iso- 
quinoline derivatives may be of interest as lead com- 
pounds in the search for novel medicinal MAO inhibi- 
tors. From a more fundamental perspective, their inter- 
action with MAO-A or MAO-B could prove informative 
enough to allow specific insights into the topographical 
features of the active sites of the two isoenzymes. 

The first aim of our study was to determine the MAO 
inhibitory activity of various tetrahydroisoquinolines, di- 
hydroisoquinolines, isoquinolines, and N-methyliso- 
quinolinium ions substituted in the 6- and/or 7-positions 
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Fig. 1. Structures of compounds 1-18 (series 1). 

(series I; see Fig. 1). Secondly, the inhibitory activities 
of these compounds, together with those of other ana- 
logues (series II; see Fig. 2) investigated by Bembenek et 
al. [14], were submitted to a three-dimensional QSAR 
(3D-QSAR) approach using comparative molecular field 
analysis (CoMFA) and according special attention to the 
MLP of these inhibitors. In this study, the 3D-QSAR 
approach proved successful enough to reveal important 
topographical features characterizing the active site of 
MAO-A. 

MATERIALS AND METHODS 

Chemicals 

The substituted isoquinolines (2-5) were prepared ac- 
cording to published methods [15, 161 as reported else- 
where [17]. N-methylisoquinolinium iodides (6-lo), 
substituted 1,2,3,4_tetrahydroisoquinolines (1214, 16) 
and N-methyld-methoxy-1,2-dihydroisoquinoline (17) 
were prepared by classical procedures as described sep- 
arately [ 181. 6,7-dimethoxy-1 -styryl-3&dihydroisoqui- 
noline hydrochloride (18) was a kind gift from Prof. H. 
D. Hiiltje (Freie Univershat, Berlin, Germany). Isoqui- 
noline (l), THIQ (ll), and N-methyl-THIQ (15) were 
purchased from Merck (Darmstadt, Germany). The 
chemical structure and purity of the compounds were 
verified by ‘H-NMR, IR, elemental analysis, HPLC, and 
CC-MS. 

The following products were obtained from commer- 
cial sources and used without further purification: 
Na2HP0,, KCl, KH2P04, DMSO, and sucrose (Fluka 
Chemie AG, Buchs, Switzerland), kynuramine and clor- 
gyline (Sigma Chemical Co., St. Louis, MO, U.S.A.), 
and selegeline (RBI Inc., Natick, MA, U.S.A.). 

Preparation of rat brain mitochondria 

Rat brain was isolated according to the modified 
method of Clark and Nicklas [19] as previously de- 
scribed [20]. The protein content of the washed mito- 
chondrial fraction was determined with bovine albumin 
as a standard [21]. 

MAO assay 

MAO inhibitory activities were measured as previ- 
ously described [20, 221 using harmane as a standard 
[23]. A continuous fluorimetric assay [24, 251 was used 
to evaluate the MAO substrate activity of THIQ and 
N-THIQ. 

3D-QSAR 

All calculations were run on Silicon Graphics Per- 
sonal Iris 4D-35 and Silicon Indigo R4OOO workstations. 
The starting geometries of the isoquinoline derivatives 
used in the CoMFA study were taken from the fragment 
library of the SYBYL 6.03 molecular modeling package 
(Tripos Associates, St. Louis, MO, U.S.A.). 

CoMFA was performed with the QSAR option of 
SYBYL. AM1 charges and default settings were used 
[26] except for the option “drop-electrostatic,” which 
was set to “No,” which means that the electrostatic field 
is explicitly calculated at grid points with high steric 
interactions (A 30 kcal/mol). The common isoquinoline 
skeletons of all analogues within a chemical series were 
aligned atom by atom. Sampling of the steric and elec- 
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Fig. 2. Structures of compounds 19-45 (series II). 
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Table 1. Structure and MAO inhibitory activities of isoquinolines, N-methylisoquinolinium ions, 1,2,3,4_tetrahydroisoquinolines, 
N-methyl-1,2,3,4_tetrahydroisoquinolines, and N-methyl-1,2-dihydroisoquinolines (for structures, see Fig. 1) 

Inhibitory activities Prediction* 

No. R, R, 

1 H H 
2 0CH3 H 
3 H OCH, 
4 OCH3 OCH, 
5 -&CH,-O- 
6” H H 
7” OCH3 H 
8” H OCH, 
91’ OCH, OCH, 

10” -0-CH,-O- 
11 H H 
12 OW H 
13 H OCH, 
14 -O-CH,-O- 
15 H H 
16 OCH, H 
17 0CH3 H 
18 OCH3 OCH, 

MAO-A 
IC,, WI 

62.9 f 2.lt 
34.7 + 2.6 

113 * 10 
128 +8 
49.9 k 3.4 
32.7 f 2.4 
0.81 f 0.07 

10.9 _+ 0.4 
4.0 + 0.3 

12.3 + 1.5 
90.4 f 1.9 
28.9 + 1.5 
52.6 + 2.4 
23.4 f 0.8 
60.1 f 2.7 
6.7 f. 0.6 

18.1 f 0.9 
53.9 k 2.3 

P*Gl 

4.20 
4.46 
3.95 
3.89 
4.30 
4.49 
6.09 
4.96 
5.40 
4.91 
4.04 
4.54 
4.28 
4.63 
4.22 
5.17 
4.74 
4.27 

MAO-B MAO-A 
IGI [WI PIG, 

47.9* 2.5t 3.96 
22.7 IL 0.8 4.5 1 

134 f 12 3.79 
sloo$ 4.26 

10.1 f 0.6 4.33 
160 k 2.5 4.96 
36.2 f 2.8 5.51 

135 f 6 4.77 
96.2 + 16.9 5.32 
19.9?r 3.4 5.31 
47.8 zk 6.9 4.15 
85.8 f 6.5 4.69 
26.9+ 1.3 3.98 

132 f 6 4.50 
93.9k 7.8 4.43 

269 _+34 4.93 
a-20 W§ 4.77 

38.2+ 7.1 4.36 

* Predicted with model A5. 
t Extrapolated values, solubility = 40 pM. 
$ 17% inhibition at 100 @l. 
0 Inactive at 20 PM. 
‘I Compounds as iodides. 

trostatic fields was taken at the nodes of a 3D grid of 1.5 
w resolution. The same was true for the third molecular 
field introduced into ColMFA, namely the Molecular Li- 
pophilicity Potential (MLP) [27]. This new tool in 3D- 
QSAR is based on the atomic lipophilic fragmental sys- 
tem of Broto and Moreau [28], slightly modified to take 
into account atoms (e.g. N’) not described in the original 
system. In an iterative process, these novel fragmental 
values were optimized to approximate as closely as pos- 
sible the experimental log P values of MPP’ derivatives 
[29] and isoquinoline derivatives [ 181. 

Two series of compounds were submitted to a 
CoMFA study: the 18 compounds whose inhibitory ac- 
tivities (IC,, values) were measured in this study (series 
I), and 3 1 compounds (Ki values) reported by Bembenek 
et al. [ 141 (series II), leaving out the two compounds that 
also appear in series I as compounds 1 and 15. In a first 
step, a Partial Least Squares (PLS) analysis was carried 
out. If the correlation coefficient was greater than 0.4, a 
complete CoMFA was undertaken. 

RESULTS 

MAO inhibitory activities 

The IC,, values of the 18 compounds in series I are 
reported in Table 1. The values are in the range 0.8 FM 
to 128 pM for MAO-A and 10 @I to 268 pM for MAO- 
B. For the most active compounds, complete enzyme 
kinetics was examined, and the inhibition found to be a 
competitive type (results, not shown). All derivatives 
seem to act in a reversible and time-independent manner. 
These findings indicate that the tested compounds are 
not substrates of MAO-A or MAO-B, as verified here for 
THIQ and N-methyl-THIQ. 

N-methyl-6-methoxy-isoquinolinium (7, IC,, = 0.81 

p.M towards MAO-A) emerges as the most active inhib- 
itor examined. In fact, the N-methylisoquinolinium ions 
(N-Me-IQs+, compounds 610) as a group are the most 
active and selective MAO-A inhibitors, whereas the 
more lipophilic and uncharged isoquinolines (IQs, com- 
pounds 1-5) are weak 

or selectivity towards MAO-B. 
THIQ derivatives more active 

the derivatives. 
be due to higher lipophilicity of isoquinoline 
derivatives in the range 1.68-2.08) com- 
pared to that of THIQ derivatives and 
experimental log P values in range 1.03-1.71). The 
lipophilicity of most of isoquinoline derivatives ex- 
amined has been accurately by Centrifu- 
gal Partition and the re- 
sults will be 

25 = 270’ 

T+j=rso” 

ISO 

‘re 90” 

Fig. 3. of the hydroxy and methoxy substituents 
in 5-8 fixed for the CoMFA studies: substituents 
and 7 are in plane of ring system, 

and 8 are perpendicular to plane and above 
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The results in Table 1 further suggest that the active 
site of MAO-A, in contrast to that of MAO-B, can bind 
positively-charged amines with high affinity, and conse- 
quently that the basicity of amines can play a significant 
role in enhancing their selectivity towards MAO-A. In- 
deed, the amino acid sequences of the two MAO isoen- 
zymes suggest that their active sites are quite different, 
with the active site of MAO-B displaying a higher hy- 
drophobic character [3]. 

With regard to MAO-A inhibitory activity, substitu- 
tion in position 6 and/or 7 with electron-donating meth- 
oxy or methylenedioxy groups usually produces an in- 
crease in MAO-A inhibitory activity. Globally, substi- 
tution in position 6 is more favourable than in position 7. 
Such trends are particularly clear in N-methyl-IQ+ de- 
rivatives. Based on their electronic conjugation deduced 
from the UV absorption spectra (results not shown), the 
positive charge must be more delocalized in N-methyl- 
6-methoxy-IQ+ than in the ‘I-methoxy isomer due to the 
contribution of a para-quinoid mesomeric structure in 
the former isomer. Thus, charge delocalization may also 
be a factor leading to increased MAO-A inhibitory ac- 
tivity. 

Fig. 4. Superposition of 18 compounds of series 1. 

Table 2. Structure and MAO-A inhibitory activities of isoquinolines and tetrahydroisoquinolines reported by Bembenek et al. [I41 
(series II in this study) (for structures, see Fig. 2) 

MAO-A 

No. RI R* R, R, R, RIJ 

R-19 CH, 
s-19 CHs 
20 H 
21 CH, 
22 CH, 
R-23 CH, 
S-23 CH, 
24 CH, 
R-25 CH, 
S-25 CH, 
26 H 
R-27 CH, 
S-27 CH, 
28 CH, 
29 CH3 
30 H 
31 H 
32 CH, 
33 CH, 
34 CH, 
35 CH, 
36 CH, 
37 CH, 
41 CH, 
42 CH, 
43 H 
44 CH, 
45 CH, 

H 
H 

CH, 
CH, 
H 
H 
H 

CHX 
H 
H 

CH, 
CH3 

CH3 

H 

CH, 
H 

CH, 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

CH, 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
OCH, 
OCH, 
OCH, 
H 
H 
H 
H 
OCH, 
H 
H 
H 
OCH, 
H 

OH 
OH 
OH 
OH 

KH3 

OH 
OH 
OH 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OH 
OCH, 
OCH, 
OCH, 
OH 
OH 
OCH, 
OCH, 
OH 

OH 
OH 
OH 
OH 
OH 
OCH, 
OCH, 
OCH, 

OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OCH, 
OH 

OCH, 
OCH, 
OCH, 
OCH, 
OH 
OCH, 
OCH, 
OCH, 
OCH, 

H 4.5 1 4.06 
H 3.55 3.35 
H 2.89 3.31 
H 4.44 4.26 
H 4.47 4.85 
H 4.11 4.22 
H 3.80 3.52 
H 4.15 4.42 
H 5.22 4.95 
H 3.73 4.18 
H 4.57 4.21 
H 5.70 5.33 
H 3.99 4.13 
OCH, 3.77 3.62 
OCH, 3.80 4.15 
OCH, 3.15 3.14 
OCH, 3.59 3.26 
OCH, 3.00 3.07 
H 4.89 5.01 
H 4.10 4.30 
H 5.40 5.20 

OCH, 5.70 5.16 
OCH, 5.00 5.07 
H 3.89 3.84 
H 3.89 4.00 
OCH, 4.39 4.46 
OCH, 4.77 4.78 
H 3.82 3.75 

38 H H 3.89 4.04 3.59 4.16 
39 OCH, H 5.40 5.15 5.10 5.32 
40 OCH, OCH, 5.22 5.34 4.92 5.13 

* Predicted with model Bl. 
t plC,, = p(2 x KJ for (S = K,). 
$ Predicted with model AS. 
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Table 3a. Statistical results of a CoMFA study of 18 MAO-A inhibitors (series I) (see Table 1) 

873 

Relative 
contribution 

Model Field 92* W 

Al steric field (ste) 0.36 
A2 electrostatic field (ele) 0.36 
A3 lipophilic:ity field (lipo) 0.34 
A4 ste and ele 0.49 2 
A5 ste and lipo 0.5 1 2 
A6 ele and llpo 0.35 _ 
A7 ste, ele, and lipo 0.50 2 

* Cross-validated correlation coefficient 92. 
t Optimal number of principal components used in the final analysis. 

$ 

0.76 
0.77 

_ 
0.76 

ste 

- 
0.60 
0.56 

_ 
0.53 

ele 

0.40 

- 
0.17 

lip0 

_ 

0.44 

0.30 

Table 3b. Statistical results of a CoMFA study of 31 MAO-A inhibitors (series II) (see Table 2) 

Relative 
contribution 

Model Field 9 2* Nt IJ ste ele lip0 

Bl steric field (ste) 0.51 6 0.89 1 _ 
B2 electrostatic field (ele) 0.33 5 _ 
B3 lipophilicity field (lipo) 0.28 4 
B4 ste and ele 0.44 5 0.86 0.65 0.35 _ 
B5 ste and lipo 0.44 5 0.85 0.60 0.40 
B6 ele and lipo 0.37 5 _ 

B7 ste, ele, and lipo 0.44 3 0.77 0.46 0.26 0.28 

* Cross-validated correlation coefficient 9’. 
t Optimal number of principal components used in the final analysis. 

All 18 compounds displayed only modest activity to- 
wards MAO-B. Although no clear qualitative structure- 
activity relationships can be derived for MAO-B inhibi- 
tion, some trends are apparent. THIQ derivatives with a 
6-methoxy (12, 16) or 8. methylenedioxy group (14) are 
significantly less active towards MAO-B than the cor- 
responding IQ and isoquinolinium derivatives (2, 5, 7, 
lo), whereas 7-methoxy-THIQ (13) is more potent than 
7-methoxyisoquinoline (3) and 7-methoxyisoquinolin- 
ium ion (8). Furthermore, no significant difference in 
activity is seen (as is the case for MAO-A inhibition) 
when the isoquinolines (1-S) and the corresponding iso- 
quinolinium ions are compared (6-10). 

3D-QSAR of MAO-A inhibition 

Conditions of study. CoMFA (comparative molecular 
field analysis), a particularly useful tool in three-dimen- 
sional quantitative structure-activity relationships [26], 
was used in this study to gain insight into the structural 
requirements modulating MAO-A inhibitory activity. 
The MAO-B data presented here are not suitable for a 
QSAR analysis because of relatively modest differences 
in activity (Table I). Similarly, most of the compounds 
reported by Bembenek et al. [ 141 were not active enough 
on MAO-B for a CoMFA study to be performed. 

Some of us have recently described a molecular li- 
pophilicity field (MLP) and shown its considerable in- 
terest as a third field in CoMFA in addition to the tra- 
ditional steric and electrostatic fields [27]. Since the 
MLP previously described [27] is not parametrized for 
the quaternary nitrogen atom in its various molecular 
environments, we derived these values from the exper- 

imental log P values of inhibitors 6-9 [18] and of ten 
model compounds [29], all experimentally determined 
by CPC [30]. 

A critical step in any CoMFA study is the superposi- 
tion of all compounds in a biologically relevant confor- 
mation. The compounds investigated here are relatively 
rigid and straightforward to superimpose. Their minima1 
energy conformation was calculated by the semi-empir- 
ical AM1 method, and the hydroxy or methoxy substit- 
uents in positions 5-8 were fixed in conformations 
shown in Fig. 3. Their ring system was then superim- 
posed atom by atom. The superposition of the 18 com- 
pounds of series I is shown in Fig. 4. Two series of 
compounds were submitted to a CoMFA study, namely 
the 18 inhibitors investigated here (series I), and a series 
of compounds reported by Bembenek et al. [ 141 (series 
II) (Table 2). Unfortunately, it was impossible to merge 
the two series of inhibitors in a single analysis for two 
reasons. First, Bembenek et al. used an enzyme prepa- 
ration (human placenta MAO-A) different from the one 
used here. And second, their results are expressed as Kj 
values, not always transformable into IC,, values. 

Series I. The statistical results obtained with series I 
are reported in Table 3a. Models based on a single field 
(models Al, A2, and A3) are of insufficient statistical 
quality, the cross-validated correlation coefficient (q’) 
being smaller than 0.4. In contrast, models based on the 
steric field plus either the electrostatic field (model A4) 
or the lipophilicity field (model A5) are statistically ac- 
ceptable. No improvement is obtained with a model 
based on the three fields (mode1 A7). The final model for 
series I is thus model AS, which expresses the contribu- 
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Fig. 5. C iraphical representation of model A5 derived for the MAO-A inhibition of compounds in series I. The colour code 
follows: Sterically favourable zones are in green, sterically unfavourable zones in red; zones where lipophilicity is favourabl 
in yellov v, and zones where hydrophilicity (polarity) is favourable are in cyan. The view is from above and from the side, wit 
most act .ive compound (7) positioned in the model. A 6-methoxy substituent is shown to point in a sterically favourable 
(green). whereas a bulky substituent in position 7 would be unfavourable (red). A favourable hydrophilic domain (cyan) is 
above ar td below the positively charged nitrogen atom. A lipophilic substituent in position 7 and/or 6 increases MAO-A inhib 

activity (yellow). 
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Fig. 
only 
corn 

Graphical representation of model Bl derived for the MAO-A inhibition of compounds in series II. The model incoq 
le steric field, whose colour code is as in Fig. 2. The view is from above and from the side, with one of the most 
lunds (R-27) positioned in the model. The figure shows a broad unfavourable steric zone (red) above positions 1 S an 

few favourable steric zones (green) are apparent, mainly close to positions 1R and 6. 
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tions of the steric and lipophilicity fields. Table 1 com- 
pares the experimental data with the values predicted by 
model AS. 

Model A5 is represented graphically in Fig. 5, which 
shows the steric influence of substituents (i.e., the re- 
gions where a substituent has a favourable steric influ- 
ence (green) or an unfavourable one (red)). Lipophilic 
influences are also depicted in Fig. 5, there being one 
region where a lipophilic substituent is favourable (yel- 
low), and two regions above and below the nitrogen 
atom where the favourable influence of hydrophilicity 
(polarity) is felt (cyan). As shown in Fig. 5, a substituent 
in position 6 is sterically favourable, and a substituent in 
position 7 can make both a favourable lipophilic contri- 
bution and an unfavourable steric contribution. In model 
A4 (see Table 3a), the lipophilicity field is replaced by 
an electrostatic field. Although the statistical quality of 
model A4 and A5 is similar, model A5 seems, however, 
more informative than model A4 because of the addi- 
tional lipophilic signal around the nitrogen. In model A4 
the variation of substituents in position 6 is described by 
both steric and electrostatic fields. Moreover, the elec- 
trostatic signal is localized around the substituent in po- 
sition 6, suggesting a correlation between the electro- 
static and steric fields (results of model A4 not shown). 

To test the extrapolative capacity of model A5, the 
MAO-A inhibitory potency of the three charged N-meth- 
yl-3,4-dihydroisoquinolinium ions in series II was pre- 
dicted. The activity of the two 6,7_disubstituted com- 
pounds 39 and 40 was well predicted (Table 2), but the 
prediction was off by one order of magnitude for the 
unsubstituted compound 38. This poor prediction is not 
surprising considering that the activity of 38 is low rel- 
ative to those of the charged compounds in series I. 

Series II. The results of the CoMFA study of series II 
are summarized in Table 3b. The best model was ob- 
tained with the steric field alone (model Bl), and the 
other two field? taken alone did not yield an acceptable 
correlation coefficient. Models combining the steric field 
plus one (B4 and B5) or the two others (B7) are satis- 
factory, but do not improve on model Bl. The latter was 
thus selected as the final model. The experimental and 
predicted values are compared in Table 2. A graphical 
representation of model Bl is given in Fig. 6, showing 
two major regions of favourable steric influence near the 
lR- and 6-positions. A favourable 1R substituent is 
found in the active MAO-A inhibitors R-19, R-23, R-25, 
and R-27. Compounds with a IS substituent are less 
active, and the model indeed shows an unfavourable 
steric influence in this region. A minor unfavourable 
region is seen above position 8, indicating a rather dis- 
tant (approx. 4 W) influence. 

DISCUSSION 

This study offers novel rationalizations into the three- 
dimensional structure-activity relationships of MAO-A 
inhibition. The models presented here increase our to- 
pographical understanding of the binding site of this en- 
zyme, and as such may prove useful in the design of 
novel MAO inhibitors. In addition to previous studies 
[31, 321 that pointed out that hydrophobic interactions 
influence the affinity of MAO-B substrates, we show 
here that beside electrostatic forces, steric, lipophilic, 
and hydrophilic interactions also play an important role 
in modulating MAO-A inhibitory activity. 

The two 3D models A5 and Bl may appear different 
at first sight. However, their close analogy is worth 
stressing. Both models reveal a sterically favourable re- 
gion around position 6, and complementary unfavour- 
able regions close to positions 7 and 8. Furthermore, 
both models explore the 1- and 2-positions, but the in- 
formation of model Bl is steric (positions 1R and ls), 
whereas that of model A5 is hydrophilic. This discrep- 
ancy may be only an artifact due to the different com- 
position of the two data sets. In fact, whereas the hydro- 
philic N-methylisoquinolinium ions are well represented 
in set A (5 out of 18 compounds), only 4 out of 45 
quatemary IQ+ are present in series II. Consequently, 
electrostatic and/or hydrophobic interactions exerted by 
CH,-Nf are not well accounted for by model Bl, which 
in contrast explores the effect of the methyl group in 
position 1 better than model A5. For these reasons, mod- 
els A5 and Bl are considered to be quite helpful, pro- 
viding as they do complementary insight into the topog- 
raphy of the MAO-A binding site. 

The experimental results reported here have another, 
more physiological interest. By extending the number of 
isoquinolines and analogues known to inhibit MAO-A 
and/or MAO-B, they bring to the forefront the question 
of the physiological (and perhaps pathological) signifi- 
cance of endogenous MAO inhibitors. Considering that 
a number of isoquinoline analogues are indeed formed 
endogenously, a physiological role may be postulated in 
the control of neurotransmitter function. Another possi- 
bility worth exploring is a protective effect in preventing 
MAO-mediated toxication of endogenous and/or exog- 
enous MPTP-like neurotoxins. 

Acknowledgemen&-PAC and BT acknowledge the support of 
the Swiss National Science Foundation. The Italian authors 
gratefully acknowledge the support of M.U.R.S.T. and C.N.R. 
(Rome, Italy). 

1. Strolin-Benedetti M and Dostert PL, Monoamine oxidase: 
From physiology and pathophysiology to the design and . . -_ 

2. 

3. 

clinical application of reversible inhibiiors. In: Advances in 
Drua Research. Vol. 23 Ed. Testa B), pp. 65-125. Aca- 
demic Press, L&don, 1942. . . 
Kyburz E, New developments in the field of MAO inhib- 
itors. Drug News & Perspecl 3: 592-599, 1990. 
Bach AWJ, Lan NC, Johnson DL, Abel1 CW, Bembenek 
ME, Kwan SW, Seeburg PH and Shih JC, cDNA cloning of 
human liver monoamine oxidase A and B: Molecular basis 
of differences in enzymatic properties. Proc Nat1 Acad Sci 
USA 85: 4934-4938, 1988. 

4 

5. 

6. 

7. 

Efange SMN and Boudreau RJ, Molecular determinants in 
the bioactivation of the dopaminergic neurotoxin N-meth- 
yl-hphenyl-1,2,3,6-tetrahydropyridine (MPTP). J Compur- 
Aided Mol Design 5: 40-417, 1991. 
Langston JW, Ballard P, Tertrud JW and Irwin I, Chronic 
parkinsonism in humans due to a product of meperidine- 
analog synthesis. Science 219: 979-980, 1983. 
Tasaki Y, Makino Y, Ohta S and Hirobe M, I-methyl- 
1,2,3,4-tetrahydroisoquinoline, decreasing in 1 -methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine treated mouse, prevents 
Parkinsonism-like behavior abnormalities. / Neurochem 
57: 1940-1943, 1991. 
Langston JW, Irwin I, Lanston EB and Fomo LS, I-methyl- 
Cphenylpyridinium ion (MPP+): Identification of a metab- 
olite of MPTP, a toxin selective to the substantia nigra. 
Neurosci Lezr 48: 87-92, 1984. 

8. DaPrada M, Kettler R, Keller HH, Cesura AM, Richards 

REFERENCES 



Isoquinolines as MAO inhibitors 877 

9. 

10. 

11. 

12. 

13. 

14. 

1.5. 

16. 

17. 

18. 

19. 

20. 

JG, Saura Marti J, Muggli-Maniglio D, Wyss PC, Kyburz 
E and lmhof R, From moclobemide to Ro 19-6327 and Ro 
41-1049: The development of a new class of reversible, 21. 
selective MAO-A and MAO-B inhibitors. J Neural Transm 
[SupplJ 29: 279-292, 1990. 
Naoi M, Dostert P, Y’oshida M and Nagatsu T, N-methyl- 22. 
ated tetrahydroisoquinolines as dopaminergic neurotoxins. 
Adv Neural 60: 212-:!17, 1993. 
Niwa T, Takeda N, Yoshizumi H, Tatematsu A, Yoshida 
M, Dostert P, Naoi M and Nagatsu T. Presence of tetrahy- 23. 
droisoouinoline-relatesd comoounds, possible MPTP-like 
neurotoxins, in parkinsonian- brain. Ahv New01 60: 234- 
237, 1994. 
Gaillard P, Carrupt P-A and Testa B, The conformation- 
dependent lipophilicity of morphine glucoronides as calcu- 
lated from their molecular lipophilicity potential. Eioorg 
Med Chem Lett 4: 737-742, 1994. 
Naoi M and Nagatsu ‘T. Quinoline and quinaldine as natu- 
rally occurring inhibhors specific for type A monoamine 
oxidase. Life Sci 40: 1075-1082, 1987. 
Minami M, Marayamia W, Dostert P, Nagatsu T and Naoi 
M. Inhibition of type A and B monoamine oxidase by 6,7- 
dihydroxy-1,2,3,4_tetrahydroisoquinolines and their N- 
methylated derivatives. J Neural Transm 92: 125-135, 
1993. 
Bembenek ME, Abel1 CW, Chrisey LA, Rozwadowska 
MD, Gessner W and Brossi A, Inhibition of monoamine 
oxidases A and B by simple isoquinoline alkaloids: Race- 
mic and optically active 1,2,3,4_Tetrahydro-, 3,CDihydro- 
and fully aromatic isoquinolines. J Med Chem 33: 147- 
152, 1990. 
Dike SF, In: Rodd’s Chemistry of Carbon Compounds (Ed. 
Coffey S), pp. 357-438. Elsvier, Amsterdam, 1976. 
Hendrickson JB and Rodriguez C, An efficient synthesis of 
substituted isoquinolines. J Org Chem 48: 3344-3346, 
1983. 
Campagna F, Carotti A, Casini G and Otto AM, Heterocy- 
clic steroids VI. Synthesis and estrogen receptor binding 
affinities of 8-aza-1 I-oxasteroids and 8-aza-1 I-oca-D-ho- 
mosteroids. I1 Farmaco, in press. 
McNaught KSP, Altornare C, Celiamare S, Carotti A, Thull 
U, Carrupt P-A, Testa B, Jenner P and Marsden CD, Inhi- 
bition of mitochondrial respiratory chain enzymes by iso- 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

quinoline derivatives structurally related to the neurotox- 
in I-methyl-4-phenyl..1,2,3,6-tetrahydropyridine (MPTP). 
Submitted for publication. 32. 
Clark JB and Nicklas WJ, The metabolism of rat brain 
mitochondria. J Biol Chem 245: 4724-4731, 1970. 
Thull U, Kneubtihler S, Testa B, Borges MFM and Pinto 
MMM, Substituted xanthones as selective and reversible 

monoamine oxidase A (MAO-A) inhibitors. Pharm Res 10: 
1187-l 190, 1993. 

Lowry 0, Rosebrough N, Lewis Farr A and Randall R, 
Protein measurement with the folin phenol reagent. J Biol 
Chem 193: 265-275, 1951. 
Weissbach H, Smith TE, Daly JW, Witkop B and Uden- 
friend S, A rapid spectrophotometric assay of monoamine 
oxidase based on the rate of disappearance of kynuramine. 
J Biol Chem 235: 1160-l 163, 1960. 
Thull U and Testa B, Screening of unsubstituted cyclic 
compounds as inhibitors of monoamine oxidases. Biochem 
Pharmacol47: 2307-2310, 1994. 
Snyder SH and Hendley ED, A simple sensitive fluores- 
cence assay for monoamine oxidase and diamine oxidase. J 
Pharmacol Exp Ther 163: 38f%392, 1968. 
Kneubtihler S, Carta V, Altomare C, Carotti A and Testa B, 
Synthesis and monoamine oxidase inhibitory activity of 
3-substituted SH-indeno[l,2-clpyridazines. Helv Chim 
Acta 76: 1954-1963, 1993. 
Cramer RD. Patterson DE and Bunce JD, Comparative mo- 
lecular field analysis (CoMFA). 1. Effect of shape on bind- 
ing of steroids to carrier proteins. J Am Chem Sot 110: 
5959-5967. 1988. 

Gaillard P, Carrupt P-A, Testa B and Boudon A, Molecular 
lipophilicity potential, a tool in 3D QSAR: Method and 
applications. J Comput-Aided Mel Design 8: 83-96, 1994. 

Broto P, Moreau G and Vandycke C, Molecular structure: 
Perception, autocorrelation descriptor and SAR studies. 
Perception of molecules: Topological structure and 3-di- 
mensional structure. Eur J Med Chem 19: 61-65, 1984. 

Altomare C, Carrupt P-A, El Tayar N and Testa B, 25. 
Electronic and conformational effects on the lipophilicity 
of isomers and analogs of the neurotoxin I-methyl-4-phe- 
nylpyridinium (MPP+). Helv Chim Acta 74: 290-296, 
1991. 

El Tayar N, Tsai R-S, Vallat P, Altomare C and Testa B, 
Measurement of partition coefficients by various centrifu- 
gal partition chromatographic techniques. A comparative 
evaluation. J Chromatogr 556: 181-194, 1991. 

Maret G, El Tayar N. Carrupt P-A, Testa B, Jenner P and 
Baird M, Toxication of MPTP (I-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine) and analogs by monoamine oxidase: A 
structure-reactivity relationship study. Eiochem Pharmocol 
40: 783-792, 1990. 

Altomam C, Carrupt P-A, Gaillard P. El Tayar N, Testa B 
and Carotti A, Quantitative structure-metabolism relation- 
ship analysis of MAO-mediated toxication of l-methyl-4 
phenyl-1,2,3,6_tetrahydropyridine and analogues. Chem 
Res Toxic01 5: 366375. 1992. 


