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Abstract-The inhibition of bovine brain mitochondrial MAO-A and MAO-B by three acetylenic and 
non-aeetylenic derivatives of 2-indolylmethyIamin~, chosen among more than 100 new compounds, were 
studied. The non-acetylenic derivative ~-methyl-2(5-hydroxy-1-methylindolyl)methylam~ne (1) was a 
weak non-selective inhibitor which was shown to act in a reversible and competitive manner towards 
the deamination of tyramine. The two acetytenic derivatives N-methyl-N-(2-propynyl)-2-(5benzyloxy- 
1-methylindolyl)methylamine (2) and N-methyl-N-(2-propynyl)-2-(5-hydroxy-1-methylindolyl)methy1- 
amine (3) were potent MAO inhibitors, one of them non-selective (compound 2) and the other MAO- 
A selective inhibitor (compound 3). Both of them were irreversible and competitive inhibitors, compound 
2 towards the deamination of tyramine and compound 3 towards the deamination of serotonin and fi- 
phenylethylamine. A mechanism for the inhibition of the enzyme by both irreversible inhibitors is 
proposed and the inhibition parameters are determined. 

Monoamine oxidases A and B (MAO-A and MAO- 
B, respectively) [monoamine: 02-oxidoreductase 
(deaminating) (Gavin-containing) EC 1.4.3.43, cata- 
lyse the oxidative deaminatjon of monoamines to 
give the corresponding aldehydes. These isoenzymes 
are distinguished by differences in substrate pref- 
erence, inhibitor specificity, tissue and cell distri- 
bution and immunological properties [l]. The 
efficacy of MAO-A inhibitors to treat depression [2] 
and of I-deprenyl (selegiline), a selective MAO-B 
inhibitor, to treat Parkinson’s disease in combination 
with L-Dopa [3] is presently recognized. 

In previous papers [4-81 we reported the synthesis 
and preliminary assays of MAO inhibition and sel- 
ectivity for a new series of acetylenic and allenic 
derivatives of 2-indolylmethyiamines of general for- 
mula I (Fig. l), although we could not establish a 
quantitative relationship on the basis of the fcsO 

determined values for MAO-A and -B. In order to 
obtain information on their mechanism of action, we 
carried out a more detailed study of the kinetics of 
MAO inhibition by three of those compounds: N- 
methyl-2-(5hydroxy-I-methylindolyl)methylamine 
(I), N-methyl-N-(2-propynyl)-2-(S-benzyloxy-l- 
methylindolyl)methylamine (2), N-methyl-N-(2-pro- 
pynyl)-2-(5hydroxy-1-methylindolyl)methylamine 
(3) (Fig. 1). These compounds were chosen among 
all the studied compounds (more than loo), because 
they showed very different inhibition behaviours and 
were structurally related. In this paper we report the 
results of such study. 

MATERIALS AND METHODS 

Materials. The radioactively labelled substrates 
[14C]tyramine.HC1, [14C]/?-phenylethylamine.HCl 

* Correspondence should be addressed to: Prof. Dr Eldi- 
berto FernCndez-Alvarez, Instituto de Quimica OrgAnica 
General, Juan de la Cierva 3, 28006-Madrid, Spain. 
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Fig. 1. Structure of the compounds. R = H-, CH@--, 
C6HSCH2G--, HO-; R’ = H-, H,C-; R* = H-, H,C-; 
R3 = HC=CCH,, H&X-CCH,-, H,C==C=CHCH,-, 

Compound 
number 

R R’ RZ R3 

and [i4C]serotonin creatinine sulfate were com- 
mercially available (Amersham International, 
Bucks., U.K.) and so was harmine (Sigma Chemical 
Co., Poole, U.K.). Compounds 1 and 3 were pre- 
pared as described [8], as well as compound 2 [7]. 
Clorgyline and l-deprenyl were a gift from Mrs ,I. 
Fynn (May and Baker Ltd, Dagenham, U.K.) and 
Dr J. Knoll (Department of Pharmacology, Sem- 
melweis University of Medicine, Budapest, 
Hungary), respectively, or synthesized by us ]4]. 

Enzyme F~eparation. Bovine brain mitochondria 
were prepared as reported 191. The isolated mito- 
chondria were dispersed in ice-cold 5 mM potassium 
phosphate buffer, H7.3, to give a protein con- 
centration of 68 mg P mL as determined by the micro- 
biuret method [lo], and this suspension was stored 
frozen at -20” until use. The enzymatic activities of 
these mitochondrial preparations were 30-35% for 
MAO-B and 6570% for MAO-A, as determined 
with tyramine as substrate and clorgyline as inhibitor. 

Enzymatic assays. Enzymatic activity was deter- 
mined radiochemically by the methods of Otsuka 
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Fig. 2. Selectivity test. For each assay, bovine brain mitochondria (1 A mg/mL of protein, 2 Tabor units/ 
mL) were preincubated for 20 min at 37” with several inhibitor concentrations (from 0.01 nM to 1 .O mM). 
The remaining activity was determined in potassium phosphate buffer, pH 7.3 (0.5 mL), with (0) 
[%]tyramine (0.5 mM. 0.8Ci/mol), (0) [‘4C]serotooin (0.5 mM. I.6 c‘i/mol) or (0) [“C]@-phenyl- 
ethylamine (0.01 mM, 8 Cimol), at 37” for 20 min. The reaction was stopped by addition of 2.5 M citric 
acid (0.2 mL) and the products extracted into (1:l v/v) to~uene/ethvl acetate. Atiquots of these extracts 

were treated in the usual way and submitted for scintillation counting. 

Table 1. ICY,, values for MAO inhibition 

Compound 
number 

1 
2 
3 
Clorgyline 
I-Deprenyl 

1~x1 (MAO-4 (M) 

Tyramine Serotonin 

1.4 x 1o-4 1.0 x lo-” 
1.4 x 10-x 1.0 x 10-R 
1.3 x 10-R 1.3 x 10-R 
5.3 x lo-” 5.0 x lo-’ 
1.3 x 10-h - 

ICY,, (MAO-B) (M) 

Tyramine 

1.4 x 10.’ 
1.4 x 10-s 
2.0 x 10-s 
4.s x lo--” 
1.0 x 10.x 

/J-Phenylethylamine 

2.0 x 10-1 
1.4 x 1OV’ 
2.5 x IO_ 
1 .o x 1u ~5 

lcsO values were determined from 8 to 16 concentrations of inhibitors in duplicate 

and Kobayashi [ 1 I] and Wurtzrnan and Axelrod [ 121 methods. All assays were performed at 37” in 30 mM 
as adapted by us, with tyramine as common substrate potassium phosphate buffer, pH 7.3. For stan- 
of MAO-A and -B (61, and with serotonin as selective dardization of enzyme preparations, MAO-B was 
substrate for MAO-A and with @-phenylethylamine also estimated by Tabor’s spectrophoto-metric 
as selective substrate for MAO-B, by similar method [13]. Inhibitors were added to the reaction 
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Fig. 3. Effect of preincubation time on selectivity. Assays were carried out with tyramine as substrate 
by the method described in Fig. 2 at the following preincubation times: (a): (0) 0; (0) 1 hr. (b): (El) 
0; (0) 5 min; (0) 10 min; (A) 25 min; (+) 1 hr. (c): (0) 0; (0) 10 min; (0) 20 min; (A) 40 min; (A) 

1 hr; (0) 2 hr. 

mixture in aqueous solution (1 and 3) or dimethyl- 
sulphoxide (DMSO) solution (2); in the latter case, it 
was verified that DMSO did not affect the enzymatic 
activity at the employed concentrations (maximum 
4% v/v in assay mixture). 

In time-dependent studies of inhibition by com- 
pounds 2 and 3, brain MAO-A and -B mitochond~a 
preparations (7mg/mL of protein and 16 Tabor 
units/ml) were preincubated at 37’ for 60 min with 
either 0.3 @f I-deprenyl or 0.3 @I clorgyline in 
order to inhibit selectively the activity of MAO-B or 
MAO-A, respectively [ 141. 

All assays were carried out in duplicate or tripli- 
cate, and results are mean values from at least three 
independent experiments. 

RESULTS AND DISCUSSION 

Selectivity test 

Compounds 1, 2 and 3 were studied as inhibitors 

with tyramine as common substrate for MAO-A and 
-B, serotonin as selective MAO-A substrate and 
/I-phenylethylamine as selective MAO-B substrate. 
xcso values, molar concentrations of inhibitor pro- 
ducing 50% inhibition, were determined graphically 
from plots of residual activity percentage versus -log 
[I]. The residual activity percentage was calculated 
in relation to a sample of enzyme treated in the 
same conditions without inhibitor. When biphasic 
diagrams were obtained with tyramine as substrate, 
indicative of selectivity, both lcso values were deter- 
mined using clorgyline and I-deprenyl as references. 
Figure 2a-c shows the inhibition plots obtained for 
compounds 1, 2 and 3, respectiveIy, and Table 1 
summarizes the determined icso values for these com- 
pounds and for clorgyline and I-deprenyl. 

These results show that compound 1 is a weak 
non-selective MAO inhibitor, compound 2 is a 
potent non-selective MAO inhibitor and 
3 is a potent selective MAO-A inhibitor. 

compound 
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Fig. 4. Dilution test of reversibility. (0) These assays were carried out in the usual way with tyramine 
as substrate without preincubation of the enzyme with the inhibitor. (0) Brain mitochondrial MAO 
was preincubated at 37” for 1 hr (compounds 1 and 3) or 20 min (compound 2), with several inhibitor 
concentrations in a concentrated mixture (40 pL). After that, the mixture was diluted with 30 mM 
potassium phosphate buffer, pH 7.3, to 0.5 mL, and the residual activity was determined by the usual 

procedure. 

Selectivity variation against preincubation time 

For examining the variation on selectivity, we 
studied the behaviour of the compounds with tyr- 
amine as substrate at several preincubation times. 
Figure 3a-c shows the obtained plots for compounds 
1, 2 and 3, respectively. 

In the case of inhibition by compound 1, its ICKY 
value was practically invariable with preincubation 
time, and so was the selectivity. However, inhibition 
by compounds 2 and 3 was time-dependent. Inhibitor 
2 was non-selective at all studied times, while inhibi- 
tor 3 was always selective towards MAO-A, but this 
selectivity decreased over 40 min of preincubation 
time. 

Reversibility tests 

The reversibility or irreversibility of MAO inhi- 
bition was examined by two methods. The first one 

(sedimentation test) was carried out by incubation 
of a mitochondrial preparation sample with each 
inhibitor, at a sufficient concentration to cause more 
than 70% inhibition, for 30min at 37”. The mito- 
chondria were then sedimented by centrifugation at 
26,000g for 45 min and the pellet was washed twice 
by resuspension and centrifugation with 30 mM pot- 
assium phosphate buffer, before it was finally resus- 
pended in that buffer and assayed. Control samples 
of mitochondria were carried through an identical 
procedure, the inhibitor solution being replaced by 
an equal volume of distilled water (for compounds 1 
and 3) or DMSO (for compound 2). Failure to 
recover activity after the washing procedure was 
taken as an indication that the inhibition by com- 
pounds 2 and 3 was irreversible, whereas total recov- 
ery of the activity indicated that the inhibition by 
compound 1 was reversible. 
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Fig. 5. Double-reciprocal and secondary plots of the inhi- 
bition of tyramine deamination by compound 1. Mito- 
chondria from bovine brain were incubated at 37” for 15 min 
with the indicated inhibitor concentrations (from 0.1 mM 
to 1 mM), in the presence of several concentrations of 
tyramine (from 0.05 mM to 0.2 mM), in 30 mM potassium 
phosphate buffer, pH 7.3 (0.5 mL). The enzymatic reaction 
was stopped by addition by 2.5 M citric acid (0.2 mL) and 
the samples processed in the usual way. All values are 
means of determinations in three mitochondrial fractions. 
Secondary plots of slopes (calculated by linear regression 
analysis) against inhibitor concentrations are shown in 

figure insets. 

The above results were confirmed by the second 
method (dilution test) that was carried out by pre- 
incubation of mitochondrial preparation with several 
inhibitor concentrations in a concentrated mixture. 
After dilution (12.5fold) of the mixture, the inhi- 
bition by compound 1 was the same as that found 
with this compound of the same final concentrations 
of enzyme and inhibitor without preincubation, 
whereas in the case of compounds 2 and 3, the 
inhibition was less than without preincubation, as 
shown by Fig, 4a-q for compounds 1, 2 and 3, 
respectively. 

Inhibition patterns 

Reversible inhibitor: compound 1. Kinetic experi- 
ments indicate that compound 1 inhibited deam- 
ination of tyramine competitively (Fig. 5). The Ki 
value estimated from the slopes of the double 
reciprocal plot was 0.11 c 0.05 mM, close to the 
K,,, value of tyramine (0.06mM). This result was 
confirmed by the Dixon method of plotting (l/u vs 
VI). 

If the second process is relatively slow (K, = K,), 
it may be possible to determine Ki directly by meas- 
uring the ‘reversible’ inhibition only ]17]. We studied 
the inhibition by compounds 2 and 3 with the same 
procedures we used with wm~und 1. The initial 
phase of their MAO inhibition was investigated by 
starting the reaction by addition of enzyme to the 
substrate/inhibitor mixture and short incubation 
times were used to ensure that no significant irre- 
versible inhibition occurred during the reaction 
period. Details of assays conditions are shown in Fig. 
6. 

Further studies will be necessary to investigate the 
possible behaviour of compound 1 as MAO 
substrate. 

Compound 2 appears to be competitive towards 
tyramine and compound 3 appears to be competitive 
towards serotonin and /Sphenylethylamine, with the 
Ki values shown in Table 2. Both of them are power- 
ful inhibitors, compound 2 towards MAO-A and B, 
and compound 3 towards MAO-A but not towards 
MAO-B. 

Irreversible inhibitors: compounds 2 and 3. MAO On the other hand, it is known that the presence 
irreversible inhibition by propargylamine inhibitors, of a substrate or a competitive inhibitor will protect 
such as compounds 2 and 3, is believed to occur an enzyme against the effects of an irreversible 
via the preliminary formation of an intermediate inhibitor that combines with the active site by reduc- 
reversible complex between the enzyme and the ing the amount of free enzyme available for com- 
inhibitor, followed by covalent attachment of the bination with it [17]. Bovine brain mitochondria (16 

Table 2. K, values for MAO inhibition by compounds 2 
and 3 

Compound 
number 

K, (MAO-A) K, (MAO-B) 
(PM) (PM) 

2 0.07 r 0.02 0.07 rt 0.02 
3 0.09 k 0.05 100*20 

All values are means from at least three independent 
experiments. 

Table 3. Protection effect by substrate 

Compound 
number 

Serotonin concentration in 
preincubation mixture 

GM) A (“ro) 

2 0 0 
40 

400 : 

3 0 13 
0.32 11 
3.2 12 

32 12 

inhibitor to the flavin prosthetic group of the enzyme, 
according to the following scheme [15]: 

KI k2 E e E.I- E-i. 

MAO selectivity may result from differences in 
the affinities of the two isoenzymes for reversible 
combination with the inhibitor, from differences in 
the irreversible rates of reaction to form the covalent 
complex, or from a combination of both of these 
factors 1161. 
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Fig. 6. Double-reciprocal and secondary plots of inhibition by compounds 2 and 3. (a) Double-reciprocal 
and secondary plots of the inhibition of tyramine deamination by compound 2. Assays were carried out 
by the method described in Fig. 5, with tyramine concentrations ranging from 50 PM to 0.5 mM, and 
inhibitor concentrations from 32 nM to 0.32 PM. (b) Double-reciprocal and secondary plots of the 
inhibition of serotonin deamination by compound 3. Assays were carried out in the same way, with 
serotonin concentrations ranging from 50 PM to 0.5 mM, and inhibitor concentrations from 0.1 pM to 
0.32 PM. (c) Double-reciprocal and secondary plots of the inhibition of /3-phenylethylamine deamination 
by compound 3. Assays were carried out as described above, with &phenylethylamine concentrations 

ranging from 1 FM to 10 PM, and inhibitor concentrations from 0.1 mM to 0.6 mM. 

Tabor units/ml, 11 mg/mL of protein) were pre- 
incubated at 37” for 15 mitt with several inhibitor 
(compounds 2 and 3) concentrations in the presence 
of several serotonin or competitive reversible inhibi- 
tor (compound 1 or harmine, 4) concentrations. The 
residual enzymatic activity was determined by the 
usual procedure with serotonin as substrate, after 
dilution for avoiding, as much as possible, the revers- 
ible inhibition due to compounds 1 or 4. This residual 
enzymatic activity was obtained in relation to two 
different control samples in which serotonin or the 
reversible inhibitor and the irreversible inhibitor 

were substituted by distilled water. As shown in 
Tables 3 and 4 we could not observe the protection 
effect with serotonin under these assay conditions 
but there was indeed with compounds 1 and 4. It 
might be that we did not use the necessary amount 
of serotonin in the preincubation mixture, because 
this was limited by the greatest concentration in 
the reaction mixture, These results point out that 
compounds 2 and 3 combine with the active site with 
formation of a reversible complex. 

In order to determine the rate constant k2 and to 
confirm the Ki values, which were obtained by the 
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Fig. 7. Time courses of irreversible inhibition of serotonin (a) and /I-phenylethylamine (b) deamination 
by compound 2. Assays were carried out by preincubation at 37” of I-deprenyl-treated (a) or clorgyline- 
treated (b) mitochondrial preparation (6 mg/mL of protein) with several inhibitor concentrations in 
30 mM potassium phosphate buffer, pH 7.3. At the indicated times, 20-PL aliquots were removed and 
the residual activity was measured, following dilution with phosphate buffer, by the usual way with 
serotonin (a) or /3-phenylethylamine (b) as substrate. Results are means of determinations in three 
mitochondrial preparations. A and A, are activities of the enzyme preincubated respectively with and 
without inhibitor. Secondary plots of l/k, (calculated by linear regression analysis) against l/l are 

shown as figure insets. 

Table 4. Protection effect by competitive reversible inhibitors 

2 4pM 
1 

2 ~/JM 
4 

3 0.32 pM 
1 

3 0.1 PM 
4 

0 
0.45 mM 
0.8 mM 
0 
20 nM 
40 nM 
0 
45 /LM 
0.45 mM 
0.8 mM 
0 
20 nM 
40nM 

97 
97 
96 

2 
88 
88 
68 
46 
51 
28 
47 
73 

0 97 
29 68 
38 58 
0 90 

32 58 
65 23 
0 88 

11 57 
29 17 
38 13 
0 28 

32 15 
65 8 

* Irreversible inhibitor concentration in preincubation mixture. 
t Reversible inhibitor concentration in preincubation mixture, compounds 1 or 4 (harmine). 
$ Percentage of total inhibition. 
5 Percentage of inhibition by reversible inhibitor. 
1) Percentage of inhibition by irreversible inhibitor, determined by difference between $ and 

§. 

study of the ‘reversible inhibition’, we also studied l/kaP = (K,/kJ l/I + l/k2. At first, the time-courses 
the time-courses of irreversible inhibition by com- of irreversible inhibition of the activity towards sero- 
pounds 2 and 3, which were analysed by the method tonin were determined by preincubating the mito- 
of Kitz and Wilson [18], according to the equation chondrial preparation (MAO-A and -B) for fixed 
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Fig. 8. Time courses of irreversible inhibition of serotonin (a) and fi-phenylethylamine (b) deamination 
by compound 3. Assays were carried out as described in Fig. 7. 

Table 5. Inhibition parameters 

Compound 
number 

2 

3 

Constant* MAO-AT MAO-B+ 

4 0.89 +- 0.04 PM 4.55 + 0.07 ~JM 
k, 0.40 + 0.05 min-’ 0.40 2 0.08 mini’ 

T,/2 1.9 2 0.2 min 1.9 ‘- 0.4 min 
KI 0.87 k 0.05 PM 3.14 C 0.01 mM 
kz 1.00 2 0.1 min-’ 3.40 ? 0.07 min-’ 

Tl/z 0.7 t 0.1 min 0.2 k 0.1 min 

* The kinetic constants K, and k2 were determined from the replots of Figs 7 and 8 
which follow the relationship: l/k,, = (K,/k,) l/1 + l/k*, and Triz values were cal- 
culated as 0.693/individual k2 values. Data are means 2 SE of determinations with 
three mitochondrial preparations. 

t Serotonin as substrate. 
$ /I-Phenylethylamine as substrate. 

times at 37” in the presence of an inhibitor con- 
centration which did not cause inhibition without 
preincubation, before the substrate was added and 
the activity determined by the usual procedure. How- 
ever, the semi-logarithmic plots obtained were not 
linear. We tried to solve these questions by modifying 
enzyme and inhibitor concentrations in the pre- 
incubation mixture, to avoid the variation of inhibi- 
tor concentration during this period of time, but we 
also obtained non-linear plots [16, 17, 191. At the 
end, we solved these questions by performing the 
assays using previously clorgyline-treated or l-dep- 
renyl-treated mitochondrial preparations, when we 
studied MAO-B or MAO-A inhibition respectively 
[14]. In these assay conditions, the semilogarithmic 
plots of inhibition towards Pphenylethylamine and 
serotonin by compounds 2 and 3 were linear (Figs 7 
and 8). 

The kinetic parameters shown in Table 5 were 
determined from the obtained plots. The calculated 

K, values were greater than the K, values which were 
obtained by studying the ‘reversible inhibition’. This 
difference may be due to several causes. It might be 
due to the irreversible inhibition, which perhaps was 
not negligible with the incubation times used in the 
reversible inhibition assays, since k2 values point to 
a quick irreversible process. On the other hand, as 
recently discussed by Silverman [20], Ki and K, values 
of mechanism-based enzyme inactivators can be dif- 
ferent. These depend on the relative values of the 
rate constants for the sequence of events occurring 
from the reversible complex E.Z to the final covalent 
complex E-I. 

Comparison of the values shown in Table 5 indi- 
cate that the large difference between the K, values 
for the compound 3 inhibition of the activity towards 
serotonin and those for Pphenylethylamine, sug- 
gests that the selectivity of this inhibition may result, 
to a large extent, from differences in the affinity of 
the enzyme for reversible complex formation with 
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the inhibitor. However, in the case of inhibition by 
compound 2, the difference between the K, values 
was negligible, cansistent with this inhibitor being a 
non-selective one. 

Since compound t is structurally simifar to com- 
pound 3, with the exception of the reactive group 
(R3 = HBCC&--), we thought that the first 
reversible complex with the active site of the enzyme 
may be the similar, but compound 1 is a non-selective 
inhibitor and compound 3 is a MAO-A selective one. 
For explaining this selectivity of inhibition towards 
MAO-A on the basis of differences between the iu, or 
the KI values when serotonin or ~~henylethylamin~ 
were used as substrate, we propose the following 
scheme for the mechanism of inhibition by com- 
pounds 2 and 3: 

E + I---_, E.lt---r _.. _ E.I’- E-l’. 

The pathway of inhibition involves an initial 
reversible combination of the enzyme and the inhibi- 
tor to give the E.Z complex, which would be similar 
for compounds 1 and 3. This process is followed by 
the formation of one or more different reversible 
complexes, taking part the acetylenic group of com- 
pounds 2 and 3. Finally, reaction within the last non- 
covalent complex E.f’ to form the covalent enzyme- 
inhibitor bond, which may involve several irre- 
versible steps, to give E-Z’. The obtained KI values 
for compounds 2 and 3 are canstants which include 
the successive equilibriums. The selectivity of inhi- 
bition by compound 3 resulted from different affin- 
ities of MAO-A and MAO-B to form the second 
and/or successsive reversible complexes, white in the 
case of compound 2, there are no different affinities. 
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