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Abstract

Using rat liver mitochondrial monoamine oxidase (MAO) A and MAO B, the possible influence of
stereochemical factors upon the irreversible inhibition by propargylamine derivatives has been studied
using the enantiomers of deprenyl and of a-methylpargyline.

Whether studying the inhibition of MAO A or MAO B, little difference was found among enantiomeric
pairs in the first-order rate constant (k,) for formation of the enzyme inhibitor adduct. Similarly, and with
the exception of (S)-D-(+)-deprenyl (k, = 0 or an extremely low value at MAO A), the computed value of
k, for the individual enantiomers showed little variation between MAO A and MAO B.

These results suggest that inhibitor selectivity towards a particular form of the enzyme is determined
predominantly at the competitive phase of the inhibition.

The identification and differentiation of the different forms
of the enzyme monoamine oxidase (MAO) (monoamine: O,
oxido-reductase (deaminating) (flavin-containing) (E.C.
1.4.3.4.)) within a tissue or crude enzyme preparation
depends upon the use of selective substrates and inhi-
bitors. Thus, MAO A-catalysed oxidative deamination of
5-hydroxytryptamine (5-HT) (MAO A-selective substrate)
is inhibited by clorgyline (approximately 10-8 m) (Johnston
1968) and MAO B-catalysed oxidative deamination of
(B-phenylethylamine or benzylamine (MAO B-selective sub-
strates) is inhibited by (R)-L-(—)-deprenyl (approximately
108 M) (Yang & Neff 1973).

Both clorgyline and (—)-deprenyl are derivatives of
N-methylpropargylamine and, although highly selective
towards different forms of MAOQO, show, from a chemical
standpoint, an identical mechanism of inhibition, i.e.
formation of a covalent bond at N5 of the reduced FAD
moiety which is itself covalently bound to the protein
(Maycock et al 1976; Salach et al 1979; Yu 1981; Bach
et al 1988). Such inhibitors are regarded as suicide
inhibitors and the inhibition mechanism can be repre-
sented in the reaction below, in which the initially formed
reversible enzyme-inhibitor complex (E.I) reacts further
to form the irreversible covalent enzyme-inhibitor adduct
(E-D):

(E] +[1] PkL_ E] X [E)
where K; = k_; /k;.

Based on such a model, selectivity towards a particular
form of the enzyme may derive from differences in the initial
affinity of the inhibitor towards the different forms as
expressed by the competitive K; value of the inhibitor,
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differences in the rate of formation of the irreversible
enzyme-inhibitor adduct E-I as expressed by k, or a
combination of the two effects (Tipton & Mantle 1981). In
this context, the selectivity of pargyline (N-methyl-N-
propargylbenzylamine) towards MAO B resides in the
greater affinity of the inhibitor towards MAO B
(Kimaoe = 0-5 uM; Kimaosa = 13 uM) rather than in the
subsequent rate of formation of the enzyme-inhibitor
adduct (k, = 0-20min~' at 30°C at both MAO A and
MAO B sites). Among the more selective inhibitors, e.g.
clorgyline and (—)-deprenyl, it appears that both differences
in affinity (K;) and differences in the rate of irreversible
inactivation (k,) are contributing factors in the selectivity
towards a particular form of the enzyme (Tipton & Mantle
1981; Fowler et al 1982).

Such differences in K; and k; reflect structural differences
in both the inhibitor and the respective active sites of
MAO A and MAO B. However, with certain inhibitors
there exists the further possibility of stereochemical
differences influencing the affinity and inactivation rates of
such compounds, and contributing towards the stereo-
selectivity of an inhibitor towards a particular form of
the enzyme. In this context, the enantiomers of deprenyl
(N-methyl- N-propargyl-1-phenyl-2-aminopropane) (I) and
a-methylpargyline (N-methyl-N-propargyl-1-phenylethyl-
amine) (II) show stereochemical differences in their
affinities towards MAO A and MAO B (Robinson
1985a, b). Differences have also been demonstrated in
both the affinity and inactivation rate of enantiomeric and
diastereomeric allenes when reacting with purified MAO B
(Smith et al 1988).

The present work reports the use of enantiomers of
deprenyl (Ia and Ib) and a-methylpargyline (ITa and IIb)
(Scheme 1) as probes of the influence of stereochemistry
upon the irreversible phase of the inactivation of MAO A
and MAO B.
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SCHEME 1.

Materials and Methods

Livers of male Sprague-Dawley rats were used as the enzyme
source and preparations of MAO A and MAO B were
prepared by incubation of the crude mitochondrial
enzyme preparation with (—)-deprenyl and clorgyline,
respectively (Fowler & Tipton 1981; Ali & Robinson
1991). The washed suspension of each form of the enzyme
was stored at —20°C until required.

To solutions of the inhibitor prepared in phosphate buffer
(10mm, pH 7-4) 2mL) was added enzyme preparation
(500 4L) and the mixture was incubated at 35°C. Aliquots
(50 4L) were removed at fixed time intervals up to 30 min
(up to 15 min in the case of the more concentrated solutions)
and immediately added to '“C-labelled MAO B substrate
solution (350 L) (phenylethylamine, approximately 20 um
in phosphate buffer, 10 mM, pH 7-4), and incubated at 35°C
for 3min. The enzyme-catalysed reaction was stopped by
addition of 2m HCI (200 L) and the metabolites were
extracted and counted as previously reported (Robinson
1985a).

Similar studies employing the MAO A enzyme prepara-
tion used inhibitor solution (1 mL) and enzyme preparation
(ImL) and the residual enzyme activity was determined
using “C-labelled 5-HT as substrate (350 uL; 100 um).

All determinations were performed in duplicate and at
least two independent experiments were performed, each
employing 4-5 different concentrations of inhibitor.

Kinetic data were interpreted using the method developed
by Kitz & Wilson (1962) (see also Tipton 1989). The
apparent first-order rate constant for loss of enzymatic
activity (k,,;) was obtained by linear regression of a plot
of log (% residual activity) against incubation time
(gradient = —k,;/2-303) and linear regression of a plot
of 1/k.p, against 1/[I} yielded K;/k, (gradient). A typical
set of experimental data is presented in Fig. 1 and the
computed results for the enantiomers studied are presented
in Table 1.

Results and Discussion

The inhibition of MAO by derivatives of N-methyl-
propargylamine (suicide inhibitors) is characterized by a
competitive inhibitory phase preceding a time-dependent
irreversible inhibition. The analysis originally developed by
Kitz & Wilson (1962) (for discussion see Tipton (1989)) is
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Fic. 1. Time-dependent inhibition of MAO A by (S)-(-)-a-
methylpargyline (typical data set from one experiment). A. Plot of
log (% residual activity) against incubation time. All points are the
mean of duplicate determinations. Concentration of (S)-(—)-
methylpargyline: 5-06 uM (@); 10-12 uMm (A); 2024 uM (A); 50-6 um
(0); 101-2 uM (+). B. Plot of 1/k, (from panel A) against 1/[I}. The
line is that of best fit by linear regression.

commonly employed for such systems. Thus, provided
formation of the catalytically inactive covalent adduct [E-
I] is slow relative to the breakdown of the enzyme inhibitor
complex [E.I] (k_, > k;) and that [I] > [E] then a quasi-
equilibrium will exist and the rate of formation of the
irreversible adduct can be expressed as:

dE-1I} _ _, (B —[ET))
T—kz[E-I] —k2_1+—[gli‘— (1)
1
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Table 1. Kinetic constants for the time-dependent inhibition of MAO A and MAO B by the enantiomers of deprenyl and a-methylpargyline.

Inhibitor MAQO A

MAO B

K, (5-HT)=428 (£ 7-8) um

K., (phenylethylamine = 3-54 (£ 0-33) um

K./ks (x106) K; (um)* k, (min-1) K. /k, (x106) K; (um)* k, (min-')

(R)-L-(—)-Deprenyl 58742 76 +2:9 1295 £ 0-07 0-38 £0-02 0-325£0-02 0-86 £ 0-06
(n=14) (n=10)

(S)-D-(+)-Deprenyl — 14£0-4 — 107411 8140034 076008
(n=8)

(R)-(+)-a-Methylpargyline 116 £0-27 35141 3-025+£0-12 0-131£0-02 0-193 +£0-02 1-47+0-26
(n=9) (n=10)

(S)-(—)-a-Methylpargyline 342+ 36 385+ 58 1-125+0-12 76-8+2:4 104+ 58 1-3540-09
(n=9) (n = 10)

n = number of data points (concentrations) employed in the correlation. *Data from Robinson (1985a,b).

where E, = total enzyme concentration. Integration of
equation 1 leads to:
E, — [E-1
o E_ETD) E[ D_ Kobs ° ()
t
where k., = k,/(1 + K;/[I)).

Thus, a plot of log residual enzymatic activity against
preincubation time, t, is linear with gradient —k.,/2-303,
and the values of k, and K; can normally be obtained from a
double reciprocal plot of 1/k.,, against 1/[I}.

1 K; 1
- 4 — 3
l(obs k2 ( )

k,[1}

In measuring the residual enzymatic activity, it is neces-
sary to both halt the formation of the covalent enzyme
inhibitor adduct (E-I) and to reverse any E.I complex
present. This is accomplished by dilution of an aliquot of
the enzyme/inhibitor incubation mixture with a relatively
high concentration of substrate and allowing the enzyme-
catalysed reaction to proceed for only a short time. Since
relatively high concentrations of substrate (phenylethyl-
amine or 5-HT) were employed, any possible lack of
substrate specificity towards a particular form of the
enzyme under such conditions was prevented in the present
work by the use of mitochondrial enzyme preparations in
which the undesirable form of the enzyme had been pre-
viously inhibited by the use of clorgyline (MAO B prepara-
tion) or L-deprenyl (MAO A preparation).

Within the present work, only (S)-D-(+)-deprenyl when
reacting with MAO A failed to demonstrate an irreversible
component in its inhibition. All other compounds when
reacting with either MAO A or MAO B produced a first-
order loss of enzymatic activity with respect to time (Fig.
1A). However, while plots of kg, vs [I] would normally be
expected to be hyperbolic (kg = ky/(1 + K;/[I])) such was
only clearly seen in the plots generated from the inhibition
of MAO-A with (R)-L-(—)-deprenyl. It should be noted
however, that, because of the fast rates of irreversible
inhibition encountered in this study, few of the compounds
were studied at concentrations exceeding their competitive
K; value.

While the double reciprocal plots (1/k, vs 1/[I]) should
lead theoretically to values of both k, and K; calculated
from the values of the intercept and gradient, respectively,

only the gradient (K;/k,) was reasonably reproducible,
reflecting again the relatively high affinity of many of the
compounds coupled with the high values of k,. The first-
order rate constant for the irreversible phase of the inhibi-
tion was, therefore, more conveniently calculated from the
gradient of the double reciprocal plots and employing the
competitive K; values previously obtained from studies in
which the conditions had been controlled to eliminate the
irreversible inhibition (Robinson 1985a,b).

Previous studies, employing L-(—)-deprenyl and clorgy-
line (Tipton & Mantle 1981; Fowler et al 1982) have
reported a dependence of k, upon the inhibitor concentra-
tion, a phenomenon ascribed mainly to nonspecific binding
of the inhibitor leading to a significant depletion in the free
inhibitor concentration. While it was necessary to employ
higher protein concentrations (approximately threefold) in
the MAO A studies than in the MAO B studies, the inhibitor
concentrations employed in the MAO A studies were, in all
instances, greater than those employed in the MAO B
studies and reflected the known differences in affinity of
these compounds for the respective binding sites. Thus,
while the concentration of inhibitor undoubtedly exceeds
the enzyme concentration, no indication of dependence of k,
upon inhibitor concentration was obtained, i.e. calculations
using the equation kg, = k,/(1 + K;/[I]) gave reasonably
consistent values of k, over the employed inhibitor concen-
tration range. It would appear that use of preparations of
MAO in which one of the forms of the enzyme has been
previously irreversibly inhibited by use of clorgyline or L-
(—)-deprenyl, provides an enzyme preparation in which
nonspecific binding has been partially reduced.

In comparing the data generated among the enantiomeric
pairs, the absence of any clear stereochemical influence upon
values of k, is immediately apparent. Further, the values of
k, determined for the individual enantiomers when reacting
with MAO A or MAO B are all very similar. Such data,
although obtained from studies upon relatively few com-
pounds, would indicate that selectivity towards a particular
form of MAO among the propargylamine-type inhibitors is
mainly governed by the initial affinity of the inhibitor for the
enzyme active site. The absence of any stereochemical
influence upon the values of k, determined for the enantio-
meric propargylamines is consistent with the free-radical
mechanism proposed for both the enzyme-catalysed oxida-
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FiG. 2. A. Proposed mechanism of MAOQO-catalysed oxidative deamination of amine substrates via two one-electron
transfer stages (Silverman et al 1980, 1993). B. Potential radical species generated from MAO-catalysed oxidation of

propargylamine-based suicide inhibitors.

tive deamination reaction with substrates and the suicide-
inhibition reaction with cyclopropylamine type inhibitors
(Fig. 2A) (Silverman et al 1980; Richards & Burger 1986).
While the initial one-electron transfer to the flavin moiety
leads to a radical cation (II), subsequent reaction of this
species may proceed by several different routes to the
iminium ion intermediate (IV) before hydrolysis to yield
the product aldehyde. Thus, if the rapid proton loss from the
radical cation intermediate is predominantly enzyme
mediated, it will occur at the benzylic carbon atom (o-
methylpargyline series) or the a-carbon of the phenylethyl-
amine chain (deprenyl series) leading to a common planar
(racemic) radical intermediate, which then equilibrates with
the active inhibitory species, an allene radical (Fig. 2B).
Evidence has recently been presented indicating that proton
loss from a radical cation species to form an a-amino radical
(I11) does occur in the inhibition of MAO by aminomethyl-
cubane derivatives (Silverman et al 1993).

As mentioned above, only the (S)-p-(+)-deprenyl
enantiomer when inhibiting MAO A failed to give any
indication of time-dependent inhibition, despite the use of,
in this instance, a very broad inhibitor concentration
(0-025 — 7-5 x K;). No rational explanation for this obser-
vation can be presented at present. The known greater
psychostimulant activity (Taylor & Snyder 1970) of the
(8)-p-(+) enantiomers of amphetamine and methampheta-
mine relative to the (R)-L-(—)-enantiomers (metabolites of
(+)-deprenyl) (Reynolds et al 1978; Maurer & Kraemer

1992) limits the clinical use of deprenyl enantiomers to that
of the (R)-L-enantiomer only, but such may not be the case
for in-vitro experimentation. Indeed, when only blockade of
MAO B sites in an enzyme preparation known to contain
both MAO A and MAO B is required, the present results
would suggest that use of (R)-L-(—)-deprenyl offers no
advantage over the use of (+)-deprenyl.
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