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The inhibition by clorgyline of 5-hydroxytryptamine 
deamination by the rat liver 

c .  J .  F O W L E R *  A N D  B .  A .  C A L L I N G H A M  

Department of Pharmacology, University of Cambridge, Hills Road, Cambridge CB2 2QD, U.K. 

The inhibition of the monoamine oxidase activity in the rat liver by the substrate selective 
inhibitor clorgyline has been investigated with 5-hydroxytryptamine as substrate. The 
results obtained are consistent with a theoretical model whereby the inhibition of enzyme 
activity by clorgyline follows a reversible association phase leading to an irreversible ‘suicide’ 
reaction. The relative concentrations of enzyme and inhibitor are of the same order, and can 
account both for the failure of the reaction to go to completion, and for the differences in the 
apparent sensitivity of enzyme preparations to inhibition by clorgyline. The possible value 
of this type of inhibition as a means of assay for monoamine oxidase active centres is dis- 
cussed. 

There is now much evidence to show that the activity 
of the enzyme monoamine oxidase (MAO, EC 
1.4.3.4) can exist in more than one form (see Tipton, 
1975; Houslay, Tipton & Youdim, 1976). Use of the 
inhibitor clorgyline and a variety of substrates, 
enabled Johnston (1968) to classify the enzyme 
activities into two forms, MAO-A and MAO-B, 
where the MAO-A was much more sensitive to the 
inhibitor. According to this classification, 5-hydroxy- 
tryptarnine (5-HT) is metabolized by MAO-A alone, 
and tyramine by both forms in the rat liver (Hall, 
Logan & Parsons, 1969). 

Clorgyline is generally considered to inhibit M A 0  
through a reversible association with the active 
centre of the enzyme, followed by a ‘suicide’ reaction 
involving covalent interaction with the FAD pros- 
thetic group (see Rando, 1974). Clorgyline is such a 
potent inhibitor of MA0 when 5-HT is used as the 
substrate, that it seems likely that measurable 
inhibition is seen with concentrations of clorgyline 
of the same order as those of the enzyme itself. The 
onset of inhibition with 5-HT as substrate is rapid 
reaching a steady state within 5 min. If a sabstrate 
for MAO-B such as benzylamine or P-phenethyl- 
amine is used, the time course of the reaction is 
greatly prolonged, taking up to 4 h to reach maxi- 
mum inhibition in some instances (Egashira, 
Ekstedt & Oreland, 1976; Lyles & Greenawalt, 1977). 

The observed differences in the time to maximal 
inhibition with the different substrates may possibly 
be due to differences in the rates of association of 
the inhibitor with the active centres of the enzyme 
forms. Such differences could stem from the presence 
of some sort of diffusional or conformational barrier. 

* Correspondence. 

In an attempt to see if this explanation could be 
valid, a theoretical model has been developed in 
which the inhibitor concentration is of the same order 
as that of the enzyme. The value of this model in 
predicting actual experimental observations has been 
tested in the rat liver with 5-HT as substrate. 

M A T E R I A L S  A N D  M E T H O D S  

Materials 
The radioactive substrates for MAO, [3H]5-hydroxy. 
tryptamine (3H-5-HT) and [3Hltyramine were ob 
tained from the Radiochemical Centre, A m e r s h q  
U.K. Clorgyline hydrochloride was a gift from May 
& Baker, Ltd, Dagenham, U.K. All other reagents 
were standard laboratory reagents of analytical 
grade wherever possible. Male Wistar rats were 
obtained from A. J. Tuck & Son, Rayleigh, U.K. 

Preparation of crude komogenates 
Five rats, 350-400 g, were killed by a blow to the 
head and the livers excised, blotted, and homogenized 
i n  1 mM ice-cold potassium phosphate buffer, pH 7.8 
(1 : 10 w/v) in a conical glass homogenizer. Nuclei 
and cell debris were removed by centrifugation at 
600 g for 15 min, and the supernatant fractions used 
for assay. 

Preparation of MAO-depleted homogetiates 
Six rats, 350-400 g, were killed and the livers removed 
as described above. Three groups of two livers were 
blotted and homogenized in ‘sucrose buffer’ (0.25 M 
sucrose, 10 m~ potassium phosphate buffer, pH 7% 
1:8  (w/v) in an MSE Atomix blender. Nuclei and 
cell debris were removed as described above. Part Of 

the supernatant fractions (SI) was used for assay ad P the remainder further centrifuged at 6500 g for 
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d n ,  to sediment the mitochondria. These final 
fractions (S2), depleted of the bulk of 

their content of M A 0  by the removal of the mito- 
chondria, were also used for assay. 

The MA0 activity of the various fractions was 
@sayed by the method of McCaman, McCaman & 
&ers (19651, as modified by Callingham & Laverty 
(1973). 3H-5-HT and [3H]tyramine were used as sub- 
strates. When clorgyline was used as an inhibitor, it 

preincubated with the homogenate for various 
t ~ e s  before the addition of substrate. The time of 
the incubation period with substrate was limited to 
90 s to minimize further interaction of the clorgyline 
with the enzyme. At the time when the substrate 
was added to the enzyme-clorgyline mixture, the 

of the inhibitor fell by half. Extra 
c]orgyline was not added to the substrate solution 
to reduce the chance of reversible interactions taking 
place after the end of the preincubation period. 
n u s  the clorgyline concentrations given throughout 
are those at preincubation. 

protein determination was by the method of 
Lowry, Rosebrough & others (1951). M A 0  activities 
are expressed in terms of nmol (of substrate meta- 
bolized) (mg protein)-'h-l. 

R E S U L T S  

f i e  time course of the inhibition of the deamination 
of 5-HT by three concentrations of clorgyline was 
measured in hornogenates of rat liver (Fig. 1). With 
1.25 X M clorgyline, inhibition was complete by 
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b. 1. The time (min) course of the increase in the 
&bition of rat liver M A 0  (%) by clorgyline. Each 
Point represents the mean & s.e. of a ratio of duplicate 
determinations from 4 homogenates with 0.25 mM 5-HT 

substrate. The standard errors of a ratio are only 
&Own when larger than the size of the points. Clorgyline 
Eoncentrations were: G-G, 5 x 10-8;  +., 7.5 x 
'0-8; 0 -0, 1.25 x 10-7 M. 

Time (rnin) 

about 60 min from the time of addition of the in- 
hibitor to the enzyme preparation. However, with 
7.5 and 5 x lo-* M clorgyline, complete inhibition of 
enzyme activity had not been reached even after 240 
min of preincubation before the addition of sub- 
strate. Control experiments showed that no decompo- 
sition of the clorgyline occurred during the period of 
preincubation. 

The data from Fig. 1 are replotted in the form of 
t/( % inhibition) against t in Fig. 2A. With this plot 
the data points appeared to lie on straight lines. 
From the slopes of these lines divided by inhibitor 
concentrations, a value for k, (the rate constant for 
association of enzyme and inhibitor) of about 2 x 
lo6 M-I min-I was found. Fig. 2B shows a family of 
theoretical plots with the same axes derived from this 
value of k, and several inhibitor concentrations at a 
fixed enzyme concentration of M. This enzyme 
concentration was chosen from the plateau values of 
the inhibition in Fig. 1 (see Discussion). 

Time (min) 

FIG. 2. A. Replot of the data shown in Fig. 1 as time/ % 
inhibition against time. Clorgyline concentrations were: 

1 0 - 7 ~ .  B. Theoretical plots of time/% inhibition 
against time, derived from eqns 7 and 8 where [E,] = 
1 0 - 7 ~  and k. = 2 x 1 0 6 ~ - 1  min-'. Clorgyline con- 

0-0, 5 X lo-'; *a, 7.5 X 0--0, 1.25 X 

centrations wire chosen as: I, 10-8;  IT, 3 X- 10-8; 111, 
5 x 10-8; IV, 7 x 10-8; V, 10-7; VI, 1.5 x 1 0 - 7 ~ .  



306 C. J. FOWLER AND B. A. CALLINGHAM 

100r 

60 
"I0 

20 

If the liver homogenates were diluted 1 : 4  (v/v) 
with 1 rn phosphate buffer, there was a considerable 
increase in the apparent sensitivity of the M A 0  
activity to inhibition by clorgyline (Fig. 3). 

Homogenates were prepared in which the M A 0  
activity had been depleted by removal of most of the 
mitochondria. The properties of the M A 0  that 
remained in the 'MAO-depleted' homogenates (S2 

- 

- 

L I I 

~ X I O - ~  5 ~ 1 0 - ~  5 ~ 1 0 - ~  
M 

FIG. 3. The effect of dilution of the total protein content 
of rat liver homogenates on the inhibition of M A 0  
activity (%) by clorgyline (M). Each point represents 
the mean (+ s.e. of a ratio) of duplicate determinations 
from 5 homogenates with 0.25 mM 5-HT as substrate. 
Clorgyline preincubation time, 20 min. 0-0, crude 
homogenates (1:  10 w/v); 0-0, crude homogenates 
(1 : 40 w/v). The two curves were significantly different 
(95 % Confidence limits of a ratio, Goldstein, 1967). 

fractions) were not significantly different from those 
of the M A 0  in the original homogenates (Sl frac- 
tions) (Table 1). When the protein contents of the 
MAO-depleted and original homogenates were set 
to the same value (by dilution of the original homo- 
genates with buffer), the depleted homogenates 
appeared to be more sensitive to inhibition by 
clorgyline (Fig. 4A). Further dilution of the original 
homogenates (S1 fractions) to set the enzyme con- 
tents to the same value as those of the S2 fractions, 
yielded mean protein concentrations of 6.0 mg ml-I 
for the MAO-depleted, and 1.4 mg ml-1 for the 
original homogenates. In this instance, the original 
homogenates were inhibited by smaller concentra- 
tions of clorgyline (Fig. 4B). 

The inhibition of M A 0  by clorgyline is thought to 
proceed according to the general reaction : 

D I S C U S S I O N  

kl k3 

k2 

E + I  + E I - t E I * . .  .. .. . . (1) 

(see Rando, 1974) 

Table 1. Kinetic parameters of M A 0  in original (s1) 
and 'MAO-depleted' (S2) homogenates. The yield of 
enzyme was determined with 0 . 2 5 m ~  ~ - H T .  
Michaelis constants were determined from initial 
velocities calculated from 5 substrate concentrations 
(0.1, 0.2, 0.4, 0.6 and 1 m M  5-HT). The oxygen ratio 
was determined as activity in an atmosphere of 
oxygen/activity in air, with 0.25 m~ 5-HT as Sub, 
strate. The ratio of MAO-A: MAO-B was deter, 
mined from the inhibition of 0.25 m~ tyramine 
activity at a concentration of clorgyline (1.5 
1 0 - 7 ~ )  which inhibited MAO-A but not MAO-B. 
All assays were in triplicate and expressed in ternS 
of the means & s.e. (or s.e. of a ratio where appro, 
priate). 

- 
Kinetic 

parameters 

Slhomogenate 100 100 104 269.9 1.23 38:62 

S2homogenate 15.7 72.5 65 58.2 1.38 42:58 

1 2 6  516.1 fO.05 

12.5 '  $1.9' 1 3 0  *5.0' f0.23 
- 

* Significantly different from S1 homogenate (95 % confidence limits 

t nmol 5-HT metabolized (mg protein)-'h-'. 
of a ratio, Goldstein, 1967). 

where E = enzyme, I = inhibitor, EI = reversible 
complex and EI* = stable complex. 
Therefore the rate equations can be written: 

. . (2) d[E1l _ _ -  - k, [El [I] - (k, + k,) [EI] 
dt 

.. .. __- - k3[EI] . . d[EI*] 
dt 

. . (3) 

At infinite time it can be safely assumed that the 
reaction has stopped, and therefore d[EI]/dt, 
d[EI*]/dt = 0 and (from equation 3) [EI] = 0. 
Thus from equation ( 2 ) ,  k,[E][I] is also 0. 

In the general case, where the concentrations of 
free inhibitor and enzyme are both reduced by the 
formation of [EI] and [EI*] complexes, [El can be 
expressed as : 

and I as: 

where [ED] and [I0] are the initial Concentrations of 
enzyme and inhibitor respectively. 

[El = [E,] - [EI] - [EI*] 

[I] = [I,] - [EI] - [EI*] 

Thus at t + a, 

i.e., [EI*] = [E,], or [EI*] = [I,]. 
ki([Eol - LEI*]) ([I01 - IEI*I) = 0 
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If equations (2) and (3) are summed, then: 

d'[E1l + [E1*l) = k, [E][I] - k, PI] . . (4) dt 
a t  t = 0, both [EI] and [El*] = 0. 
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FIG. 4. A comparison between the effect of clorgyline 
on the M A 0  activities of: 0-0, SI homogenates; e., S2 homogenates. The points represent the 
means (fts.e. of a ratio) of triplicate determinations 
from 3 homogenates, each derived from the livers of 2 
rats, with 0.25 mM 5-HT as substrate. Clorgyline prein- 
cubation time, 20 min. A. Both homogenates set to a 
protein content of 1 3  rng m1-I. B. Both homogenates 
set to a M A 0  activity of450 nmol (of substrate metabol- 
ized) ,mlkl h-,. In both A and B, the inhibition curves 
are significantly different (95% confidence limits of a 
ratio, Goldstein, 1967). Ordinate: Inhibition of M A 0  
activity (%). Abscissa: [Clorgyline] (M). 

Thus in those situations where the concentration of 
the inhibitor is less than that of the enzyme, com- 
plete inhibition cannot be achieved. At infinite time 
the degree of inhibition will depend upon the relative 
concentrations of enzyme and inhibitor. The data in 
Fig. 1 would suggest that the concentration of 
-me in these experiments is about lok7 M, since 
when t --f ti), and [I,,] < [E,], the amount of un- 
inhibited enzyme is [El, where [El = [E,] - [El*] = 

In those situations where the inhibitor con- 
wntration is higher than the enzyme concentration, 
complete inhibition can be achieved by infinite time 
Of reaction, similar to  that shown for the irreversible 
h c t i o n  between benzilylcholine mustard and the 
mucarinic receptor (Gill & Rang, 1966). 

[Ed - [I,]. 

Therefore a t  t = 0 equation (4) becomes: 

Thus the initial rate of inhibition is directly propor- 
tional to  [EJ[I,]. The constant of proportionality is 
the rate constant of association, (kJ. From the data 
shown in Figs 1 and 2A, k, is about 2 x 106~r1 
min-l. 

From equation (4), the value of k,[EI] can be 
determined at  different times. Fig. 5 illustrates a 
theoretical determination of k,[EI] taken from the 
line of best fit from the experimental inhibition by 
1.25 x M clorgyline of the deamination of 5-HT 
by rat liver MAO, shown in Fig. 2A. From Fig. 5 it 
can be seen that this component reaches a maximum 
at  about 3 min after the addition of inhibitor t o  the 

FIG. 5. Theoretical determination of the value of k,[EI] 
at different times of preincubation of enzyme with 
clorgyline. The points were derived from eqn 4 and the 
line of best fit for the inhibition of enzyme by 1.25 x 
lo-' M clorgyline, shown in Fig. 2A; with kl = 2 x lo8 
M-' min-'. Ordinate: k,[EI] (M min-I). 

enzyme, after which it declines. Even a t  3 min, the 
value of k,[EI] only represents about 6% of the 
initial value of k,[E,][T,] and can reasonably be dis- 
regarded. Consequently, Equation 4 becomes: 

.. . . (6)  d([E1l + 
= kl [E][I] . . 

dt 
This equation has two solutions: 

(a) [E,1 = Do]. 
1 + - =  1 - _ _ _ _  1 

([Ell + [EI*I) kit[EoI2 [Eel 
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([I01 - [Eol)k,t . . . .  . .  . . (8) 

These solutions are effectively the same as those 
described by Tipton (1973) for the simple irreversible 
interaction : 

E + I+EI*  

Equations (7) and (8) can be used to generate 
theoretical values for the degree of inhibition of 
enzyme activity at any given [E,], [I,], t and k,, 
where percentage inhibition is given by (([EI] + 
[EI*])/[E,]) x 100. Such curves can be seen in Fig. 
2B, where k, is set at 2 x lo6 M - ~  min-’, and [E,] at 
lo-’ M. The curves are similar to the experimentally 
derived curves shown in Fig. 2A. Furthermore, when 
[E,] is reduced, equations (7) and (8) predict that 
the amount of clorgyline needed to inhibit the 
enzyme would also be reduced. Dilution of the 
homogenates to reduce the enzyme concentration 
produces the same effect (Fig. 3). 

If the concentration of clorgyline is increased 
until it greatly exceeds the concentration of enzyme, 
the solution shown in equation (8) becomes: 

(9) 

i.e., at high concentrations of clorgyline, the reaction 
should follow pseudo-first order kinetics. This has 
been shown experimentally to be the case by Tipton 
(1971). He showed that the deamination of 5-HT by 
rat liver mitochondria was inhibited by 2-5 x M 
clorgyline in such a manner. 

The small size of the component k,[EI] with 
respect to kl[Eo][Io] could be due to two possibilities. 
First, the rate of association (k,) could be rate 
limiting, leading to a negligible accumulation of EI 
since any that is formed would either rapidly dissoci- 
ate or be converted to EI*. Second, the rate of dis- 
sociation (k,) is very small so that EI accumulates 
as a relatively stable complex. At present we cannot 
distinguish between the two possibilities. 

It should be stressed, however, that the present 
experiments have been done under conditions 
designed to minimize any significant accumulation 
of the reversible inhibitor-enzyme complex, EI. If, 
at  the time of the addition of substrate to the reac- 
tion mixture, further clorgyline is added to maintain 
the free inhibitor concentration at its original value, 
it is just possible that some EI will be generated. 

The picture would be confused even further by the 
rapid production of the irreversible complex, E p ,  
in addition to that already formed during the initial 
preincubation period. 

So far no attention has been paid to the present, 
of non-specific binding of the clorgyline to sites 
other than the active centre of the MAO. Although 
Williams & Lawson (1975) found that [14C]~I~rgyline 
did not appear to bind to proteins other than MAO 
in the rat liver, any significant amount of non. 
specific binding in situations where the clorgyline 
concentration was limiting, would overestimate the 
amount of M A 0  present in the reaction mixture, 
The effects of possible non-specific binding have 
been evaluated by the use of ‘MAO-depleted‘ 
homogenates (S2 fractions). No significant differ. 
ences were seen in kinetic properties, oxygen ratio 
or ratio of MAO-A: MAO-B between the two 
fractions (Table 1). Thus it seems likely that the M A 0  
in the two fractions differs only in amount. 

When both the normal homogenates (Sl) and 
MAO-depleted homogenates (S2) were set to the 
same protein content, the curve for the inhibition by 
clorgyline of the MAO-depleted homogenates wag 
found to be to the left of that for the normal homo- 
genates (Fig. 4A), as would be expected. However, 
when the homogenates were set to the same MA0 
activity, which in the absence of non-specific binding 
would be expected to yield curves that were super- 
imposable, it was found that the original homogen- 
ates were inhibited by smaller concentrations of 
clorgyline than the ‘MAO-depleted’ homogenates. 
In this case the difference is probably due to the 
presence of a greater amount of non-specific binding 
in the MAO-depleted homogenates since they had a 
much higher protein content. 

Thus under the conditions used here, the inhibi- 
tion of the deamination of 5-HT by homogenates Of 
rat liver can be adequately described by a model 
which assumes that the amount of inhibitor needed 
to cause submaximal inhibition is of the same order 
as that of the enzyme. 

It may be possible to use this approach as a crude 
method for estimation of the amount of M A 0  
enzyme, i.e., the number of M A 0  active Centres* 
provided that the amount of non-specific binding of 
clorgyline remains relatively constant. 

In the rat heart adrenalectomy has been show* to 
cause an increase in the specific activity of MAo 
(Avakian & Callingham, 1968; see Della Code Bc 
Callingham, 1977 a,b). A shift in the clordine 
inhibition curve to the right was seen in homogen’ 
ates from the adrenalectomized rats when comP ad 
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with age-matched contols (Callingham & Laverty, 
1973). It is tempting to suggest that if the mechanism 
described here also applies t o  the rat heart MAO, 
then this adds support to  the earlier conclusions that 
adrenalectomy leads t o  a n  increase in the amount of 
1,,fA0 enzyme. Research Council Scholar. 
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