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Abstract- Rat liver mitochondrial monoamine oxidase was inhibited by deprenil (selective inhibitor
for the "B form’ of monoamine oxidase) to study the "A form™ of the enzyme separately. The activity
towards serotonin (usually classified as a substrate for the A form’) was cstimated in the presence
of additional monoamine oxidase substrates. All of the additional substrates investigated inhibited
the activity towards serotonin competitively. In the deprenil inhibited preparation all of the residual
activity towards fi-phenylethylamine (usually classified as a substrate for the "B form") was shown
to be sensitive to the A form’ inhibitor clorgyline. indicating that the "A form™ wus also able to
oxidize this substrate. The K, values of the "A form™ for serotonin, tyramine and f-phenylethylamine
did not differ significantly.

When the B form’ of monoamine oxidase was studied after inhibition of the “A form™ by clorgyline.
all additional substrates investigated were able to inhibit the activity towards fi-phenyviethylamine in
a competitive fashion. All of the remaining activity towards serotonin in the clorgyline inhibited prep-
aration was sensitive to deprenil. Thus the "B form’ also appears to be able 1o oxidize this substrate.
The K, values for the "B form” differed considerably: 4 M for f-phenyvicthylamine. 102 uM for tyra-

mine. and 2.5 mM for scrotonin.

There 1s much cvidence for the existence of two types
of functional forms of monoamine oxidase (mono-
amine: O, oxidoreductase [deaminating] EC 1.4.3.4)
in many different tissues from several specics [17. The
two forms. called "A” and ‘B’ according to their prefer-
ential sensitivity to the inhibitors clorgyline [2] and
deprenil [37]. respectively, have also been shown to
have different substrate specificities [1]. Serotonin
and norcepinephrine are oxidized mainly by the “A
form’ in. for example. rat and human liver. while the
‘B form’ oxidizes preferentially benzylamine and
f-phenylethylamine. Some substrates (c.g. tyramine,
tryptamine and dopamine) appear to be substrates
for both the "A” and the "B formy’. However, it cannot
be excluded that the "A form™ of the enzyme may also
oxidize the substrates of the ‘B form’ to some extent
and that the "B form” of the enzyme may also oxidize
those of the "A form’.

By using mixed substrate experiments Houslay and
Tipton [4. 5] obtained results which indicate that the
active sites of the two forms can also bind compounds
that are substrates for the other form. In the present
study the “A form” of monoamine oxidasc in rat liver
mitochondria was selectively inhibited by clorgyline
and the ‘B form’ by deprenil in order to investigate
this phenomenon further. The inhibitory effect of
variots monoamines on the “A form' and on the 'B
form™ was then investigated separately and the cata-
Iytic properties of the two forms towards different
monoamines were compared.

MATERIALS AND METHODS
Chemicals

["*C]Serotonin, [ "*Ctyramine. and  f-['*C]-
phenylethylamine were obtained from New England
Nuclear, Boston. Mass., and the corresponding unla-
belled substrates from Sigma Chemical Co.. St. Louis,
Mo.

Deprenil  (phenylisopropylmethylpropionylamine
hydrochloride, E-250) was kindly provided by Dr.
Magyar. Budapest, Hungary. through Dr. Kinemuchi.
Tokyo, and clorgyline [N-methyl-N-propargyl-3
(2.4-dichlorophenoxy)-propylamine hydrochloride, M
& B 9302] from May & Baker Ltd.. Dagenham. Eng-
land (Dr. R. A. Robinson).

Methods

Preparation of mitochondria. Rat liver mitochondria
were prepared as described by Hollunger and Ore-
land [6] for pig liver mitochondria.

Assay of monoamine oxidase. Monoamine oxidasc
activity was estimated essentially according to Jain
et al. [7]. KCI was, however, omitted. The incubation
medium  contained. when not  otherwise  stated.
["*CYserotonin (0.5 mM). [M*Ctvramine (0.5 mM) or
B-[*Clphenylethylamine (0.05 mM) in a total volume
of 275 ul of potassium phosphate (0.01 M. pH 7.4).
In some experiments additional unlabelled substrate
was present. Usually the reaction was started by the
addition of 25 gl of an appropriate dilution of the
enzyme preparation, The incubation was carried out
for 20 min at 37 and the reaction was stopped by
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the addition of 0.2 ml of 2 M hydrochloric acid. The
enzyme reaction wis found to be linear during the
incubation time. The medium was extracted by cther
in the case of serotonin and tyramine and with
toluene in the case of f-phenyvlethylamine. Samples

of the extracts were then taken for determination of

radioactivity in a Puckurd Tri-Carb Liguid Scintilla-
tion Spectrometer with Aquasol (New England Nuc-
lcar. Boston., Mass.) as scintillation liquid.

Protein. Protein was estimated according to Lowry
et gl [8] with human serum albumin as a standard.

RESULTS

Dnltibition of the serotonin oxidizing activity by other
monoamine oxidase substrates. To investigate whether
or not the "A form™ of monoamine oxidase in rat hver
mitochondria could be inhibited by other monoamine
oxidase substrates. the activity towards ['*C)sero-
tonin was studied in the presence of increasing con-
centrations of other monoamines (Fig. 1). In a control
experiment increasing  concentrations  of unlabelled
scrotonin was added. As can be seen in Figo 1 all
of the unlabelled substrates added inhibited the acti-
vity towards serotonin approximately to the same
extent as n the controb experiment. At a concen-
tration of the additional monoamine equal to the con-
centration of the ['*CTserotonin (0.5 mM) the activity
towards [ "*Clserotonin was reduced to about 30 per
cent. When the concentration of the unlabelled amine
was twenty times higher than that of the ['*C]scro-
tonin (i.e. 10 mM) almost all of the activity towards
the ["*CJserotonin was  inhibited. irrespective of
which additional amine was added.

Dihibition of the fi-phenyiethylamine oxidizing acti-
vity by other monoamine oxidase substrates. - '*CJ-
Phenvlethylamine. at a concentration of 0.05 mM was
used as a substrate for the "B form™ of monoamine
oxidase in the mitochondrial preparation. In the con-
trol expertment, - which increasing concentrations
of unlabelled  fp-phenylethylamine were added. the
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Fig. . Inhibition by additional monoamines of rat hver
mitochondrial monoamine oxidase activity towards sero-
tonin. The monoamine oxidase activity towards [ '*Csero-
tonin at a final concentration of 0.5 mM was estimated
in the presence of increasing concentrations of addition-
alunlabelled monoamines.  Additional  monoamines:
<< xooserotonin: 0 L8 [l norepinephring:
A A pyramine: A A Al tryptamine. @ @ @
henzylamimme: © O O: fi-phenylethylamine.

activity towards f-['*Cphenylethylamine was inhi-
bited to about 30 per cent when 0.05 mM unlabelled
f-phenylethylamine was present (Fig. 210 At higher
concentrations of ff-phenylethylanine. substrate inhi-
bition occurred. It is also evident from Fig. 2 that
all of the additional monoamines used were able to
reduce the activity towards fi-[ "*C]phenylethylamine.
but to a lesser extent than in the control experiment.
I'ven when the concentration of unlabelled nore-
pimephrine or serotonin was  two  hundred  times
higher than that of the f-{"*C]phenvlethylamine (i.c.

uninhibited activity
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Moncamine oxidase activity,

Concentration of additional monoamine, mM

Fig. 2.

Inhibition by additional monoamines of rat liver mitochondrial monoamine oxidase activity

towards fi-phenylethylamine. The activity of monoamine oxidase towards f-['*Clphenylethylamine

at o final concentration of 0.05 mM wus estimated in the presence of increasing concentrations of

additional unlabetled monoamines. The symbols represent the same additional monoamines as indicated
i the legend to Fig |
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Fig. 3. Clorgyline inhibition of monoamine oxidase acti-
vity in uninhibited and deprenil inhibited rat liver mito-
chondria. The deprenil inhibited mitochondria were
obtained from the experiment described in Table I
Samples of the uninhibited and deprenil inhibited rat liver
mitochondria were then incubated in the presence of
various concentrations of clorgyline at 25 for 20 min prior
to the estimation of monoamine oxidase activity. The acti-
vity 1s expressed as per cent of the activity in the absence
of clorgyline. x-— x -— x : uninhibited mitochondria with
serotonin as substrate; x -—--- x - x ¢ deprenil inhi-

bited mitochondria with serotonin: A—A-—A: uninhibited
mitochondria with tyramine: A - A A deprenil
mhibited mitochondria with tyramine: O O O: un-
inhibited  mitochondria with f-phenylethylamine:
O  ~-O-- - O: deprenil inhibited mitochondria with
f-phenylethylamine.
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Fig. 4. Inhibition by additional monoamines of serotonin
oxidation of deprenil inhibited rat liver monoamine oxi-
dase. Lineweaver—Burk plot of initial velocity of scrotonin
oxidation against serotonin concentration in the presence
of fixed concentrations of additional unlabelled mono-
amines. Rat liver mitochondria were preincubated in the
presence of deprenil as described in Table I. The mono-
amine oxidase activity in samples of the deprenil inhibited
mitochondrial preparation was estimated with various con-
centrations of ['*C]serotonin as substrate in the presence
of additional unlabelled monoamines. Additional mono-
amines: O—3J—: 75 nmoles of norepinephrine:
A—A- A: 75 nmoles of tyramine; A A - A: 25 nmoles
of tryptamine: O—O-—0: 75 nmoles of f- phenyluth\ld-
mine: @—@-—-@®: 75 nmoles of benzylamine: H—M--1
no additional monoamine.
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10 mM) 30-35 per cent of the activity towards the
B-[*C]phenylethylamine remained.

Inhibition of monoamine oxidase activity by clorgy-
line and deprenil. As can be scen in Figs. 3 and 3
the activity towards serotonin in the mitochondrial
preparation was inhibited by low concentrations of
clorgyline and only by high concentrations of
deprenil. while the opposite result was obtained with
B-phenvlethylamine as substrate. With tyramine as
substrate about half of the activity was sensitive to
clorgyline and half to deprenil. Those results are in
full agreement with previous findings [2, 3.9].

Substrate specificity of the ~4 form’. To study the
substrate specificity of the "A form’ separately. the "B
form’ of monoamine oxidasc was sclectively inhibited
by deprenil lcaving 56 per cent of the activity towards
serotonin, 20 per cent towards tyramine and 4 per
cent towards fi-phenylethylamine (Table 1). When the
remaining activity was subsequently inhibited by in-
creasing concentrations of the *A form’ inhibitor clor-
gvline, almost all of the activity towards serotonin.
tyramine and fi-phenylethylamine was found to be in-
hibited by low concentrations of clorgyvline (Fig. 3),
indicating that all these substrates now had been oxi-
dized only by the "A form’ of the ¢nzyme.

The deprenil inhibited preparation was also used
to study the type of inhibition of the ‘A form’ of
monoamine oxidasc by additional unlabelled mono-
amines with ['*(serotonin as substrate (Fig. 4). The
K,, value was found to be higher in the presence of
every one of the additional monoamines. while
significant change in the maximum velocity was
obtained. indicating a competitive type of inhibition
by both the substrates classified for the "A’ and the
‘B form’.

Substrate specificity of the "B forn’. When the
form™ of monoamine oxidase in the mitochondrial
preparation was inhibited by clorgyline to study "A
form™ activity sclectively. 94 per cent of the activity
towards f-phenylethylamine. S5 per cent towards tyr-
amine and 2 per cent of the activity towards serotonin
remained (Table 1). The enzyme preparation thus in-
hibited by clorgyline was then inhibited by increasing
concentrations of deprenil. As shown in Fig. § almost
all of the activity in this preparation was highly sensi-
tive to deprenil, irrespective of the substrate used. in-

Table I. Per cent of monoamine oxidase activity remain-
ing after inhibition of rat liver mitochondria by clorgvline
and deprenil

Deprenil inhibited Clorgyline inhibited

Substrate mitochondria* mitochondria*
Serotonin 56 2
Tyramine 20 55
f-phenylethylamine 4 94

* Rat liver mitochondria (33 mg protein) were preincu-
bated in the presence of 5 nmoles of deprenil and 5 nmoles
of clorgyline. separately, in a total volume of 1.0 ml at
25" for 20 min. After preincubation the monoamine oxi-
dase activity was cstimated in aliquots. The rest of the
samples were then chilled and used in the experiment de-
scribed in Figs. 3 and 5§ within 10 min. At this time no
further reduction of the activity was found.
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dicating oxidation of "A form’ substrates by the B
form™ of the enzyvme.

The type of inhibition by additional monoamines
was also studied in the clorgyline mhibited mitochon-
drial preparation with S-['*Cphenylethylamine as
substrate (Fig. 6). Nonc of the additional monoamines
changed the maximum veloeity. whercas the K, value
icreased. Thus, the "B form™ activity was also inhi-
bited i a competinve fashion.

Determination of K, rafues. The K, values for unin-
hibited 'A” and "B form’). clorgyvhine-inhibited (B
form™ and deprenil-inhibited A form’y mitochondrial
monoamine oxidase were caleulated from Linewea-
ver Burk plots and are shown in Table 2. Compared
to the "B form™ of the enzvmie. the "A form’ had a
much lower K, for serotonin. considerably higher K,
for fi-phenviethvlamine and about half the K, value
for tyrumine. In the uninhibited preparation com-
paratively tow K, vitlues were obtained both for scro-
tonin and fi-phenylethy lamine. whereas with tyramine
the A, value was Tound to be in betweeen those of
the "A™ and the "B form’,

DISCUSSION

Fvidence has recently been presented that the two
forms of monoamine oxidase are also able to bind
monoamines which are substrates for the other form
ol the enzyme [4. 3] To compare the aflinities of the
two forms towurds different substrates, the mono-
amine oxidase activity in rat lver mitochondria
towards serotonin and fi-phenylethylamine was esti-

Yo

Monoamine oxidase achivity,

Concertration of deprenil, -iog M

Fig. 5. Deprenil inhibition of monoamine oxidase activity
in uninhibited and clorgsline inhibited rat liver mitochon-
drict. The clorgyline inhibited mitochondria were obtained
from the experiment deseribed in Table 1. Samples of the
uninhibited and deprenil inhibited rat Byver mitochondria
were then incubated in the presence of various coneen-
trations of deprentl at 23 for 20 min prior to the estima-

tion of monoamine  oxidase activity. The  activity s

expressed as per cent ol the activity in the absence of

deprentl. = » o« uninhibited mitochondria with ser-
otonin as substrate: - P = 1 clorgyline mhibited
mitochondria with  serotonin: 2 umnhibited
mitochondria with tvramme: A O clorgyline
inhibited mitochondria with wwramine: © O C: un-
mhibited mitochondria with [-phenylethylamine:
@] & O: clorgviine inhibited mitochondria with

fi-phenviethylamine.
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Fig. 6. Inhibition by additional monoamines of fi-phenyi-
cthylamine oxidation of clorgyline inhibited  rat liver
monoamine oxidase. Lincweaver Burk plot ol imtial vel-
ocity of f-phenyvlethylamine oxidation against fi-phenyleth-
viamine concentration in the presence of fised concen-
trations of additionat unlabelled monoamines. Rat Tiver
mitochondria were preincubated i the presence of clorgy-
line as deseribed in Table 1. The monoamine oxidise acti-
vity in samiples of the clorgyline inhibited mitochondrial
preparation was estimated with various concentrations ot
A7 CIphenylethylamine as substrate i the presence ol
additional unlabelled  monoammes. Additional - mono-
amines: ¥« 0 375 pmoles of serotonin: ' :
150 nmoles of norepinephrine: 2 IS nmoles ol
tramine: A A A 23 nmoles of npumine: @ @ @
30 nmoles of benalamine: B B W no additional
maenoamine.

mated in the presence of various concentrations of
other monoamines. As can be seen in Figo 1 all sub-
strates investigated (ic. substrates for both the "A™ and
the B form™ of monoamine oxidase) were able to in-
hibit the activity towards scrotonin (the “A form’ acti-
Vity) 1o about the same extent. Thus the A forny’
doces not appear to have a high preference for the
substrates which are mamly oxidized by this form
(serotonin and norepinephrine).

Table 2. K, values for monoamine oxidase i uninhibited.

deprenil  inhibited  and  dorgyline inhibited  rat hiver
mitochondria®

Deprenil Clorgyime

Uninhibited inhthited inhihited

mito- mito- mito-

chondria chondria chondria

Substrate (M) (1M (M)
Scrotonin 60 62 230
Tyrumine NN 7 2
fi-phenyl- 14 62 1

cthylamine

* Rat liver mitochondria were preincubated by deprenil
and clorgyline as deseribed in Table 10 The monoamine
oxidase activity in samples of the deprenil inhibited and
the clorgyline inhibited prepuration was then estimated
with various concentrations of labelled substrates. The K,
values were obtained from Lineweaver Burk plots.



Substrate specificity of monoamine oxidase

All of the monoamines investigated also inhibited
the activity towards f-phenylethylamine. but the
degree of inhibition differed considerably between the
monoamings (Fig. 2). Thus, the substrates which arc
mainly oxidized by the “A form® of monoamine oxi-
dase inhibited the activity towards f-phenylethyla-
mine significantly less than those which are sub-
strates for the "B form™ or for both forms of the
enzyme. Even at two hundred times the concentration
of fi-phenylethylamine norepinephrine and serotonin
did not abolish this activity, but it seems likely. with
respect to the shape of the curves. that the activity
would have approached zero il the concentrations of
these amines were further increased.

In order to study the kinctics of the "A form’ of
monoaminc oxidase separately. the "B form™ of the
enzyme was inhibited by deprenil. All of the mono-
amines investigated inhibited the activity towards ser-
otonin in this preparation in a competitive fashion
(Fig. 4). This result contrasts. in part. to the findings
of Houslay and Tipton [4] who found that benzyl-
aminc inhibited the activity towards serotonin in a
mixed fashion in uninhibited rat liver mitochondria.

When the ‘B form’ of monoamine oxidase was stud-
ied after inhibition of the A form™ by clorgyline, all
the monoamines investigated competitively inhibited
the activity towards fi-phenylethylamine (Fig. 6). This
is in agreement with the results of Houslay and Tip-
ton [4] when they inhibited the activity towards
benzylamine by serotonin.

To investigate whether or not the "A form™ of
monoaminc oxidase also has some catalytic activity
towards the inhibiting monoamines. the residual acti-
vity towards fi-phenylethylamine (4 per cent) and tyr-
amine (20 per cent) in the deprenil inhibited prep-
aration was inhibited by various concentrations of
clorgyline (Fig. 3). Contrary to the finding in the unin-
hibited preparation. all the residual activity was sensi-
tive to clorgyline. According to the postulation that
the “A form’ of monoamine oxidase is highly sensitive
to clorgyline only the A form’ remained. The "A lorm’
thus is also able to oxidize fi-phenylethylamine. which
is usually classified as a "B form’ substrate. It scems
likely that this oxidation should also occur to some
cxtent in uninhibited mitochondria. but, the propor-
tion of f-phenylethylumine oxidized by that form
seems to be too small to be recorded. The finding
that all of the activity towards tyramine was sensitive
to clorgyline in the deprenil inhibited preparation is
also compatible with the explanation that the *B form’
alone was responsible for the oxidation of tyramine
in this preparation,

When the mitochondrial preparation was  pre-
treated with clorgyline. almost all of the residual acti-
Vity towards serotonin (2 per cent) and tyramine (55
per cent) was sensitive to deprenil (Fig. 5). indicating
that almost only the "B form’ of monoamine oxidasc
remained and that the *B form™ was also able to cata-
lyze the oxidation of serotonin.

Thus. it seems probable that both the "A” and the
‘B form” of monoamine oxidase is able to oxidize a
varicty of monoamines. but that some of them are
predominantly oxidized by one or the other form of
the enzyme. However. the proportion of a particular
substrate oxidized by the ‘A form™ to that oxidized
by the "B form™ may vary from tissue to tissue. Thus,
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in pig liver mitochondria. in contrast to most other
tissues. there is evidence that serotonin is oxidized
by both forms of the enzyme to about the same extent
[10]. This may be due to differences between the
ratios of the two forms or to different catalytic activi-
ties of the enzyme in different tissues.

The K,, values for both serotonin and f-phenyleth-
ylamine differed considerably between the two forms
of monoamine oxidase in rat liver mitochondria
(Table 2). which at least partly explains why scrotonin
and fi-phenylethylamine are mainly oxidized by differ-
ent forms of the enzyme in that tissuc. The finding
that the K,, values for both serotonin and fi-phenyl-
cthylamine in uninhibited mitochondria arc com-
paratively low is also compatible with the postulation
that scrotonin is mainly oxidized by the "A form® and
fi-phenylethylamine by the "B form’ of monoamine
oxidase in uninhibited rat liver mitochondria. Tt may
be noted. however. that the activity towards serotonin
was cstimated at a concentration below the K, for
the 'B form™ of the enzyme, and it is possible that
the proportion of scrotonin oxidized by the *B form’
of the enzyme had been greater. if the activity towards
serotonin had been estimated at a higher concen-
tration.

A comparatively small difference between the K,
values of the two forms was obtained for tyramine
and the K, value in the uninhibited preparation was
in between those of the *A” and the "B form’ (Table
2). These findings arc in agreement with the assump-
tion that this substrate is oxidized by both forms of
the enzyme to about the same extent in uninhibited
rat liver mitochondria. (Figs. 3 and 3).

The finding that the “A form® of the enzvme has
about the same affinity for all substrates investigated
and that the "B form™ has a higher affinity for the
substrates without a p-hydroxyl group (i.c. fi-phenyl-
cthylamine benzylamine and tryptamine) may be
compatible with the hypothesis of Severina [11], who
proposcd that the active site has both a hydrophobic
and a polar region, that participate to varying degrees
in the binding of different amines. In the binding of
substrates without a p-hydrozyl group to both the
‘A" and the "B form’ of the enzyme only the hydro-
phobic region of the active sitc may be involved. On
the other hand. in the binding of substrates with a
p-hydroxyl group (i.c. serotonin. norepinephrine and
tyramine) to the "B form’ of the enzyme repulsive
forces may act on the p-hydroxyl group. while these
forces may not be present when these substrates bind
to the "A form’ of the enzyme.
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