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SUMMARY

SaLAcH, J. I, K. DETMER, AND M. B. H. YoubpiMm: The reaction of bovine and rat
liver monamine oxidase with [**C]-clorgyline and [**C]-deprenyl. Mol. Pharmacol.
16, 234-241 (1979).

Highly purified monoamine oxidase from beef and rat liver has been compared with|
regard to the presence of A and B type enzymes. The beef enzyme oxidizes B and A-B
type substrates rapidly and A type substrates slowly in both membrane and soluble
preparations. Deprenyl, a selective inhibitor of the B type enzyme, inhibits it at very low
concentrations and the I for inhibition is about the same with A, B, and A-B type
substrates. Clorgyline, a selective inhibitor of the A type enzyme, inhibits only at high
concentrations, and the I5, value is again independent of the substrate used. This shows
that only the B type enzyme occurs in beef liver. Rat liver, in contrast, contains both A
and B type of monoamine oxidase. Deprenyl inhibits the oxidation of B substrates at low
concentrations, and clorgyline inhibits oxidation of A substrates at low concentrations,
while biphasic inhibition is seen with A-B substrates upon titration with either inhibitor.
Deprenyl and pargyline are stoichiometrically bound to the beef and rat liver enzymes,
but clorgyline is bound to the beef enzyme in amounts in considerable stoichiometric
excess indicating nonspecific binding. The enzyme from both sources binds these acety-
lenic suicide inhibitors at N-5 of the covalently bound flavin in a flavocyanine linkage. No
conversion of the A to the B type of enzyme on extraction of the enzyme from the
membrane and removal of lipids has been noted.

INTRODUCTION

Mitochondrial monoamine oxidase prep-
arations from many tissues contain multi-
ple bands on polyacrylamide gel electro-
phoresis which have been considered to be
isoenzymes (1). There is also a considerable
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body of evidence for the existence in some
tissues of two forms of MAO? differing in
substrate specificity and sensitivity to in-
hibitors. One form, which has been called
A, is extensively inhibited by clorgyline (2),
is relatively insensitive to deprenyl (3), and
is highly active on serotonin and norepi-
nephrine, while the other, the B form, is
sensitive to deprenyl, relatively resistant to

“The abbreviations used are: MAO, monoamine
oxidase.
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clorgyline, and oxidizes phenylethylamine
and benzylamine rapidly. MAO prepara-
tions which are thought to contain both A
and B forms give biphasic titration curves
with clorgyline and deprenyl (4).

There seems to be little agreement, how-
ever, concerning the physicochemical basis
of the different substrate and inhibitor
specificities of the two types of MAO.
McCauley and Racker (5), while cautioning
that such differences are an insufficient
basis to conclude that two forms of the
enzyme exist, concluded that two distinct
forms of the enzyme occur in bovine brain,
since they appeared to be physically sepa-
rable by immunoprecipitation. Gomes et al.
.(6), on the other hand, found that two MAO
components may be isolated from beef liver
which differ in apparent molecular weight
but not in substrate specificity. These au-
thors suggested, therefore, that the multi-
ple forms may be aggregates of the same
enzyme. Tipton (4) proposed that the dif-
ferences between the A and B forms may
be a function of the lipid material attached,
because harsh treatment of a rat liver mem-
brane preparation with detergents or chao-
tropic agents abolishes the biphasic titra-
tion curves. This view is not supported by
the findings of Ekstedt and Oreland (7),
since complete delipidation of rat liver mi-
tochondria leads to inactivation of the A
type enzyme, without any evidence of con-
version to the B type.

One reason that it has been difficult to
arrive at a consensus in this field is that
different species and different tissues have
been used in the various laboratories. There
is evidence that while in one organ of a
given species only the B form exits, another
appears to contain both the A and B forms
(8). Moreover, as documented below, liver
mitochondria from two mammalian species
show a similar divergence.

"'The availability of a rapid and relatively
mild procedure for isolating the bulk of
MAUO activity from beef liver and of a chem-
ical procedure, based on analysis for cystei-
nyl flavin, for measuring MAO content re-
gardless of the form or degree of inactiva-
tion of the enzyme (8) prompted the present
investigation. One of our aims was to com-
pare, under essentially identical conditions,
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the inhibitory effects and binding of clor-
gyline and deprenyl in rat and bovine liver
preparations. Another aim of this study was
to confirm our expectation that, as pro-
posed by Knoll (9), the two acetylenic “su-
icide inhibitors,” clorgyline and deprenyl,
form the same flavocyanine adduct with N-
5 of the cysteinyl flavin active site of MAO,
as that formed during inactivation of the
enzyme with N, N-dimethylpropynylamine
(10).
MATERIALS AND METHODS

Materials. Dopamine, tryptamine, tyra-
mine, phenylethylamine, and L-norepi-
nephrine as the hydrochlorides, kynura-
mine hydrobromide, 5-hydroxytryptamine
creatinine sulfate, NAD"*, benzylamine, and
L-epinephrine were obtained from Sigma
Chemical Co. Benzylamine was stabilized
and benzaldehyde present removed by crys-
tallization from ethanol as the hydro-
chloride. Sephadex G-200 and G-50, fine,
were from Pharmacia Fine Chemicals,
and [2-'C]-5-hydroxytryptamine creati-
nine sulfate from California Bionuclear
Corp., [1-'*C]-5-hydroxytryptamine creati-
nine sulfate was obtained from Amersham,
[1-C]-phenylethylamine, and [1-**C]-do-
pamine from New England Nuclear, U. S.
A.

Clorgyline, unlabelled and ['*C]-labelled
in the ring (3.80 mCi/mmole), were gener-
ously supplied by May and Baker, Ltd.,
Essex, Great Britain; unlabelled, as well as
[*C]-labelled, deprenyl (2.46 mCi/mmole)
were the gifts of Prof. J. Knoll and Dr. K.
Magyar, Budapest, Hungary, and [7-'*C]-
pargyline of Dr. R. L. Sonders, Abbott Lab-
oratories, North Chicago, Ill.

Enzyme preparations. Outer membranes
from beef liver (11) and highly purified,
soluble MAO from the same source (8) were
prepared as previously described. Aldehyde
dehydrogenase was isolated by a combina-
tion of published procedures, as detailed
elsewhere.’

Soluble MAO from rat liver was ex-
tracted from mitochondria obtained from 1
kg of fresh liver (12) by sonic oscillation

3 Salach, J. 1. (1979) Monoamine oxidase from beef
liver mitochondria: simplified isolation procedure,
properties, and determination of its cysteinyl flavin
content. Arch. Biochem. Biophys. 192, 128-137.
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and treatment with Triton X-100 (1.5%, v/
v), as previously described (13). The ex-
tracted enzyme was precipitated with solid
ammonium sulfate (30 to 60% saturation at
4°) at pH 7.4 and further purified by chro-
matography on DEAE-cellulose, Sephadex
G-200, and finally on a hydroxylapatite col-
umn. The specific activity of the enzyme by
the spectrophotometric kynuramine assay
(cf. below) was 5870 units.

Estimation of MAO activity. During iso-
lation of the enzyme, MAO oxidase activity
was followed by adaptations of the spectro-
photometric method of Tabor et al. (14),
using benzylamine as substrate in the case
of the beef liver enzyme, as described (8)
and kynuramine with the rat liver enzyme.
To be consistent with previous reports on
the enzyme from these two sources, the
specific ac:ivity of the beef liver enzyme is
expressed as umoles substrate oxidized per
min per mg of protein, while that of the rat
liver enzyme denotes units (0.001 A change
at 316 nm) per min per mg. In the experi-
ments presented below MAO activity was
assayed either radiochemically (15, 16) or
by following the reduction of NAD™ in the
presence of aldehyde dehydrogenase (17),
as specified in the legends of tables and
figures.

Titration with inhibitors. Soluble en-
zyme, from beef liver, (0.47 mg, specific
activity = 1.4 umole per min-mg) was in-
cubated for 30 min at 37° in small test tubes
containing 10 mM Tris, 30 mMm glycine, pH
8.2 at 23°, and the desired concentration of
inactivator in 0.5 ml final volume. Following
incubation, tubes were chilled to 0° and the
remaining activity was measured using the
coupled assay with liver aldehyde dehydro-
genase (17). All substrates were 3.3 mM in
the assay.

Beef liver mitochondrial outer mem-
brane (3.6 mg, specific activity = 0.095
umole/min-mg) in 50 mM NaP;, pH 7.2, was
incubated with inactivator and activity re-
maining following incubation was measured
as for the soluble enzyme, except that the
oxidation of 5-hydroxytryptamine was fol-
lowed by the radioisotope assay, and that
the benzylamine was followed by the spec-
trophotometric assay. Both substrates were
1 mM. Activity on dopamine, tryptamine
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and tyramine (3.3 mM) was measured with
the coupled assay.

The purified enzyme from rat liver (0.18
mg, specific activity = 5875 and 5600 units/
mg in the spectrophotometric kynuramine
assay) was incubated in a series of tubes
containing 50 mM P; buffer, pH 7.4, and the
desired concentration of inhibitor in 0.5 ml
total volume for 60 min at 25°. Residual
enzyme activity was then measured using
the radioisotope assay.

Binding studies. Equilibrium binding of
[“C]-labelled pargyline and of [**C]-la-
belled clorgyline to soluble beef liver MAO
was studied using the method of Penefsky
(18). After incubation with the inhibitor,
100 pl aliquots of the enzyme were centri-
fuged at room temperature through a Seph-
adex G-50 (fine) bed, equilibrated with 50
mMm Na P;, pH 7.2 at 30°, and packed in 1
ml disposable syringes, as described. Fol-
lowing centrifugation, a 100 ul aliquot of
buffer was centrifuged through the bed as
a wash. This wash permitted recovery of
85-90% of the protein applied to the gel. No
radiolabel was found to be eluted by this
wash procedure in control experiments us-
ing [*C]-pargyline or ['*C]-clorgyline alone.
In order to obtain sufficient amounts of
enzyme for measurement of activity in the
spectrophotometric assay with benzyla-|
mine, and to determine the extent of radi-
olabel binding as well, the enzyme eluted
from four such columns was pooled for each
sample. To correct for variability in protein
recovery in each sample pool, proteins were
determined by the Lowry method (19) and
data were corrected to a constant value.

Binding of [*“C]-deprenyl to the purified
soluble MAO of rat liver was measured by
inhibiting the enzyme (0.28 mg) with vary-
ing concentrations of deprenyl exactly as in
the titration experiment. Perchloric acid,
6% (v/v), 1 ml, was added to each tube
following incubation with the inhibitor and
the precipitate obtained following centrif-
ugation at 4000 X g for 10 min was washed
by suspending it in 1% (w/v) trichloroacetic
acid and centrifuging as before. The washed
precipitate was dissolved in 1 ml of 1 N
NaOH and the radioisotope content deter-
mined.

Other methods. Cysteinyl flavin content,



chemical measure of the concentration of
e enzyme, was determined fluorometri-
y as described elsewhere.’ Protein was
easured by either the biuret reaction (20)
r by the method of Lowry (19). Following
e inactivation of soluble MAO with clor-
line or deprenyl, the flavin peptide-inhib-
tor adducts were isolated and their spectra
orded as in previous work (10).

RESULTS

Inhibition of beef liver MAO by clorgy-
ine and deprenyl. The effect of varying
oncentrations of clorgyline and deprenyl
n the oxidation of A type, B type, and A-
type substrates by outer membranes and
ified MAO of beef liver are shown in
ig. 1. Regardless of the type of substrate
ing oxidized, the activity was inhibited
y very low concentrations of deprenyl (Is
or soluble preparations = ~10~° M, for
uter membranes ~3 to 4 X 107 M) while
orgyline inhibited the enzyme only at very
uch higher concentrations. No indication
f a biphasic titration curve was noted with
be A-B type substrates.

Binding of clorgyline and pargyline to

58766543

-log [INHIBITOR] (M)
F1G. 1. Inhibition by clorgyline (open figures) and
renyl (solid figures) of soluble beef liver MAO (A)
of beef liver outer mitochondrial membrane frag-
nts (B)

O, @ benzylamine; (], B dopamine; A, A 5-hydrox-
rtryptamine. Activity remaining after incubation with
ibitor was measured using the coupled assay with
e soluble enzyme; all substrates were 3.3 mM. In
itrations of outer membrane fragments the activity
maining was measured with 1 mm [2-'*C]-5-hydrox-
Itryptamine in the radioisotope assay, with 1 mm
penzylamine in the spectrophotometric assay, and

Fith 3.3 mM dopamine in the coupled assay.
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beef liver MAO. Pargyline, an acetylenic
suicide inhibitor, relatively specific for B
type MAO (21), was bound to the highly
purified beef liver enzyme stoichiometri-
cally, with parallel loss of activity (Fig. 2),
as expected from previous work on the kid-
ney enzyme (22) and from the nature of the
adduct formed between the beef liver en-
zyme and the acetylenic suicide inhibitors
(10). In contrast, clorgyline, although a su-
icide inhibitor of MAQO of the acetylenic
type, was bound in substantial excess of the
stoichiometric amount of enzyme, and
binding of the labelled inhibitor did not
parallel the loss of catalytic activity (Fig.
3). These binding ratios were confirmed by
direct comparison of the content of bound
radioactive inhibitor and cysteinyl flavin in
the flavin peptide fractions obtained after
proteolysis of the inhibited enzyme. In one
experiment 2.8 mg of enzyme, containing
20.4 nmoles of cysteinyl flavin, was in-
hibited with an excess of ['*C]-pargyline,
precipitated, extensively washed with tri-
chloroacetic acid to remove unreacted par-
gyline, and digested with trypsin chymo-
trypsin (8). The deproteinized digest con-
tained 20.4 nmoles of radioactivity. In the
companion experiment 21.8 nmoles soluble

<|4

2\

19

xsob 45-0§
%60- -oegg

-os§
§ 4ot W
s -04%§
§ 20fF -ozgt

C 1 1 1 &

F1G. 2. Inactivation and pargyline binding to beef
liver MAO

Purified soluble enzyme (0.88 mg, specific activity
= 3.4 pmoles/min-mg, cysteinyl flavin content = 7.3
nmoles/mg) was incubated with ['‘C]-pargyline (1.12
uCi/umole) in 50 mmM phosphate, pH 7.2 for 5 min at
30°. The inhibitor concentratidn ranged from 0.6 um
to 30 uM. The reaction mixture was cooled to 0°,
aliquots of 100 ul were removed and rapidly centri-
fuged through a micro-column of Sephadex G-50, fine
(see METHODS). O activity on 3.3 mM benzylamine in
the spectrophotometric assay; @ moles inhibitor
bound per mole of enzyme.
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nMOLES CLORGYLINE ADOED
PER nMOLE ENZYME

0 0

F1G. 3. Loss of enzyme activity and binding of
["C]-clorgyline to soluble beef liver MAO

Conditions were as in Fig. 4, except that the protein
concentration was 0.94 mg/ml and ['‘C]-clorgyline
(0.85 uCi/umole) concentration ranged from 3.3 uM to
330 uM. Activity was measured spectrophotometri-
cally. O residual activity; @ ['“C]-clorgyline bound.

enzyme, based on cysteinyl flavin content,
were incubated with [**C]-clorgyline until
inhibition was complete. The preparation
was then precipitated and digested as
above. The digest contained 116 nmoles of
radioactivity, or a 5.3-fold excess over the
quantity of MAO used.

Inhibition of rat liver MAO by deprenyl
and clorgyline. Figure 4A shows the titra-
tion of purified rat liver MAO with de-
prenyl. The differences from the behavior
of the beef liver enzyme (Fig. 1) are obvious.
First, the apparent I, value depends on the
type of substrate used: it is very low (I5 =
0.2 uM) when phenylethylamine, a B type
substrate is tested; two orders of magnitude
higher (Is0 = 30 um) when 5-hydroxytrypt-
amine, an A type substrate, is used; and
with kynuramine, an A-B substrate, the I5,
is 1.25 uM (25). Second, with dopamine, also
an A-B substrate, the inhibition curve is
biphasic showing two I, values, one at 1078
M and another at 25 uM. All this is consist-
ent with the conclusion that purified MAO
from rat liver acts as if it contained both
the A and B type of enzyme. Figure 4B
shows similar titrations with clorgyline.
While the pattern is very similar to that of
Fig. 4A, the relationships of inhibitor sen-
sitivity and substrate are reversed, the I
is very low (0.4 um) when 5-hydroxytrypt-
amine is used, two orders of magnitude
higher (Isp = 30 uMm) when phenylethyla-
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mine is the substrate, and a biphasic titras
tion curve results when dopamine is the
substrate with I5 values of 0.2 umM and 2§

M.

Binding of deprenyl to rat liver MAO,
Figure 5 shows the binding curve of de
prenyl to the purified rat liver enzyme. A{
the point where binding levels off, all activ
ity on phenylethylamine is abolished, bu
nearly 90% of the activity on 5-hydroxy
tryptamine, the A-specific substrate,
mains. One of us has reported elsewhe
(24) that when this preparation is incuba
with an excess of deprenyl and unrea
inhibitor is removed by gel filtration, nearl,
a stoichiometric amount of deprenyl (~1.
mole/mole of flavin) remains bound to th
enzyme. This seems to imply that, despi
the presence of both A and B types of MA'
activity in rat liver preparations and onl
of the B type in beef liver, in both cases on
mole of deprenyl is bound per mole of en|

zyme.

Structure of the adduct formed with clor
gyline and deprenyl. Although the majorit}
of studies on the action of acetylenic suicidd

100~

i N
9 8 7 6 5 4 3 2
-log [INHIBITOR] (M)

F1G. 4. Effect of deprenyl (A) and clorgyline (§
inhibition of rat liver MAO on the oxidation of biq
genic amines

Experimental conditions are as described in
ops. Specific activity of the enzyme was 5875 uni
mg (A) and 5600 units/mg (B) in the spectropho
metric assay with kynuramine. Following ina
vation residual enzyme activity was de! i
with [1-“C]-phenylethylamine, O—O; [1- "C]-5-h
droxytryptamine, X——x; and [1-"C]-do
o—o0.
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nhibitors on MAO have been conducted
vith pargyline, clorgyline, and deprenyl,
he structure of the adduct formed with the
mnzyme has not been elucidated in any of
hese cases. It has been shown, however,
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F1G6. 6. Loss of enzyme activity and binding of
"MC]-deprenyl to rat liver MAO

Titration and binding estimation were performed
i8 described in METHODS. Activity in the radioisotope
msay with [-1'“C]-phenylethylamine, @—@®, and
rith [1-'*C]-5-hydroxytryptamine, X——X binding of
“C]-deprenyl, O—O.

-0

600
WAVELENGTH (nm)
F16. 6. Spectra of the flavin peptides obtained
rom liver MAO after inactivation by clorgyline and
renyl :
Highly purified MAO from beef liver (14.3 mg) in
mM phosphate, pH 7.2, was incubated with 1 umole
unlabelled deprenyl or an excess of [ *C]-clorgyline
3.7 umoles) for 10 min at 37°. Inhibition of deprenyl
complete in 10 min; inhibition by clorgyline
ed 98% at 40 min. After precipitation with an
volume of 10% (w/v) trichloroacetic acid, both
ion mixtures were digested and the flavin peptide
ucts isolated as in previous work (10). Solid line,
line adduct; dashed line, deprenyl adduct.
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that a closely related acetylenic amine,
N,N-dimethylpropargylamine forms a fla-
vocyanine adduct with the cysteinyl flavin
component of the enzyme (10). It was pre-
dicted that clorgyline and deprenyl would
form analogous flavocyanines on inactiva-
tion of the enzyme (9). A simple test of this
prediction was to isolate the flavin peptide-
inhibitor adduct and measure its absorption
spectrum. Flavocyanines are readily recog-
nized by a prominent absorption peak at
380-390 nm with a very high extinction
coefficient (esz = ~34,000) (10).

Figure 6 shows the absorption spectra of
the flavin peptides isolated from beef liver
MAQO inactivated by clorgyline and by de-
prenyl. The spectra are typical of flavocy-
anines.

Rat liver MAO inactivated with deprenyl
shows similar evidence (23, 25). Although
the maximum appears to be at a somewhat
higher wavelength in this case (405 nm),
there seems to be little doubt that the struc-
ture is a flavocyanine in this instance also.

DISCUSSION

The results of the titration of the soluble
and membrane-bound enzyme of beef liver
are characteristic of the “B” type of MAO.
It may also be seen that no qualitative
difference was observed in the inhibition
curves in outer membranes and in soluble
preparations (cf. parts A and B in Fig. 1).
On the other hand, deprenyl regularly gave
a lower I value in membranes than with
the purified soluble enzyme, but the reverse
was true of clorgyline. The probable expla-
nation is as follows. Deprenyl is a stoichio-
metric inhibitor binding only at one site (cf.
below). Since the amount of MAO present
in the outer membrane samples used for
assay was considerably less than that pres-
ent in the purified enzyme samples, it took
less deprenyl to saturate the binding site in
membranes. Contrariwise, as documented
here, clorgyline binding is not stoichiomet-
ric with the enzyme; in other words, spu-
rious binding sites unrelated to the inhibi-
tion of MAO exist in outer membranes.
Hence, the much higher concentrations of
impurities in outer membrane preparations
are apt to reduce the effective concentra-
tion of clorgyline available for binding at
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the flavin site, leadmg to seemingly higher
I, values than in highly purified samples.
This pattern was confirmed with the other
substrates, not shown, which included epi-
nephrine, tyramine, phenylethylamine,
norepinephrine, tryptamine, and kynura-
mine in the case of the soluble enzyme and
tyramine and tryptamine for the outer
membranes.

These data further show that the marked
quantitative and qualitative alteration of
lipids involved in the preparation of the
soluble enzyme do not evoke major changes
in the sensitivity of the enzyme to deprenyl
or clorgyline except as already noted;
hence, lipid seems to play no significant
role in the B type behavior of this enzyme
preparation.

However, removal of the enzyme from
the membrane does alter its response to
very low concentration (107°-107% M) of in-
hibitors.

The titrations of the outer membrane
with the substrates benzylamine and 5-hy-
droxytryptamine showed 5-10% enzyme ac-
tivation in the low inhibitor concentration
range (Fig. 1B) but in the coupled assay of
outer membranes with dopamine (Fig. 1B)
and with tryptamine and tyramine (not
shown) 10-15% inhibition was seen. This is
believed to result from perturbation of the
membrane by inhibitors rendering the
membrane-bound MAO more exposed to
the buffer and substrate. In the benzyla-
mine and 5-hydroxytryptamine assays, all
incubations were done in non-inhibiting
phosphate buffers and activation resulted,
while dopamine, tryptamine and tyramine
assays were all done in tris/glycine buffer
which is weakly inhibiting.

The experiments described leave little
doubt that the beef liver enzyme is of the B
type. This conclusion is confirmed by the
substrate specificity of the enzyme (Table
1). It is clear that B type substrates are
oxidized most rapidly. The fact that some
A type substrates are also oxidized at meas-
urable rates does not contradict the above
conclusion but suggests that the distinction
between A and B substrates is not absolute
but is a matter of rates. With the exception
of tryamine, the relative rates of substrate
oxidation did not alter markedly upon sol-
ubilization (Table 1). As almost nothing is
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TasBLE 1
Relative rates of oxidation of substrates by MAO
from bovine liver
Coupled assay with aldehyde dehydrogenase. Sub-
strates were present at 3.3 mM concentration.

Substrate Type Relative rate
Solu- Outer
ble mem-
en- brane
zyme
Benzylamine B 100 100
Tyramine Aand B 80 54
Tryptamine Aand B 45 32
2-Phenylethylamine B 45
Dopamine Aand B 44 43
5-Hydroxytryptamine A 19
Epinephrine A 9
Norepinephrine A 6

known about the alteration of the catalytic
properties of MAO upon solubilization, the
significance of the increased rate of tyra-
mine oxidation remains obscure.

From the work reported here it is appar-
ent that the differences in the behavior oﬂ
MAO from rat and beef liver are not arti-
facts, but reflect a genuine biological diver-
gence since the comparison of inhibitor re-
sponse was performed under nearly identi-
cal conditions with the enzyme prepara-
tions from the two species. The results also
confirm the expectatlon that the same M
of flavocyanine adduct is formed with clor-
gyline and deprenyl as with the model com-
pound N,N-dimethylpropynylamine which
we had used earlier (10).

The results do not permit a decision
to whether the absence of the A type o
MAO from certain soluble preparations iso
lated by drastic procedures (4, 7) is th
consequence of selective removal of lipids
as suggested by Tipton, et al. (4) but denie
by Oreland (4, 7); to a change in the con
formation of the protein during purificatio:
by such methods (4); or to selective inacti
vation of the A form (7). All three possibil
ities remain viable alternatives, but, in o
opinion, compelling evidence for none o
them has been presented so far.
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