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INTRODUCTION

In a recent paper we reported that monoamine
oxidase (MAO) is localized on the outer mem-
brane of rat liver mitochondria . We concluded
that this enzymic activity could be used as a bio-
chemical marker to monitor the physical separa-
tion of the outer membrane (OM), from the inner
membrane plus matrix fraction (IMM), and from
components housed between the membranes (6) .
However, the use of MAO and rotenone-insensi-
tive DPNH cytochrome c reductase (RIDCR) as
markers for the outer membrane of rat liver mito-
chondria has been severely criticized by Green

et al . (2) . In contrast to other workers, (1, 3-6)
Green and co-workers assign enzymes of the citric
acid cycle (except succinate dehydrogenase) and
of fatty acid oxidation to sites on the outer mem-
brane and MAO to the inner membrane . Green
contends that, with regard to MAO localization,
estimations of MAO are incorrect (a) due to errors
in the spectrophotometric assay using benzylamine
as substrate and (b) due to the high level of alde-
hyde dehydrogenase (ADH) in the mitochondria .

The present paper should help to clarify this
controversy as it specifically relates to the use of
MAO as a marker for the OM of rat liver mito-
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chondria ; the data indicate that the objections
raised by Green et al . (2) are without validity. In
addition, data are presented which indicate that
the enzyme(s) oxidizing benzylamine, tyramine,
and serotonin is also associated with the OM frac-
tion of rat liver mitochondria, whereas the intra-
mitochondrial site of kynuramine oxidation is less
certain .

METHODS

Isolation of Mitochondria
Mitochondria were isolated from the livers of

adult male albino rats (250-350 g, Sprague-Dawley
strain) at 0 °C in a medium containing D-mannitol
(220 mm), sucrose (70 mm), HEPES (N-2-hydroxy-
ethyl piperazine-N'-2 ethanesulfonic acid) buffer
(2 mm) and 0.5 mg/ml crystalline bovine serum
albumin. The mitochondria were routinely washed
twice by resuspension in one-half and then in one-
fourth of the original volume of isolation medium
followed by centrifugation at 7000 g for 15 min.
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TABLE I

The final sediment was resuspended in isolation
medium to give 100 mg of mitochondrial protein/ml .

Digitonin Fractionation of Mitochondria
Digitonin treatment of the mitochondria and

fractionation by differential centrifugation were
performed as described (6) ; the modifications in
the digitonin concentrations are indicated in the
legends to the figures . In some experiments the
mitochondria were fractionated into only the OM
plus soluble fraction (9500 g supernatant) and the
IMM fraction (9500 g sediment) . In others the OM
was separated from the 9500 g supernatant by sedi-
mentation at 144,000 g for 1 hr after removal of a
fluffy layer which was sedimented at 40,000 g for 10
min. Fractionation was monitored both with electron
microscopy and by enzymic activities ; freshly iso-
lated mitochondria served as reference standards for
these procedures .

Biochemical Assays

Distribution of Aldehyde Dehydrogenase Activity in Submitochondrial Fractions and its Effect
on Monoamine Oxidase Activity

Aldehyde dehydrogenase (ADH) was measured
optimally in a medium containing Tris-HCl buffer,
pH 8.5

	

(0.05 M), NAD

	

(0.5 mm), benzaldehyde

* Arbitrary units .
$ ADH = Aldehyde dehydrogenase activity ; reaction medium contained Tris buffer,
pH 8.5 (0 .05 m), KCN (0.5 mm), NAD (0 .5 mm), benzaldehyde (0 .5 mm) ; NADH for-
mation measured at 340 mtA, 37°C.
§ MAO = Monoamine oxidase activity ; reaction medium contained phosphate buffer,
pH 7.6 (0 .05 M), benzylamine-HC1 (2 .5 X 10-3 M) ; benzaldehyde formation measured
at 250 mu, 37°C .
~~ Chloral hydrate and pargyline were added in final concentrations of 10-3 M and
5 X 10-6 M, respectively .
I N-Benzyl-N-methyl-2-proponylamine-HCI .
Mitochondria were fractionated as previously described (6), by treatment with 0.1
mg digitonin/mg protein followed by differential centrifugation for 10 min.

Fraction plus additions

Enzyme*

ADH$

activity

MAO§

Distribution

ADH

(% of total)

MAO

Inhibition

ADH

(% of total)

MAO

Mitochondria 155 136 100 100
-{- Chloral hydratell 31 133 80 2
" Pargyline~ - 0 - 100

IMM (9500 X g sediment) 135 44 87 32
-}- Chloral hydrate 21 44 84 0
-}- Pargyline - 0 - 100

OM -1- "soluble" (9500 X 26 102 16 75
g supernatant)
+ Pargyline - 0 100
Recovered activity 161 146 103 107
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(0.5 mm) ; NADH formation was followed at 340
m.s at 37 °C. Malate dehydrogenase (MDH) was
measured by the method of Ochoa (7) as described
previously . Monoamine oxidase (MAO) was meas-
ured by five different methods : (a) by the spectro-
photometric method of Tabor et al . (8) using benzyl-
amine as substrate ; (b) by isotopic methods, using
14C substrates : (i) serotonin- 14C or tyramine- 14C
by the method of Otsuki and Kobayashi (9) and
(ii) tyramine- 14C as assayed by McCaman et al .
(10) ; (c) by following the change in absorbancy at
360 miz using kynuramine as substrate as described
by Weissbach et al . (11) ; and (d) by measuring
oxygen uptake polarographically with a Clark oxygen
electrode according to the method of Creasey (12)
as modified by Tipton (13) .

Protein was determined according to the procedure
of Lowry et al. (14) or by the biuret method (15) .
Tyramine-l- 14C (p-hydroxyphenethylamine-1- 14C)

and serotonin-2- 14C (5-hydroxytryptamine-2- 14C)
were obtained from New England Nuclear Cor-
poration, Boston, Mass .

RESULTS

At a pH 7.6 (the optimal pH for MAO assay)
relatively little ADH activity was found in the
various mitochondrial fractions ; therefore, estima-

Each cuvette contained 0 .5 mg protein
and 0.2 mg Lubrol in 2 .0 ml phosphate
buffer, pH 7 .6 . The 9500 g sediment
was obtained from mitochondria
treated with 0.1 mg digitonin/mg
mitochondrial protein, so that both
MAO and ADH activities were in this
fraction . Separate assays showed that
31% of the monoamine oxidase activ-
ity, and 87% of the aldehyde dehy-
drogenase activity of unfractioned
mitochondria were present in the
9500 g sediment .

tions of ADH were made at pH 8 .5 . The distribu-
tion of ADH activity in the submitochondrial frac-
tions was compared with that of MAO . Mito-
chondria were treated with digitonin as previously
described (6), but only the IMM and the OM plus
soluble (9500 g supernatant) fractions were
studied . Treatment with this digitonin concentra-
tion provides a fraction containing both MAO and
ADH activities (see Table I) . In addition, the
effect of inhibitors specific for ADH (chloral
hydrate) and MAO (pargyline) were investigated .
If ADH interfered with the estimation of MAO,
the assay for MAO in the presence of chloral
hydrate should reflect the inhibition of ADH and
should provide a more accurate estimation of
MAO activity .

The data presented in Table I show, first, that
over 85% of the ADH was recovered in the IMM
fraction, whereas 75% of the MAO was found in
the OM + soluble fraction. Thus, the two en-
zymes are localized at different sites within the
mitochondria, the MAO being associated with the
OM and ADH with the IMM fraction . Secondly,
chloral hydrate (10-s M) inhibited ADH activity
in the untreated mitochondrial fraction and in the
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FIGURE 1 Effect of benzaldehyde on
oxidation of benzylamine . Monoamine
oxidase was assayed as
described (6) except that

previously
a double-
was used.beam spectrophotometer
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IMM fraction about equally (80%) . Also, the
concentration of chloral hydrate used showed no
effect on the MAO activity whatsoever, whereas
pargyline (5 X 10-s m) completely inhibited
MAO. These results suggest that the spectropho-
tometric assay for MAO was not influenced by
the presence of ADH in the system . Also a simple
reconstitution experiment was done in which IMM
(containing ADH activity) was added to OM
(MAO-containing fraction) . No change in the rate
of oxidation of benzylamine was detected .

Two experiments were used to check the possi-
bility that other enzymes other than ADH might
be interfering with the assay . Fig. I shows that the
addition of benzaldehyde directly to the standard
spectrophotometric assay of MAO caused no
change in absorbancy, indicating that conversion
of the aldehyde by the IMM fraction did not take
place. Furthermore, it can be seen that benzyl-
amine added to the reaction mixture already con-
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SPECIFIC ACTIVITIES

FIGURE 2 Effect of semicarbazide on monoamine oxidase activity . Measured polarographically using a
Clark oxygen electrode . Assays were made according to the method of Creasey (12) as modified by Tipton
(13) . Assay system contained : 200 moles K-phosphate buffer, pH 7 .0 ; 20 µmoles semicarbazide ; 2 µmoles
KCN; enzyme + water to give a total volume of 2.4 ml. Incubation was at room temperature ; after
equilibration, reaction was started by addition of 100 µl of 0 .2 m tyramine-HC1. Polarographic traces
compare the rates of oxidation of tyramine-HC1 by unfractionated mitochondria vs . the OM fraction in
the presence and absence of semicarbazide . Table insert shows specific monoamine oxidase activity of
various submitochondrial fractions : M = unfractionated mitochondria ; OM = outer membrane (144,000 g
sediment); IMM = inner membrane plus matrix (9500 g sediment) ; F = "fluffy" layer (40,000 g sediment)
and S = "soluble" fraction (144,000 g supernatant) .

taining added benzaldehyde was oxidized at the
same rate as in the absence of added benzaldehyde .

The traces in Fig. 2 were obtained using tyra-
mine-HC1 as substrate for MAO and oxidation
was measured by following oxygen utilization
polarographically. The data compare the rates ob-
tained with the intact mitochondria vs . the OM
fraction both in the presence and absence of semi-
carbazide . If, during the reaction, the aldehyde
formed by the MAO activity were further oxi-
dized, then the addition of the semicarbazide as
a trapping agent for the aldehyde should produce
a reduction in the rate observed . As can be seen,
the rates were essentially the same in the presence
and absence of semicarbazide . The table inset
shows that the OM fraction exhibited a 10-fold
greater MAO specific activity than did the IMM
fraction and a 3- to 4-fold greater specific activity
than the mitochondria .
The distributions of total protein and MAO in

FRACTION notoms 02/mg/min

M 23.0
OM 80.0
IMM 0.8
F 1 .9
S 4 .7
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the 9500 g pellet (IMM) and the 9500 g super-
natant (OM plus soluble fraction) were measured,
the latter by spectrophotometric assay, using ben-
zylamine as a substrate, and by the tyramine i4C
assay which Green et al. (2) used to determine
MAO localization . Malate dehydrogenase (MDH)
distribution in these fractions was also determined
as an indicator for the matrix proteins . The results
of this experiment are shown in Table II . The re-
coveries of total protein and of each enzyme
assayed were nearly 100% ; MDH was found pri-
marily in the IMM fraction (9500 g sediment) as
reported previously (6) . The results of the two
methods were in excellent agreement for the dis-

tribution of MAO; about 90% of the total MAO
was recovered in the OM plus soluble fraction .
These data indicate that the spectrophotometric
assay for MAO is valid for the mitochondrial and
submitochondrial fractions and that reported
differences in the distribution of MAO are not due
to error in the spectrophotometric assay .

The question of whether or not more than a
single MAO activity are present in mitochondria
has been considered for some time by several
laboratories . We therefore looked at the distribu-
tion of the MAO activity in our submitochondrial
fractions using different substrates and different
methods of assay. Table III summarizes the data

TABLE II
Comparison of the Distribution and Recovery of Monoamine Oxidase Activity using Benzylamine

vs. Tyramine-14 C as Substrate

* The total protein or enzymic activity in the initial mitochondrial preparation as-
sayed before fractionation equals 100% .

TABLE III

Distribution of Monoamine Oxidase Activity using Various Substrates and Assay Methods

* Method of Tabor et al . (8) .
$ Method of Otsuki and Kobayashi (9) .
§ Method of Creasey (12), and modified by Tipton (13) .
~~ mumoles/min per mg protein .
¶ Arbitrary units measured as change in absorbancy at 360 mµ/min per mg protein by method of Weiss-
bach et al . (11) .
** natoms 02/min per mg protein .
$$ % of total activity recovered .
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Benzylamine* Serotonin$ Tyramine$ Kynuramine O, uptake§

Fraction

Protein
% of
total SP

actil

% re-
covered
activity

Sp
acte

% re-
covered
activityactivity

SP
acte

% re-
covered
activity

SP
act¶

% re-
covered
activity

SP
act"

-
% re-

covered

Unfractionated
mito

100 20 - 11 .5 10 .8 16 .0 23 .0 -

0M 3 383 48 .3 94 .3 45 .0 91 .3 48.8 125 .8 32 .8 80.0 59 .5
IMM 76 3 9 .6 0 .79 9.6 0.31 4.4 6 .7 46.4 0.8 16 .0
Fluffy layer 5 21 4 .4 8 .1 6 .8 5 .47 5 .1 12 .0 5 .4 1 .9 2 .4
Supernatant 18 48 37 .7 12 .7 38 .6 12 .3 41 .7 9.4 15 .3 4 .7 22 .1

% of total enzymic activity or protein*

Monoamine oxidase

Fraction Benzylamine Tyramine14C
Malate

dehydrogenase Protein

IMM (9500 g sediment) 5 .9 7 .8 91 70
OM + "soluble" (9500 g su-

pernatant)
87 .4 89 .7 10 28

% Recovery 93 .2 97 .5 101 98
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obtained when serotonin, tyramine, kynuramine,
or benzylamine were used as substrates for MAO .
As indicated in Table III, four different methods
of assay were used. With all of the substrates, the
specific activity of MAO was significantly greater
in the OM fraction than in the IMM fraction . The
increase in the activity of IMM compared to un-
fractionated mitochondria ranged from about 3 .5-
fold (tyramine oxidation measured by oxygen up-
take polarographically) to 19-fold (spectrophoto-
metrically with benzylamine as substrate) . In all
cases the specific MAO activity of the IMM was
very low, and, with the exception of kynuramine,
contained only about 10-16% of the recovered ac-
tivity . With each substrate, except kynuramine,
about 50% of the recovered activity was found in
the OM fraction, regardless of the assay method .
In addition, about 20-40% was recovered in the
144,000 g supernatant from which the OM was
sedimented Thus, the activities found in these two
fractions (OM and 144,000 g supernatant) ac-
counted for over 80% of the total recovered ac-
tivities using any of the substrates except kynur-
amine. In the case of this latter substrate, about
46% of the total activity appeared in the IMM
fraction. It should be noted that in these experi-
ments quantitative recovery of the mitochondrial
MAO activity was obtained only in the case of
benzylamine oxidation . Recoveries with the other
substrates ranged from 50 to 70% whereas the
mitochondrial protein was quantitatively re-
covered .

DISCUSSION

The data presented here show rather conclusively
that MAO measured spectrophotometrically using
benzylamine as substrate constitutes a reliable
marker for the OM of rat liver mitochondria .
Whether or not this activity should more properly
be designated "benzylamine oxidase" has not been
answered, since the existence of a multiplicity of
enzymes which oxidize various monoamines has
not been determined unequivocally . It seems cer-
tain, however, that the oxidation of tyramine,
benzylamine, and serotonin is catalyzed by an
enzyme or enzymes associated primarily with the
OM of rat liver mitochondria . The localization of
"kynuramine oxidase" cannot be ascertained from
the present data, but it seems to be different from
that of the other activities . It should be pointed
out that the isolation and detailed characteriza-
tion of highly purified enzymes with different sub-

1 7 8
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strate specificities are required to show with cer-
tainty that multiple monoamine oxidases do func-
tion in rat liver mitochondria .
The present study upholds previous reports

(1, 6) that treatment with digitonin under con-
trolled conditions does provide a means for system-
atically subfractionating rat liver mitochondria .
Thus, it has been possible to isolate mitochondrial
subfractions with distinct biochemical properties
which essentially correspond to the physical com-
partments of freshly isolated mitochondria as de-
termined by ultrastructural studies of thin sections .
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