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Abstract-The effect of sonication upon the activity and properties of monoamine oxidase (MAO) was 
investigated. Short bursts of sonication produced a preparation of MAO that did not sediment upon 
centrifugation at 100,000 g for 60min. The properties of the MAO in the high-speed supernatant 
fractions were essentially the same as those found for the enzyme in crude homogenates. However, the 
use of photon correlation spectroscopy to estimate particle size indicated that the MAO in the high- 
speed supernatant fractions was not soluble, but was localized in a particle of size in the range of 2X!- 
660 A. 

The most commonly used methods for the solubili- 
zation of monoamine oxidase (MAO, monoamine 
02: oxidoreductase, EC 1.4.3.4) involve treatment 
with the non-ionic detergent Triton X-100 [l], son- 
ication [2] or a combination of both methods [3,4]. 
However, solubilization by Triton X-100 treatment 
produces an alteration in the reaction pathway fol- 
lowed by MAO as well as changes in the substrate 
and inhibitor specificities of the enzyme [5-71. Fur- 
thermore, Triton X-100 appears to inhibit MAO 
activity in a temperature-dependent manner [8]. 

In this study, the effect of sonication upon the 
multiple forms of MAO has been investigated. It has 
been reported that sonication of various membrane 
preparations produces a particulate, rather than a 
“soluble” fraction [P-12, for review see 131, and in 
consequence, the nature of the sonicated preparation 
has been investigated in the present study by use of 
a laser light scattering technique. 

MATERIALS AND METHODS 

Preparation of sonicated fractions. Mitochondrial 
membrane vesicles were made as described in the 
preceding paper [8] from rat liver crude homogenates 
in “sucrose buffer” (0.25 M sucrose, 10 mM potas- 
sium phosphate, pH 7.8). The vesicle fractions were 
set to a protein concentration of 8 mg.ml-‘, divided 
into 4 ml aliquots, and sonicated for periods of 30 set 
separated by intervals of 15 sec. The times of soni- 
cation given in the text refer to the net time of 
sonication. For example, a sonication time of 4 min 
refers to 8 periods of sonication for 30 set plus 8 
intervals of 15 set, i.e. a total time of 6min. An 
MSE 150 Watt Ultrasonic Disintegrator operating 
at 20 kHz (nominal) at an amplitude of 8 pm (peak- 
peak), with an exponential head, was used. Local 

* Present address: Department of Pharmacology, Uni- 
versity of Umei, S-901 87 Umea, Sweden. 

overheating was minimized by the immersion of the 
suspension in an ice-brine mixture. The sonicated 
fractions were centrifuged at 100,000 g for 60 min 
to give pellets (“membranes”) and supernatant frac- 
tions (“high-speed supernatants”). The pellets were 
resuspended in sucrose buffer, and all fractions 
stored frozen until used for assay. Control membrane 
preparations were prepared in the same way, but 
with the sonication step omitted. 

Enzyme assays. MAO was assayed radiochemi- 
tally [14] with [3H]-5-hydroxytryptamine (5-HT), 
[3H]-tyramine, [‘4C]-@-phenethylamine and [3H]- 
benzylamine as substrates. When clorgyline was used 
to inhibit the activity of MAO, it was preincubated 
with the enzyme preparation for 20 min before the 
addition of substrate, to allow for the irreversible 
inhibition of MAO-A [15, 161. 

Succinate dehydrogenase (SDH), fumarase, mal- 
ate dehydrogenase (MDH) and acid phosphatase 
activities were assayed spectrophotometrically by 
standard techniques [17-201. Protein content of the 
fractions was assayed by the method of Lowry et al. 
[21], with bovine serum albumin as standard. 

Determination of particle size in the high-speed 
supernatants. Particle size in the high-speed super- 
natants was determined by the method of photon 
correlation spectroscopy [22]. Light from an 
0.6328 Frn, 5 watt helium-neon laser was scattered 
by a high-speed supernatant fraction within a cuvette 
placed in a water bath at 30”. The scattered light was 
observed at an angle of 90” by a photomultiplier 
(PM) tube. The PM signal was electronically shaped 
into discrete pulses and assayed by a Malvern K7023 
Digital Autocorrelator. Analysis of the rate of decay 
of the measured correlation function gave the z- 
averaged diameter for monodispersed particles of 
spherical shape. The validity of this method was 
verified by the use of Dow latex particles of known 
size [see 221. 

Materials. The radioactive substrates for MAO, 
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5-hydroxytryptamine-[G-3H]-creatinine sulphate 
and tyramine-[side chain-1,2-‘HI-hydrochloride 
were obtained from the Radiochemical Centre, 
Amersham, U.K. P-Phenethylamine-[ethyl-1-14C]- 
hydrochloride was obtained from New England 
Nuclear GMBH, Dreieichenchain, Germany. Ben- 
zylamine-[ring-3-3H]-hydrochloride was a custom 
synthesis by the Radiochemical Centre, Amersham, 
U.K. Clorgyline hydrochloride was a gift from May 
& Baker Ltd., Dagenham, U.K. All other reagents 
were of analytical grade wherever possible. Male 
Wistar rats were bbtained from A. J. Tuck and Son, 
Rayleigh, U.K. 

RESULTS 

The yields of the total protein, the outer mem- 
brane marker enzyme MAO, the inner membrane 
marker SDH, and the mitochondrial membrane con- 
taminants fumarase, MDH and acid phosphatase 
(marker enzymes for the mitochondrial matrix and 
lysosomes) after different periods of sonication are 
shown in Table 1. With each time of sonication, 
about 45 per cent of the MAO activity and the 
protein content was found in the high-speed super- 
natant fractions, the remainder being associated with 
the membrane fractions. There was a considerable 
inhibition of SDH activity, and little or no activity 
was recovered in the high-speed supernatant frac- 
tions. The contaminants fumarase, MDH and acid 
phosphatase were also released into the high- 
speed supernatants by the sonication process. Pre- 
liminary experiments indicated that sonication for 
periods of as little as 30 set produced a consider- 
able release of enzyme activities into the high-speed 

supernatant. The release was unchanged if the 
mitochondria were frozen and thawed prior to son- 
ication for a net time of 4 min. In all subsequent 
experiments reported in this study, a net time of 
sonication of 4min was used. 

The substrate-specificity of MAO in the high- 
speed supernatant fractions after 4 min of sonication 
appeared to be the same as that found for the crude 
homogenates (Table 2). The sensitivity of the MAO 
to inhibition by Tris-HCl buffer, and the ratio of 
MAO activities assayed under an atmosphere of 
oxygen: atmosphere of air (“oxygen ratio”) were not 
changed by the sonication procedure (Table 2), 
although the sensitivity to Tris-HCl and the oxygen 
ratio value depended upon the amine substrate used 
to assay for MAO activity, as reported previously 
[23,24]. With two preparations, mean K,values of 
the MAO (assayed under an atmosphere of oxygen) 
towards tyramine of 159 and 235 PM were found for 
the crude homogenate and high-speed supernatant 
fractions, respectively. The mean V,,,,, values for 
these two fractions were 5.01 and 26.47 nmole (of 
tyramine metabolized). (mg protein)-‘.min-‘, 
respectively. The biphasic curves of inhibition of the 
deamination of tyramine by clorgyline in these two 
fractions were the same (Fig. 1). 

Preliminary experiments indicated that the MAO 
in the high-speed supernatant fractions did not 
migrate when subjected to gel electrophoresis (5%. 
acrylamide monomer, containing 5% w/w methyl- 
ene-bis-acrylamide, chemically polymerized with 
tetraethyl methylene diamine and ammonium per- 
sulphate). When the material was loaded on to a 
Biogel A-SO column and eluted with sucrose buffer, 
the MAO activity was recovered in the void volume. 

Table 1. The effect of various periods of sonication upon the yields of some marker enzymes of 
rat liver* 

Protein MAO 

Yield (%) 
Acid 

SDH Fumarase MDH phosphatase 

No sonication 
High-speed S/N 14.2 7.7 1.8 30.5 3.4 15.5 
Membranes 85.8 92.3 98.2 69.5 96.6 84.5 

4 min sonication 
High-speed S/N 44.8 39.3 2.3 65.3 40.1 63.7 
Membranes 56.6 65.7 37.0 9.8 60.2 39.0 

10 min sonication 
High-speed S/N 50.0 40.6 7.0 71.6 35.3 49.1 
Membranes 44.1 68.5 37.1 7.2 45.0 30.5 

20 min sonication 
High-speed S/N 45.8 45.3 3.5 78.8 32.4 41.5 
Membranes 52.3 71.9 53.3 4.3 56.1 41.4 

* Mitochondrial membrane vesicles derived from a pool of livers from 6 rats (body weight 
392 + 18 g) were sonicated for 0,4,10 and 20 min (net) and then centrifuged at 100,000 g for 60 min 
to yield a high-speed supernatant fraction (“high-speed S/N”) and a pellet, which was resuspended 
in sucrose buffer (“membranes”). The yields of the marker enzymes in the vesicle fractions were: 
protein, 9.6 per cent; MAO (tyramine), 36.6 per cent; SDH, 39.4 per cent; fumarase, 11.0 per 
cent; MDH, 8.8 per cent; acid phosphatase, 15.0 per cent, with respect to the total activity in the 
respective crude homogenate. All values shown in the table are yields, calculated as the total 
activity in each fraction as a percentage of the total activity in the combined high-speed S/N and 
membrane fractions of the unsonicated vesicle fraction. All assays were performed in triplicate. 
The substrate for MAO was tyramine (0.25 mM). 



Sonication and MAO 

Table 2. Properties of MAO in crude homogenates and high-speed supernatant fractions (high- 
speed S/N) of rat liver* 
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Yield 
Crude homogenate 
High-speed S/N 

Oxygen ratio 
Crude homogenate 
High-speed S/N 

Tris sensitivity (%) 
Crude homogenate 
High-speed S/N 

5-HT 
(0.25 mM) 

100 
5.59 4 1.27 

1.18 2 0.06 
1.29 k 0.07 

39.9 2 3.0 
38.5 k 4.7 

Substrate for MAO 
Tyramine /3-Phenethylamine 
(0.25 mM) (0.05 mM) 

100 100 
5.83 +- 1.37 5.71 k 1.33 

1.47 f 0.04 1.78 k 0.05 
1.51 k 0.06 1.78 t 0.12 

47.3 5 1.6 54.8 -+ 1.8 
42.5 t 2.7 48.2 2 4.2 

Benzylamine 
(0.25 mM) 

100 
5.63 2 1.39 

1.21 2 0.03 
1.21 5 0.05 

92.9 k 7.2 
86.8 t 4.4 

* The net time of sonication was 4 min. Yields were calculated as the total activity in the high- 
speed S/N fractions as a percentage of the total activity in the respective crude homogenate 
fractions. “Oxygen ratios” were calculated as the activity of MAO assayed under an atmosphere 
of oxygen/activity in air. “Tris sensitivities” were calculated from the activity of MAO in the 
presence of 20 mM Tris-HCl, expressed as a percentage of the activity in the absence of Tris. All 
results are expressed in terms of means ? S.E.R. from triplicate determinations of activities in 
three groups of fractions, each derived from the livers of six rats (mean body weight 363 g). 

On two preparations of high-speed supernatants, 
each derived from the livers of six rats, the particle 
sizes were determined. The results were: 

1st experiment (high-speed supernatant in 0.25 M 
sucrose, no phosphate)--mean size of particles 
660 f 130 A (half width of the gaussian distribution) 
calculated from 5 determinations of particle size; 

I 1 I 

5 x Id” 5 x IO” 5x10-4 

[Clorgyline], M 

Fig. 1. The effect of clorgyline on the in vitro deamination 
of 0.25 mM tyramine by crude homogenates (0) and son- 
icated high-speed supernatant fractions (0) of rat liver. 
The high-speed supernatant fractions were obtained by 
sonication of mitochondrial membrane vesicle fractions for 
4min (net) followed by centrifugation at 100,000 g for 
6Omin. Each point represents the mean t S.E.R. of tri- 
plicate determinations of activity in three groups of frac- 
tions, each derived from the livers of six rats (mean body 
weight 363 g), expressed as a percentage of the activity in 
the absence of clorgyline, plotted against the molar con- 

centration of clorgyline. 

2nd experiment (high-speed supernatant in 0.25 
M sucrose, 10 mM phosphate, pH 7.8)-mean size 
of particles 277 ? 108 A (half width of the gaussian 
distribution) calculated from 6 determinations of 
particle size. 

DISCUSSION 

Short bursts of sonication were found to be effec- 
tive for the production of a preparation of MAO 
that did not sediment upon centrifugation at 100,000 
g for 60 min. Both membrane integral proteins and 
contaminants were released to roughly the same 
extent by sonication, with the exception of SDH 
activity (Table l), which was inhibited, in agreement 
with a previous study [25]. The MAO in the high- 
speed supernatant fractions had similar properties 
to the MAO in the corresponding crude homogen- 
ates, with respect to substrate specificity, sensitivity 
to inhibition by Tris-HCl and “oxygen ratio” (Table 
2). The Km of the MAO in the two fractions towards 
tyramine were similar, as were their responses to 
inhibition by clorgyline (Fig. l), Thus it would seem 
that, unlike treatment with Triton X-100, sonication 
is without effect on the kinetic properties of MAO. 

Although the MAO does not appear to sediment 
upon centrifugation at 100,000 g for 60 min, the 
MAO in the high-speed supernatant fractions 
appears to be particulate in nature, as it does not 
migrate upon gel electrophoresis under conditions 
where MAO solubilized by a combination of soni- 
cation and Triton X-100 does migrate [26], and is 
eluted in the void volume of a Biogel A-50 column, 
indicating that the MAO is attached to a particle of 
size at least 50 million daltons. Sonication has been 
reported to produce preparations that do not sedi- 
ment upon centrifugation at 100,000 g for 60min, 
but are still particulate in nature [9, lo]. These par- 
ticles have been studied under the electron micro- 
scope, and their diameters estimated as 50-200 A 
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for sonicated rat liver mitochondria [ll], and lOO- 
600 A for sonicated erythrocytes [12]. In this inves- 
tigation, the particles produced by sonication of rat 
liver vesicles are in the range of 250-660 A, although 
this size probably represents the hydrated size of the 
particles, whereas the sizes estimated by electron 
microscopy are not hydrated sizes. These diameters 
are the same order of magnitude as found for phos- 
phatidylcholine micelles, which had diameters of 
about 250 A [27]. It is possible that the particle sizes 
determined in this study could be due to a single 
large disaggregated protein, or some sort of mixed 
“micelle” containing no MAO activity. Both possi- 
bilities are unlikely, as the MAO was eluted off the 
Biogel A-50 column with an estimated size greater 
than 50 million daltons (which would be detected by 
the laser scattering technique). As the molecular 
weight of purified rat liver MAO is in the range 
150,000-380,000 daltons [28-311, thought to be com- 
posed of subunits of size approximately 60,000 dal- 
tons [32-341, it would seem that the laser light scat- 
tering technique is detecting a mixed “micelle”, with 
MAO as one of its constituents. Thus it would seem 
reasonable to suggest that the effect of short bursts 
of sonication is to dissociate the membrane constitu- 
ents, which then reaggregate to form mixed 
“micelles”. 
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