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Abstract-Liposomes of phosphatidylserine (PS) were found to inhibit strongly the B-form of membrane 
bound monoamine oxidase (MAO) isolated from rat and bovine liver. while having no effect on the 
rat liver A-form. Use of ‘“C-liposomes demonstrated high levels of PS association with the membrane. 
which could not be removed by extensive washing with high ionic strength buffers. The inhibition of 
MAO-B was not reversed on further perturbation of the membrane by chaotropic agents, sonicaticn. 
or treatment with additional liposome preparations of phosphatidylcholine or phosphatldylinosit~.?l. 
Partial reversal of the inhibition was found when the PS-treated bovine liver membrane was solubihzcd 
with the detergent octyl glucoside. PS, however, had no effect on a solubilired preparation of bovine 
liver MAO. These results suggest a specific interaction between MAO and PS rather than an indirect 
effect of bulk changes in membrane properties, but an intact membrane was. nevertheless. required 
to mediate the inhibition. Comparison of the decreases in apparent levels of MAO-B in rat liver 
mitochondrial membranes that were calculated from changes in relative catalytic activities with 4 and 
B specific substrates or changes in sensitivity to A-form specific reversible and irreversible inhibitors. 
all showed good quantitative correlation. Lineweaver-Burk plots of the effect of PS incorporation into 
bovine liver mitochondrial membranes on MAO oxidation of phenylethylamine exhibited the expected 
pattern for a noncompetitive inhibitor acting on a ping-pong mechanism bireactant enzyme. On the 
basis of these results, a possible in uiuo role for the acidic phospholipids in regulating apparent levels 
of MAO from one tissue to another and/or in response to environmental effects is proposed. 

As the principal metabolic enzyme in the degradation 
of the biogenic amine neurotransmitters, consider- 
able attention has been devoted to the origin of 
variations in substrate specificity of mitochondrial 
monoamine oxidase (MAO) from one tissue to 
another. The generally accepted explanation of this 
phenomenon involves the existence of two multiple 
forms, designated A and B, although their structural 
relationship remains unclear. In the past decade, 
there has been particular interest in the role played 
by lipid-peptide interactions in this intrinsic protein 
of the mitochondrial outer membrane (OM). A num- 
ber of studies have demonstrated effects of mem- 
brane perturbations on substrate specificity, and the 
hypothesis has been put forward that the multiple 
forms may be a single peptide conformationally dif- 
ferentiated by alterations of membrane environment 
[ 11. The in uiuo significance of these studies remains 
questionable, however, as they generally have 
involved either interactions of lipids with detergent 
solubilized enzyme [Z, 31 or an examination of the 
effects of membrane disruption by organic solvents 
or phospholipases [4-71. Two recent reports of lim- 
ited scope have claimed effects of phosphatidycho- 
line (PC) preparations on native membrane bound 
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MAO. In one of these [8], PC liposomes were added 
to a preparation of crude human brain cortex mito- 
chondria, resulting in an inhibition of serotonin (5- 
HT) oxidation at low substrate concentrations and 
an activation at high substrate concentrations. In the 
second report [9], incubation of rat liver OM with 
a mixture of synthetic dimyristol PC and potassium 
cholate resulted in replacement of 95% of the mem- 
brane phospholipids by the PC without release of 
the MAO. The PC replacement was found to affect 
clorgyline inhibition patterns but not activities with 
Pphenylethylamine (PEA) or 5-HT. No controls for 
the effect of cholate alone were presented. 

As an approach to a more realistic model for the 
effect of membrane alterations on MAO. we have 
undertaken an investigation of the interaction of 
liposomes of individual phospholipids with OM prep- 
arations, the simplest system that preserves the 
native membrane environment of the enzyme. Other 
studies have shown efficient incorporation of lipids 
from liposomes into both plasma [lo] and mito- 
chondrial membranes [ll] of mammalian cells with- 
out the addition of phospholipid exchange proteins 
as intermediaries. Although the detailed mechanism 
of interactions of liposomes with natural membranes 
is not fully understood. the modes which ha\e been 
observed include incorporation of individual lipid 
molecules, membrane fusion, endocytosis and lipo- 
some adsorption (for a review of these mechanisms, 
see Ref. 12). Our studies have focused on interac- 
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tions between the acidic phospholipids which are 
found in significant amounts in the mitochondria 
[phosphatidylserine (PS), phosphatidylinositol (PI) 
and cardiolipid (CL)] and OM preparations con- 
taining the MAO-A and/or -I3 forms. The scope of 
effects of these three phospholipids on the individual 
muitiple forms is detailed in a separate publication 
[13]. Although lipids of this class are minor structural 
components of biological nlembrailes. numerous 
studies have shown that they play a unique role in 
binding and regulation of membrane enzymes. Of 
particular relevance to the present work are reports 
of effects on a number of other enzymes involved 
in neurotransmission. A 2- to 3-fold stimulation of 
purified bovine caudate tyrosine hydroxylase by PS. 
which appeared to be the result of lower K,,, for 
cofactor binding, has been reported [ 131. The 
(Na”-K’)ATPase of cerebral cortex was shown in 
another study to be specifically activated by the acidic 
phosphoiipids and most strongly by PS 1151, In the 
myocardial catecholamine receptor-adenylcyclase 
system, PI was found uniquely to stimulate 
catecholamine binding while PS stimul~lt~d binding 
only to the second messenger hormone binding 
site for glucagon and histamine [16]. Several 
mitochondrial membrane enzymes including cyto- 
chrome oxidase 1171 and the electron transport cou- 
pled ATPase [18]. have been found to be subject to 
acidic phospholipid activation. The mitochondrial 
matrix enzyme. glutamate dehydrogenase, is in- 
hibited by CL and PS [lo]. This inhibition appears 
to involve binding of the enzyme specifically to these 
lipids as components of the Inner membrane. There 
have also been several reports implicating the acidic 
phospholipids in the binding of MAO to the mito- 
chondrial OM [4.7]. 

In the course of our survey of the effects of the 
acidic phosphohpids on membrane bound MAO, we 
have found a strong and highly specific inhibition 
of the B-form of the enzyme by PS. The present 
report concerns further studies of this phenomenon 
to probe the nature of the interaction of PS with the 
membrane and the mechanism of its inhibition of 
MAO-B. These experiments include various 
attempts to reverse the inhibition by disruption of 
the membrane or displacement of the PS, a study 
of the effect of incubation temperature on PS incor- 
poration and MAO inhibition, and an examination 
of the effects of PS on inhibitor specificity and 
kinetics with the B-substrate, phen~lethylamine 
(PEA). As inhibition of the B-form of MAO is the 
focus of the work described here. experiments were 
carried out primarilv with OM isolated from a tissue 
with onlv B-type activity. bovine IivTer. Specilicity of 
PS inhibition for the B-form and sensitivity to A- 
form selective inhibitors were demonstrated using 
OM from rat liver with comparable levels of 
MAO-A and -B. 

MATERIALS AND METHODS 

Chemicals. Phosphatidylserine and phosphatidyl- 
choline from bovine brain, soybean phosphatidyli- 
nositol and harmaline were obtained from the Sigma 
Chemical Co., St. Louis. MO. The ph[~spholipids 
were the highest purity available (approximately 

98%) and used without further purification. Each 
ran as a single spot in standard TLC systems for 
phospholipid separation. Dioleoyl phosphatidylser- 
ine, ‘“C-labeled (60 mCi/mmole), was from the 
Amersham Corp., Ariington Heights. IL. Octyl-/J- 
D-glucopyranoside was from CalBiochem, La Jolla. 
CA. ‘%Z-Labeled MAO substrates, S-HT. PEA and 
tryptamine, for radioassays, were obtained from the 
New England Nuclear Corp.. Boston, MA. Cold 
PEA for radioisotope dilution and oxygen electrode 
assays was from Sigma; clorgyline was a gift of Dr. 
Jean Shih, University of Southern California. 

Mitochondrial OM preparutions. Fresh mitochnn- 
dria isolated by differential centrifugation in 0.25 M 
sucrose were used for OM preparations. The OM 
was separated from inner membrane (IM) and matrix 
material by hypotonic swelling of the mitochondria 
followed by shrinkage of the IM with ATP-MC?’ 
and brief sonication, as described by Kearney et rrl. 
1201. Purity of the OM preparations was ascertained 
from increases in the ratio of MAO activity with 
PEA as a substrate relative to the inner membrane 
marker succinate dehydrogenase (SDH). assayed 
according to the calorimetric method described by 
Singer [21]. 

Rat livers were obtained from young Sprague- 
Dawley rats within IOmin of decapitation. After 
removal of blood clots and connective tissue, livers 
were minced and a 25% homogenate was prepared 
in pH 7.2, 10mM potassium phosphate, 0.25 M 
sucrose, using a glass-teflon homogenizer. The OM 
preparations from this tissue showed 1.G to 3.X-fold 
purifications with respect to MAO (PEA) (specific 
activity = 5.7 to 12.6 nmoles per mg per min) and 
a 9.5 to lo-fold increase in the ratio of MAO to 
SDH. 

Beef liver was obtained from a packing house 
within 30min of death and immediately placed on 
ice. Mitochondria preparation was begun within 2 hr. 
Procedures were the same as for rat liver except that 
tissue was homogenized using a Waring blender 
(60 set). The OM isolation gave a S.5-fold puriti- 
cation with respect to MAO (PEA) (specific activity 
= 28 nmoles per mg per min) and a 21-fold increase 
in MAO/SDH. Membranes were stored at 10 mg/ml 
protein in 0.05 M potassium phosphate (pH 7.3) at 
-80”. in aliquots sufficient for individual 
experiments. 

Liposome Fre~ar~t~on. Phospholipid solutions in 
CHCl~-methanol or ethanol were dried under a 
stream of Nr or at high vacuum in a rotary evaporator 
to give a uniform thin film in a conical vessel. 
Residual solvent was removed at high vacuum for 
30min at room temperature. N:-purged, pH 7.4. 
50mM potassium phosphate was added to give a 
final liposome concentration of 5 mg/ml. The vessel 
was sealed under NZ and sonicated until clear (IO- 
15 min) with a Laboratory Supply Co. high energy 
ultrasonic bath at a bath temperature of 50”. 

For determination of levels of PS association with 
the membrane, liposomes were dosed with the syn- 
thetic ‘?C-labeled dioleoyl PS by adding this material 
to the initial CHCl~-methanol solution of bovine 
brain PS to give a final specific activity of approxi- 
mately 0.3 &i/mg total lipid. 

To obtain optimum result\ with respect to effects 
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on MAO activity. it was critical to use fresh lipid. a negligible loss af activity relative to the membrane 
stored at -20” under nitrogen for preparation of the bound enzyme, and is stable for a period of weeks 
liposomes. Also liposomes had to be obtained in a when stored in ice. On the other hand, if the solu- 
highly dispersed state (i.e. a high degree of clarifi- bilized enzyme was not treated with the G-25, sub- 
canon in the sonicated suspension) and had to be stantial losses of activity were observed in less than 
used within a day of preparation. 1 day. 

I~~~~b~t~~rz of UM ~re~ff~u~~~~~ with PS. Aliquots 
of stock 5 mgml Iiposome were added to 10 mgiml 
OM suspension in U.05M potassium phosphate 
buffer, pH 7.4. Mixtures were diluted to a constant 
volume corresponding to the targest aliquot of lipo- 
some used and incubated at 37’ for 3Omin. Incu- 
bation mixtures contained 1 to 2.7 mg GM protein/ 
PS aliquot. Excess lipid was removed by centrifu- 
gation at 275,000 g for 30 min in a Beckman 75Ti, 
fixed angle rotor to pellet the membrane. The mem- 
brane was resuspended in phosphate buffer to 
approximately 1 mg/ml with the aid of a glass-teflon 
homogenizer cooied in ice. Controls used in the 
measurement of effects of PS on MAO activity were 
membranes handfed in exactly the same manner 
except for addition of the fiposomes. Results were 
plotted as normalized specific activities relative to 
these controls. 

h~eusrtrement of frsCfPS ~~c~rp~r~tj~n. Aliquots 
of resuspended OM (-0.5 mg protein) treated with 
[‘“CJPS containing liposomes as described above 
were dissolved by heating to 37’ for 60 min with an 
equal volume of hyamine hydroxide. The samples 
were counted in 10ml Aquasol II after overnight 
dark adaptation in a Beckman LS 8000 scintillation 
counter. 

KC1 Wmhes of j’JC]PS-treated bovine liver t3M. 
The efficacy of add~~ona~ washes of the GM pellet 
with buffer at high ionic strength in removing the 
associated lipid was ascertained for a preparation of 
bovine liver OM treated with radiolabeled PS lipo- 
somes (1 mg’mg protein), pelleted, and resuspended 
in Ct.05 M, pH 7.4 phosphate according to our usual 
procedures (see above). After assay for PEA activity 
and measurement of [ 14C]PS association, the material 
was pelleted again and resuspended in the same 
volume of phosphate buffer containing 0.1 M KCl. 
This procedure was repeated twice more, and the 
final pellet was suspended in the buffer without KCl, 
reassayed, and recounted for associated [i4CJPS. 

MAO and protein assays. Protein in membrane 
preparations was quantitated using the method of 
Lowry et al. [23], MAO radioassays were conducted 
at 30” for 15 min using the procedure of Wurtman 
and Axelrod [24]. A lower concentration of PEA 
(50 PM as compared to 200 /tM) was used, as speci- 
ficity of this substrate for MAO-B has been shown 
to decrease at higher concentrations [25]. Under 
these conditions assays have been found to be linear 
with respect ta product formation for a minimum of 
20-30 min. Toluene was used as the extraction sol- 
vent for PEA and tryptamine products while 
benzene-ethyl acetate (I : I) was used for 5-HT. 
Extracts were counted in 10 ml of Betafluor scintii- 
h&on counting solution (National Diagnostics) or 
Biocount (Research Products Internationals in the 
ease of 5-HT. All assays were in triplicate. Oxygen 
uptake assays were carried out using a Clark oxygen 
electrode apparatus from the Yellow Springs Instru- 
ment Co. (Yellow Springs, OH), in a 1.2 ml volume 
of 0.05 M potassium phosphate, pH 7.4, at an assay 
temperature of 30”. Assay mixtures contained 0.5 mg 
protein. Rates were linear for a minimum of 5 min. 
All MAO assays were run at atmospheric oxygen 
concentration. MAO activities, except in Fig. 6, are 
presented as normalized specific activities relative 
to control membrane preparations (no PS) treated 
in exactly the same manner, including incubation 
and centr~fugation steps. For those experiments 
where the PS perturbations shown were small (Figs. 
4 and 5) data are given for the mean of three inde- 
pendent experiments + S.E.M. 

RESULTS 

Iletergenr treatment of bouine iivcr OM before and 
after ~~~lib~t~~~ wirh PS. TO solubilize the membrane 
preparation prior to PS treatment, 5 mg of mem- 
brane protein (lOrn~~rn1~ was made 1% in oetyl 
gfucoside from a 10% stock solution. Opacity of the 
membrane suspension immediately cleared up and, 
after standing for IOmin, the material was passed 
through a 1.0 x 18 cm Sephadex G25 column to 
remove excess detergent [22]. Aliquots of pooled 
protein-containing fractions were then mixed with 
PS liposomes at lipid/protein ratios of 0.1, 0.2, 0.5 
and 1, incubated 30 min at 37”, and assayed for MAO 
activity. GM treated first with PS was centrifuged 
and resuspended in phosphate buffer as usual and 
then octyl glucoside added to 1%. Excess detergent 
was removed on a G25 column: and protein-con- 
taining fractions were pooled and assayed for IMAO. 
MAO in OM preparations, solubilized with octyi 
giucoside and passed through Sephadex G-25 to 
remove excess detergent, has been found to show 

Figure 1 shows the selective effects of PS liposomes 
containing i4C-labeled lipid on MAO catalytic activi- 
ties toward S-HT (200 I&M) and PEA (50 PM) in rat 
liver OM after centrifugation at 275,OOOg to remove 
excess liposome and resuspension to approximately 
1 m&n1 in phosphate buffer. Also plotted are levels 
of PS associated with the resuspended membrane. 
Over a range of added PS concentrations between 
0.2 and 5.0mgfmg GM protein, membrane bound 
PS increased at aimost a linear rate from 0.12 to 
2.55mg/mg protein while the effect on IMAO-B 
activity (PEA) leveled off above 1.28mg bound 
PS/mgprotein at about 55% inhibition. At the lowest 
level of associated PS shown (0.12 mg/mg protein), 
which corresponds to 14-40% of reported values for 
total phospholipid in liver mitochondria [26, 271, 
there was a 20% inhibition of MAO-B. No significant 
effect on MAO-A (5HT) was observed throughout 
the range of added PS liposome concentrations. 

To determine whether co-sedimentation of the 
liposomes contributes significantly to apparent levels 
of membrane bound PS after centr~fugat~on to 
remove free lipid, “3C-labeled liposomes were sedi- 
mented alone (2Smg/ml) under the same condi- 
tions. Loss of radioactivity from the supernatant 
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Fig. 1. PS incorporation into rat liver mitochondrial OM and inhibition ot MAO oxidation ol PEA and 
S-HT. Key: PS incorporation from ‘%labeled dioleoyl-PS (U): and normalized 14AO specific 
activities in the same OM preparation as a function of added PSiOM protein ratio,: PEA (U---m). 
S-HT (M). PS incubation conditions: 30min. 37”. Control hli\O specitic activity (PEA) = 

12.6 nmoles per mg per min. 

fraction was only 12% as compared to 80-9055 in 
the presence of the membrane suspension. This small 
decrease in supernatant activity may actually have 
represented absorption of lipid to the wall of the 
plastic centrifuge tube rather than sedimentation. as 
no detectable pellet was observed. 

KC1 washes of [‘“C]PS treated bovine liver OM. 
The least complex form of interaction of the lipo- 
somes with OM vesicles would be adsorption to the 
OM surface, although this would be unlikely to pro- 
vide a mechanism for the observed highly specific 
effects on MAO. To test this possibility. a prep- 
aration of PS-treated bovine liver OM, which con- 
tained 0.493 mg [14C]PS/mg protein and inhibited 
MAO activity (PEA) by 71.6% after removal of 
unbound lipid by our usual centrifugation procedure, 
was washed repeatedly with a large excess of 0.1 M 
KC1-0.05 M potassium phosphate, pH 7.4, to dis- 
sociated adsorbed PS vesicles. The decrease in 
radioactivity/mg protein after three such washes, 
using high speed centrifugation to re-isolate the 
membrane each time, indicated a loss of only 2% 
of the associated PS. No recovery of MAO activity 
was observed after this treatment. 

Effect of chaotropic agents and sonication on MAO 
inhibition. On the basis of the alternative assumption 
that PS inhibition of MAO may involve lipid actually 
incorporated into the membrane lipid bilayer, the 
effects of a number of agents that were expected to 
disrupt lipid-protein interactions to varying degrees 
were examined. In one such set of experiments, 
bovine liver OM treated with PS and control mem- 
branes were incubated with two different chaotropic 
agents, a salt commonly used for this purpose. 
potassium thiocyanate (KSCN), and ammonium sul- 
fate. Oreland and Oliverona [28] have shown that 
the latter compound, in conjunction with butanone 
extraction. is effective in solubilizing MAO from pig 
liver mitochondria. in a process that appears to 

involve release of the acidic phospholipids. The 
effects of these two salts on inhibition of MAO by 
PS were investigated by first treating a suspension 
of bovine liver OM with PS (1 mg/mg protein) at 37” 
for 30 min (as described in Materials and Methods) 
and then incubating the PS-treated and control mem- 
branes with the two salts at a concentration of 0.1 M 
for 10 min at room temperature. The results of this 
experiment with respect to changes in MAO activity 
(PEA) are summarized in Table I 

The chaotropic agents were not effective in revers- 
ing the MAO inhibition and actually brought about 
an additional loss of activity in both control and 
PS-treated membranes. This effect was not reversible 
when the salts were removed bv pelleting the mem- 
branes and resuspending them in phosphate buffer. 

Membrane disruption to perturb the MAO inhi- 
bition in PS-treated bovine liver OM was also 
attempted by lo-min sonication at room temperature 
in the bath sonicator used for liposomc preparation. 
This procedure. however. only resulted in a further 
34-37s inactivation of MAO in both control and 
PS containing membranes. 

Table 1. Effect of chaotropic agent\ on &IAC)-B actkit! 
(PEA) in PS-treated bovine li\er Oh1 

_-_- -- 

Xl;\0 activity ( rf 01 control) 

Agent No I’S tPs(l:l) 
- 

None 10~1.0’ AU.8 
0.1 M (NHJ)zSOI XJ.0 ix. I 
0.1 M KSCA’ YO.-l -II.‘) 

* Control membrane preparation contained no added PS 
hut otherwise was handled idcnGcall> to material to \h hich 
PS lipoaomcs were added. M,\O cpccllic activit!- 01 the 
<)M preparation LVX. 2X nmolc\ pc‘r mg per min (PE,\) 
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Fig. 2. Effect of octyl glucoside solubilization on inhibition 
by PS of MAO in bovine liver OM. The mitochondrial OM 
preparation was treated with 1% octyl glucoside before 
(W---D) or after (C-a) incubation with PS liposomes 
(30 min. 37”). PS inhibition of membrane bound MAO in 
the absence of detergent: (M). MAO substrate was 
5O$v4 PEA. Activities shown are specific activities nor- 
malized relative to the appropriate membrane bound and 
solubilized controls respectively. Specific activity of the 
membrane bound bovine liver MAO (PEA) = 28 nmoles 

per mg per min. 

Detergent solubilization of PS-treated bovine liver 
OM. A more drastic disruption of the PS-treated 
bovine liver OM was achieved by soiubilization with 
1% octyl glucoside after PS incorporation. Liberated 
membrane lipid and excess detergent were removed 
following this treatment by passing membrane- 
detergent mixtures through small columns of Sepha- 
dex G25. In this manner artifacts due to direct 

c 

s 
e 
e 

inhibition of MAO by the detergent could be elim- 
inated. The effect of detergent on the PS inhibition 
was studied over a range of liposome concentrations 
from 0.1 to l.Omg/ml protein. As a second set of 
controls, bovine liver OM was treated first with the 
octyi glucoside, excess detergent was removed on a 
Sephadex G25 column, and then the sombilized 
membrane was incubated with the same concentra- 
tions of PS liposomes. Figure 2 shows that the octyl 
glucoside treatment was partially successful in 
reversing PS inhibition of the membrane bound 
MAO. This figure is a plot of normalized MAO 
specific activities as a function of added liposome for 
PS-treated OM alone and in conjunction with the 
two methods of detergent solubilization described 
above. The lower plot (solid line and open circles) 
shows PS inhibition of MAO in the intact membrane 
as normalized specific activities relative to the unso- 
lubilized control. The middle plot (dashed line and 
closed circles) is the same set of preparations after 
the detergent-G25 treatment with activities shown 
relative to the octyl glucoside-treated control. The 
detergent appears to have brought about some 
reversal of the PS inhibition at each concentration, 
with the effect being more pronounced at the lower 
lipid concentrations. The uppermost curve (solid line 
and closed squares) shows the effect of detergent 
solubilization prior to the PS treatment. In this case, 
there was no PS inhibition of the solubilized MAO 
except for a small effect at the highest concentration. 
As mentioned in Materials and Methods, the deter- 
gent treatment itself did not have a significant effect 
on the bovine liver OM MAO activity if excess 
detergent was removed with Sephedex G25 using 
the method described by Baron and Thompson [22). 

rn~u~ation of PS-treated bovine liver Oh4 with PC 
and PZ liposomes. Reversal of the PS inhibition was 
also attempted by incubation of a PS-treated bovine 
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Fig. 3. Effect of incubation temperature on incorporation of [“CJPS into bovine liver OM and inhibition 
of MAO by PS. Incubation was for 30min at the indicated temperatures. Control for calculation of 
MAO normaiized specific activities was OM incubated 30 min at 37” in the absence of PS. centrifuged, 
and resuspended as described in the text. Substrate was 50pM PEA. Key: MAO activity (U), 

and ]“C]PS incorporation in OM Q-----0). MAO specific activity was the same as in Fig. 2. 



liver OM preparation with second liposomes of PI 
or phosphatidylcholine (PC). We had previously 
found that both of these lipids have no effect on 
MAO-B when incubated with OM preparations 
using our standard procedures. In the case of PI. we 
had also found levels of lipid incorporation com- 
parable to that for PS [13]. By treating with these 
inactive liposomes, it was hoped to reduce PS inhi- 
bition of MAO by diluting the PS within the lipid 
bilayer or exchanging it back out of the membrane, 
depending on the incorporation mechanism. When 
the bovine liver OM preparation. previously treated 
with a 1: 1 ratio of PS, was incubated with the PC 
or PI liposomes at the same concentration and the 
OM isolated as previously, inhibition of MAO-B 
was actually found to increase from 50.2 to 61.6% 
with PC and to 64.6% with PI. 

MA O-B inhibition and PS incorpor~tiorl as a func- 
tion of temperat~~~e in ~ouine liver OM. Studies have 
shown both the mechanism and extent of liposotne 
association with cell membranes to be temperature 
dependent [29]. Therefore, we have looked at 
changes in MAO inhibition and PS incorporation as 
a function of the temperature at which the liposomes 
and OM preparation were incubated to obtain 
additional information as to their mode of interac- 
tion. The 30-min incubations were carried out with 
bovine liver OM and [“C]PS liposomes at 1 mg/mg 
protein at seven different temperatures between 2 

1. L-.. LL.tL_ 

IO 9 8 7 6 5 

-LOG (CLORGYLINE 1 (Ml 
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4 

and 37”. In Fig. 3 inhibition of MAO with PEA a\ 
substrate (normalized specific activity) and PS incor- 
poration are plotted with respect to the incubation 
temperature. MAO-B inhibition appeared to 
decrease somewhat between 2 and 15” and then 
increase above this temperature with the rate of 
change becoming more pronounced above 15”. PS 
incorporation from the radiolabeled liposomes 
exhibited a fairly close correlation with little change 
in association of the lipid below 20” and then a rap>d 
increase beginning between 20 and 25”. 

Effect of PS ~~soc~ut~on ot? the ~o~lce~~lrffri~~i~ 
depertdence of clorgyline and ~arrn~l~~e itl~~ib~t;~~~ of 
MAO in rat liver OM. As was shown in Fig. 1. a 
liposome concentration of 1 mg/mg protein resulted 
in a 44% inhibition of MAO-B in rat liver OM while 
the A-form was not affected significar.tly. Calculated 
on the basis of the change in relative specific activities 
with the two substrates. this corresponded to a 
decrease of approximately 25% in the fraction of 
MAO-B in the membrane preparation. 

Relative proportions of the two forms in a par- 
ticular tissue can be alternatively estimated from 
concentration dependence of inhibition by selective. 
irreversible inhibitors using a nonselective substrate. 
Plots of MAO inhibition as a function of inhibit(~r 
concentration obtained using this protocol are 
biphasic with a plateau region separating portions 
of MAO with high and low sensitivity to the inhibitor. 
The fractions of enzyme inhibited above and below 
the inflection point have. in turn, been taken as a 
measure of the relative amounts of MAO-A and -B 
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Fig. 4. Effect of preincubation with PS on inhibition of 
MAO bv clorevline in rat liver OkI. Membrane prep- 
arations’were kubated aith PS as described in thd t&t 
for 30 min at 37”. Aliquots of PS-treated membranes were 
added to MAO assay mixtures containing clorgyline ar the 
indicated concenrrations and incubated for 30 min at room 
temperature before addition of substrate (200 yM tryptam- 
ine). Controls for clorgyline inhibition were membranes 
pretreated with the same amount of PS. The curves rep- 
resent PS liposome/membrane protein ratios of: 0.0 
(C----O), 0.1 (Wp W), 0.5 (O-----O) and 1.0 
(O---O). Control MAO specific activity (PEA) in the 
absence of PS = 7.0 nmoles per mg per min. The data 

represent the mean of three experiments -t S.E.M. 
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Fig. 5. Effect of preincubation \vith PS on inhibition 01 
MAO by harmaline in rat liver OM. PS incubations and 
assay conditions were as indicated in the legend of Fig. 1. 
Substrate was 200 ,uM tryptamine. Controls ior harmalinc 
inhibition were membranes treated with the same amount 
of PS. Curves represent PS liposomejmembrane protean 
ratios of: 0.0 (C--O). 0.1 (&---¤), 0.S (G--i?r and 
1 .O (O-cl). Control MAO specific activity (PEA) in the 
absence of PS = 6.1 nmoles per mg per min. The data 

represent the mean of three experiments t S.E.hZ. 
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in the tissue. We have examined the effect of PS on 
the apparent relative amounts of the two forms in 
rat liver by this criteria using the specific A-form, 
irreversible inhibitor clorgyline with tryptamine as 
a nonselective substrate. Figure 4 shows a plot of 
inhibition patterns for clorgyline concentrations from 
lO_‘” to 1O-5 M. The four curves represent PS-treated 
rat liver OM at liposome/membrane protein ratios 
of 0.1, 0.5 and 1.0, as well as a non-PS-treated 
control. The upward displacement of the plateau 
region of the curves with increasing PS incorporation 
is consistent with the decrease in B-form activity 
seen in terms of the inhibition of PEA oxidation. 
The decrease in the fraction of MAO-B calculated 
from the displacement of the inflection point at the 
maximum PS concentration, 27%) is also in reason- 
able agreement with the value calculated from the 
change in PEA and 5-HT specific activities. 

Effects of PS incorporation on rat liver MAO 
inhibition patterns were also examined using the 
MAO-A specific competitive inhibitor, harmaline, 
at concentrations from 10e9 to 10-“M. Tryptamine 
was again used as the MAO substrate and membrane 
aliquots were pretreated with the same concentra- 
tions of PS. Figure 5 shows curves of harmaline 
inhibition obtained for the same three levels of PS 
incorporation and control membranes. The apparent 
increase in sensitivity to the A-form inhibitor with 
increasing PS is again consistent with the catalytic 
inhibition of the B-form. The family of curves shows 
a slight inflection centered at approximately 10m5 M 
harmaline and corresponding to 57% inhibition of 
tryptamine oxidation by MAO for the control (no 
PS). The incremental shift in the curves with increas- 
ing PS at this harmaline concentration was very 
similar to the pattern seen with clorgyline. A larger 
spread was seen at highest and lowest harmaline 
concentrations, however. 

Kinetic aspects o.f PS inhibition of MAO in bovine 
liver OM. We have examined the mechanism of the 

E 600 
\ 
0 
E 

PS inhibition of MAO with PEA as substrate in a 
bovine liver OM preparation from the standpoint of 
effects on kinetic parameters. An oxygen electrode 
was used to measure activity rather than the radioas- 
say procedure for this study to obtain more accurate 
initial rates. In Fig. 6, MAO activity at various levels 
of PS incorporation, as a function of amine substrate 
concentration, is presented in the form of a 
Lineweaver-Burk plot. Data were plotted for OM 
preincubated with four different concentrations of 
PS between 0.1 and 1.0 mg/mg protein, and a non- 
PS-treated control. The plots show a mixed-type 
inhibition pattern with effects on both K,, and I/,,,. 

DISCUSSION 

Among the possible modes of liposome-mem- 
brane interaction listed at the beginning of the paper, 
fusion between the PS liposomes and mitochondrial 
OM vesicles appears most consistent with the nature 
of the system and observations presented here. The 
small loss of [14C]PS from the supernatant fraction, 
when the liposomes were centrifuged at 275,OOOg 
alone, demonstrated that co-sedimentation did not 
contribute significantly to observed levels of lipid 
association after the OM was separated from excess 
lipid by centrifugation. The highly specific effects of 
PS on the multiple forms on MAO in the membrane 
and the failure of extensive washing with high ionic 
strength buffer to reverse MAO-B inhibition or 
remove associated [14C]PS make adsorption of the 
liposomes to the membrane surface an unlikely 
mechanism to explain our observations. Exchange 
of individual phospholipid molecules and endocy- 
tosis are mechanisms that require agents not likely 
to be present in the purified membrane preparations. 
Phospholipid exchange has been shown to be 
mediated by specific carrier proteins [30]. In the 
association of liposomes with plasma membranes, 
endocytosis appears to require active respiration and 
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Fig. 6. Lineweaver-Burk plot of the effect of PS on PEA oxidation by MAO in bovine liver OM. MAO 
was assayed with respect to PEA concentration at 30” at atmospheric oxygen concentration by means 
of oxygen uptake as described in the text. Aliquots of OM were pretreated with PS liposome/membrane 

protein ratios of: 0.0 (&--A), 0.1 (m), 0.5 (O), 0.2 (0) and 1.0 (0). 



36-K> T. D. BLCK\I~. S. En so\ and R. Bose I I 

glycolysis [29,31]. Temperature dependence of 
incorporation has also been found to differ for 
endocytosis and fusion. Poste and Papahadjopoulous 
[29] demonstrated that fluid liposomes (above the 
solid-liquid crystal phase transition) of the acidic 
phospholipids are incoporated into cell membranes 
by fusion, while for solid liposomes of acidic 
phospholipids. as well as both solid and fluid lipo- 
somes of zwitterionic phospholipids, the mechanism 
is endocytosis. Endocytosis exhibits a linear tem- 
perature dependence of lipid incorporation while for 
fusion there is a characteristic, pronounced increase 
in slope at about 18” [ZY]. Incorporation curves for 
fusion. shown by these authors. bear a strong resem- 
blance to that for the uptake of [ “C]PS liposomes 
by the bovine liver OM in our studies (Fig. 3). Bovine 
brain PS with a transition temperature of 5’ (321 
satisfies the criteria for a fluid anionic liposome. The 
temperature above which the slope of the [‘“C]PS 
association curve increases (-20”) could, on the basis 
of this mechanism. be related to the phase transition 
reported for liver mitochondria. which is believed 
to correspond to the completion of lateral phase 
separation in the lipid bilayer [33]. Studies of effects 
of PS on various physical parameters of the OM are 
presently in progress to obtain a more precise 
understanding of the mode of PS binding to the 
membrane and its relationship to MAO inhibition. 

Failure to reverse the PS inhibition of MAO on 
disruption of the membrane by chaotropic agents or 
sonication, together with the partial inhibition still 
remaining at high PS levels after complete solubili- 
zation by octyl glucoside are more suggestive of a 
specific interaction between PS and the membrane 
bound enzyme than of indirect effects of bulk 
changes in membrane fluidity or surface charge. Our 
findings. reported elsewhere [ 131, that at comparable 
levels of association with the membrane the other 
acidic phospholipids. PI and CL. show very different 
effects on the MAO multiple forms also argue against 
bulk membrane effects. The inability of PS to inhibit 
solubilized bovine liver MAO indicates that associ- 
ation with the native lipid bilayer is. nevertheless. 
a first step in the process. If membrane fusion were 
the dominant mechanism by which the PS liposomes 
interact with the OM. some lateral diffusion of the 
PS would be required to bring the lipid in contact 
with h4AO. This would also mean that only a small 
portion of the bound PS may actually be responsible 
for inhibition of the enzvme. 

In the PS-treated bovine liver OM, the failure of 
subsequent incubation with PC or PI liposomes to 
reverse the inhibition of MAO could be a reflection 
either of their inability to displace excess PS from 
the membrane (as a fusion process for liposome 
association would suggest) or of the specific nature 
of the PS-MAO interaction. The increased inhibition 
after treatment with the second liposomes. which by 
themselves are inactive, could be the result of 
increased diffusion of PS to regions of MAO binding. 

One of the studies of the interaction of phospho- 
lipids with MAO mentioned at the beginning of the 

^ R. M. Cawthon. J. E. Pintar. F. P. Haseltinc. M S. 
Buchsbaum, D. L. Murphy. and X. 0. Breakefield. Socfrr? 
f;,r Nruro.science- Trnrh Anmud Mrerin,~. A69. p. 4 ( 19801. 

paper. that of Huang and Faulkner [7]. which used 
methodologies somewhat similar to ours. demon- 
strated different effects on the multiple forms of the 
enzyme. In this work. whole rat brain mitochondria 
were delipidated with phospholipase A and incu- 
bated with liposomes of the acidic phospholipids. 
Liposomes of PS and CL produced comparable 
recoveries of activity lost as a result of the phos- 
pholipase treatment while PI uniquely activated 
MAO-A to 80”l abo\-c its original le\,el. However, 
as reported in detail elsewhere [ 131. we reexamined 
this methodology using PI liposomes and found it 
to involve complete solubilization of the enzyme 
from the mitochondria. and thus these ohservatjonh 
are not applicable to effects on native membrane 
bound MAO. 

Although the higher concentrations of PS used in 
the present work. at which maximum MAO-B inhi- 
bition was achieved. represent large excesses over 
natural PS levels in the mitochondrial OM. a sig- 
nificant inhibition (2OV) was found at levels IOU 
enough to be a physiologically reasonable pertur- 
bation (0.12 mdmg protein). A number of studies 
in recent years have produced credible evidence for 
the existence of unique MAO-A and -B proteins 
[3ic37.“]. contrary to the hypothesis of Houslay and 
Tipton [l] of a single lipid environment-modulated 
peptide. Even if MAO substrate specificity is PI-i- 
marily related to the presence of two different A and 
B peptides, the present observations of inhibitor) 
effects of PS on native membrane bound MAO swg- 

gest the possibility of a second level of regulation of 
the relative activities of the two forms from one 
tissue to another or in response to environmental 
perturbations. 

An example of particular clinical relevance where 
such considerations might prove applicable is the 
recent report of higher PS levels in schizophrenic 
blood platelets [38]. Inhibition of MAO-B in these 
platelets by the elevated PS could offer an expk- 
nation for the controversial observations of louver 
platelet-MAO activity associated with this mental 
disorder. In this regard wz have found. in studies 
now in progress in our laboratory. that platelets from 
a population of paranoid schizophrenics with lower 
basal MAO levels showed lower sensitivity to inhi- 
bition by added PS liposomes. 

In view of the striking effects of PS on other 
important tnembrane enzymes involved in neuro- 
transmission. it is intriguing to spectulatc that this 
phospholipid could play some overall role in the 
regulation of these procrsses. 

The catalytic mechanism for MAO has been well 
established as having the kinetic characteristics of 
a ping-pang. bi-reactant system [391. The 
Lineweaver-Burk plot shown in Fig. 6 is consistent 
with the action of a noncompetitive inhibitor on an 
enzyme of this type [JO]. As the inhibitor in this ca\e 
is most likely to be an integral component of the 
membrane to which the cnz!‘me is bound. the inhi- 
bition would be expected to be reversible only on 
membrane disruption, as was seen \vith the octyl 
glucoside solubilization. The decreased effectiveness 
of solubilization in reversing the inhibition at higher 
PS concentrations ma)’ reflect a greater component 
of PS in the MAO boundary lipid layer, at Ieaht a 
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portion of which would be expected to remain associ- 
ated with the enzyme on transfer to a detergent 
micelle. 

I?. H. K. Kim&erg and E. G. h4ayhew. CRC Cr.it. Rev. 
Toxic. 6. 25 (1978). 

The similar effects of PS on PEA oxidation and 
binding of the reversible inhibitor, harmaline, as well 
as of the irreversible inhibitor, clorgyline, for mem- 
brane bound rat liver MAO suggest that the inhi- 
bition mechanism involves more than just decreased 
substrate binding. If only initial binding of substrate 
and structurally related inhibitors to the MAO-B 
active site were affected. then at least an attenuation 
of this effect would be expected on prolonged incu- 
bation with the covalently binding suicide inhibitor. 
as the irreversible phase of inhibition proceeds 
toward completion. Contrary to this prediction, the 
apparent fractional decrease in MAO-B calculated 
from increased clorgyhne sensitivity (MAO-A spe- 
cific inhibitor) correlated quantitatively with effects 
on PEA activity. 
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