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SUM MARY

Pargylinme (N-met iuyl-.N-2-propynylbenmzylami ne) , arm irreversible mmii ibit or of monoaminse

oxidase in vitro, was found to binmd irreversibly to time ermzyme in vito. Time apparenit covalent
nature of time latter birsdinsg was establisised by exiuaustive wa.siminsg arid treatment of time

proteins svitii tricimloracetic acid. The inhibitor was selective for monmoamine oxidase in rico

as well as in vitro, wisich pernsitted time determinmation of time turnover rates of monmoaminse

oxidase ins various subcellular fractionss of rat liver. Time imaif-life of mitocimonmdrial monso-
aminse oxidase was approximately 3.5 da��s, as determined by the rate of recovery of enzyme

activity or by the decay of radioactivity after administration of sufficient 7_m4C_pargylinme to
inhibit time enzyme completely. Similarly, the half-life of microsomal monmoaminme oxidase was

found to be approximately 1 day. Evidence is presersted suggest inig that radioactively labeled,
inactive monoaminse oxidase may be takers up by lysosomes. Cyclolmeximide completely pre-
vented the recovery of monoamine oxidase activity ins the microsomal fractionms anud markedly
inhibited time rate of recovery of enmzyme activity ins time mitochormdrial fractiorus.

I NTROI)UCTION

In recenst years, considerable insterest has

developed in the submitocimonsdrial localiza-
tions of various membrane-bound enmzymes
and proteins, including monoamine oxidase
( 1), rotenone-insensitive NADH-cytochrome

C reductase, and cytochmrome b5 (2). Witim

the advent of tecimniques for the separation
of outer and inner mitochonidrial membranmes
as described by Scimnaitmans, Erwin, anmd

Greenawalt (1), Sottoca.se et a!. (2), and
Parsons et a!. (3), it has become possible

to study proteins turnmover rates of these mem-
branes as well as to insvestigate time mecim-
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ansisms of catalysis anud inmhmibitions of monuo-

amine oxidase (4, 3).

Unstil recent ly , determinmat ion of t lie
turnsover rates of mitochmonmdrial membranse
proteinus lists been dependent ons the in-
corporations of radioactively labeled amino
acids insto these proteirms anud subsequently

measuring the rates of disappearansce of
label. Utilizing timis procedure, Beattie et a!.

(6) estimated time imaif-hife of rat liver mito-
cisonsdrial proteins to be approximately 8.3
days. After continuous adminuist rations of
m4Ccrtrboniate, Swick et a!. (7) estimated time
imalf-life valtses for six rat liver mitocimonsdriai

proteins to be 4-6 days. Ins a study of turns-

over rates of iseme componuenuts of outer anud

insnser mitocimondrial niembranse prot ci rus,

Druyans ci at. (8) observed timat cytochmrome
b5, associated with time outer membranue,
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possessed a imalf-life of 4.4 days, and ob-
tainied values of 4-6 days for Isemes of the

insner membrane proteins.
Another approacis to time study of synstise-

His of proteins of the outer mitochondrial

membrane involves the use of irreversible
inhibitors of enzymes associated with this

membrane. Barondes (9) determined the rate

of regeneration of monsoamine oxidase ac-

tivity in rat brain mitochondria following the
administrations of 1-pheniyl-2-hydrazinopro-

parse (JB 516), an irreversible inhibitor of
the enzyme in vitro (10). Since JB 516 ansd

other hydrazines are not specific for mono-
amine oxidase (11), pargyline (N-methyl-N-
2-propynylbenzylamine) , a more specific,

irreversible inhibitor of monsoamine oxidase,
was used in the present studies. Hellermans
ansd Erwin (5) found that pargyline was

specific for monoaminse oxidase in vitro and
that the active sites of time enszyme could be

titrated with this compounsd. In addition,
pargyline apparenmtly becomes covalenstly

bound to the enzyme. Ins preliminary studies,
Erwini and Simons (12) observed that the

rates of recovery of monoamine oxidase

activity ins rat liver mitocliondria were

similar followinig administration of sufficient
ipronsiazid or pargylinse for complete inimibi-

tions of time enmzyme activity in vivo. The

present studies were conducted ins order to
determine time isature and specificity of the
binding of pargyline to nmonsoamine oxidase
ii, vivo arid to utilize this inmimibitor ins study-

insg time turnsover rate of time enszyme in outer

mitocimonsdrial membranes arid ins time micro-

somal membranses.

METHOI)S ANI) MATERIALS

Rat livers were removed immediately
after decapitation and placed ins sufficient

0.23 M sucrose to give a 20 #{182}�suspenssion.
Homogenization was performed by 10

passes of a tigimtly fittinsg Teflonm pestle ins a
glass homogenmizer. After dilutions witis aIm

equal volume of 0.23 �n sucrose, time suspens-
sionm was centrifuged at 600 X q for 10 mini,

ansd the resulting supernsatanst fluid (imere-
after termed “imonsogensate”) was decansted.
Mitocimonsdria were isolated essentially as

described by Scimnsaitnmanu, Erwin, ansd

Greensawalt (1), except tiuat ins some cases

the pink, fluffy layer obtained with the mito-
cisondrial fraction, after the initial sedimen-

tations and two w-asimes, was not decanted.
Outer and inner mitochondrial membranes
from mitochondrial preparations not con-
tainiirsg the pink, fluffy layer were prepared
by the procedure of Schnaitman et al. (1),
utilizing digitonin. Microsomal membranes

were isolated from the supernatant fluid,
after the initial mitocisondrial sedimentation,
by centrifugation at 160,000 X g for 1 hr.

For the preparations of lysosomes, a modifi-
cation of the method of Ragab ci al. (13) was
employed. An aliquot of the mitochondrial
fraction (approximately 50 mg of protein per

0.5 ml) containing the pink, fluffy layer was

layered over 3 ml of 0.6 �n sucrose in a 10-
ml tube and censtrifuged at 6000 X �j for 10
mm. The nonisedimented lysosomes were de-

cansted and sedimenuted by centrifugation at
20,000 x g for 10 mirs.

For estimation of the degree of cross-
contaminations of time mitochondria by

microsomal and lvsosomal fractions, the
follosvinsg enszynie activities were deter-

mused on the separated fract ions : glucose
6-phospimatase at pH 6.3, by the method of
Swanson (14) ; �3-glucuronidase, as described

by Giansetto arid DeDuve (15) ; and sue-
cinate deimydrogeisase, accordinsg to the

metisod of Arrigonsi anmd Singer (16). Cross-

constaminuations of time insner arid outer mito-

ciuonsdrial membranes was determined from

time activities of monsoamine oxidase [ac-

cording to Deitricis ansd Ersvins (17)],
kvnurenmine hydroxylase (18), and succinate
deimydrogenase. Corstanuinations of tue miner

ansd outer mitocimonmdrial membranmes with
microsomes or lvsosomes was estimated as

described above. All enmzvme assays were
performed witis a Gilford recording spectro-

photometer as described in time figures and

t ables. Protein determinmat ionms w-ere con-
ducted accordinmg to the biuret procedure,

usinmg timree times crystallized bovinme serum
albumin as a stanudard.

1mm studies with 7_m4C_pstrg�.linme imydro-

ciuloride, aliquots of eacim fractions were

placed mu liquid scinstillations vials constainming
10 ml of scinstillationm fluid [conssistinmg of

7 g of 2, 5-dipimensyloxazole ansd 0.42 g of

p-bis[2-(5-pimeisvloxnszolvl)]benizenme per liter



Fraction
Time

after 14C.
pargyline Before

exchange
wash

After After
exchange trichior-

wash I aceticacid wash

cm p/mg protein

85�

13

87

15

112
35

82
16

124;

hr

12

12

12
120

120

168

168

134

33

70

29

49

53
30

40
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of toluense] ansd 2 ml of Beckman Biosolve

BBS III. Proteins determinsationms ansd
enzyme assays were performed ons each
fractions. Radioactivity was measured in a

Beckman liquid scint illat ions spectrometer
arid was corrected for quencimirmg by the use
of internal standards.

Sprague-Dawley rats of eitimer sex, weigh-
ing 225-250 g, were employed ins all experi-
mensts. Eacis rat was treated by insjection
witim 20 mg of pargyline per kilogram of body

weigist or with 7_m4C_pargylmne (specific

activity, 1 MCi/mg). The animals were
killed at various times after administration

as indicated in the tables ansd figures. Time

7-’4C-pargyline was kindly supplied by
Abbott Laboratories. All other reagenuts
were of time imighest purity available.

In studies utilizing inhibitors of protein

syntisesis, male rats were treated wills
cycloimeximide, 1 mg/kg intraperitoneally
twice daily for two doses, arid then witis 0.5
mg/kg twice daily. Time last dose of inhibitor
was given 90 mm before death.

RESULTS

Nature and specificity of par(Jy!ine binding

in vivo. Inasmuch as Hellerman and Erwin
(5) had observed that pargyline became
covalently bound to tise highly purified beef
kidney monoamine oxidase in vitro, it was
of interest to determine the nature of par-

gylinse binding iii vivo. As shown in Table 1,

the specific activity (counsts per minute per
milligram of proteins) of various rat liver
fractionss obtained at 12, 120, and 168 hr
following time administration of 7�4C-

pargyline was nsot decreased whenu timese

fractionus were wasimed three times witim
isotonic sucrose solutions corstaininmg 0.01 �

unlabeled pargylinme. Also, the specific
activities were riot decreased wimens time
fractionss were wasimed timree times witim 10 %

tricisloracetic acid. Timese finmdings inmdicate

that pargylinse becomes essentially co-
valently bounud to timese fractions in vito.

Ins order to determine the specificity of

pargyline binding in viva, the percentage
recoveries of monoaminme oxidase activity in

various subcellular fractionms, isolated from
livers of untreated rats, were compared
witis time distributions of covalently bounsd

T.�m3n�E 1

A pparent!y covalent nat ure of ‘4C-pargyline binding

to m itochondria I a fl(1 in icrosom al on onoatu ieee

ox�(lase en rico

Rats were given mlCparg.�.li mie (specific activ-
ity, 0.2 �aCi/MnimoIe), 20 nsg/kg of 1)0th weight

i mmtraperitoumeally , amid t hei r livers were renmmoved

at the times imudicated after ilijectiomi. Fractionss

were isolated and coumited as described in time text.

Also, eaclm fractiomi was washed three t inmes by

resuspenusions ins approximately 30 volunmes of 0.25

as sucrose commtaimming 0.01 ii pargylimme lmvdrochlo-

ride. In separate experinsents, the 12-hr sanumples
of each fractionm were precipitated with 10%

trichloracetic acid ammd washed three tirmmes by

cemmtrifugation amid resuspeimsion mm 10�� t richlor-

acetic acid. After the final cenutrifugatiomi, frac-

tionus were resuspended mmd coummited. Protein

determinations were performed before ammd after

washings. Values represemmt the averages of three
separate experimemsts. In all studies, sufficient

protein was used to give at least 300 epnm total

with the microsomal fractions and at least 1000

cpm total with other fractiorus. -

Mitochommdria
Microsomes
Outer mito-

chomidri al

membranes
Mitochonmdria

Outer mito-
chomudrial

mensbranues

Mit ochomudria

Outer nmito-

chonudrial

menmhrammes

Specific radioactivity

‘4C-pargylirue ins similar fractionus isolated
from livers of animals wiuiclm imad received

the monoaminse oxidase irshibitor. As shown
in Table 2, the percentage recoveries of
monoamine oxida.se activity in time mito-

cimondrial and microsonmal fract ionss were
virtually the same as time recoveries of �4(� lii

tisese fractionss. Also, tire enzynme activities
and radioactivity found mu time outer arid
iimner mitocimonmdrial membrane fract ions
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TUlLE 2

Distribution of monoamine oxidase activity and ‘4C-pargyline labeled in vivo in various fractions of rat liver

Monoamine oxidase activity irs various fractionis from the livers of untreated rats was determined
as described in the text with p-dimethylamimsobemizylamine as substrate. Counts per mimsute were deter-

minsed on various fractions from livers of animals 12 hr following the admimiistratiomi of m4C-pargyline

(specific activity, 0.2 jaCi/jzmole), 20 mg/kg intraperitoneally. The extent of cross-contaminuation of the

various fractions was determiumed as described in the text. Mitochomidrial fractions contained less than

10% of the total glucose 6-phosphatase activity anmd approximately 20% of the total $-glucuronidase
activity. The microsomal fractionms constained nso detectable succinate dehydrogemsase, anmd the lysosomal
fractions possessed less than 5% of the total succimsate dehydrogenase activity. The outer mitochondrial

membrane preparations contained less than 5% of the total succinuate dehydrogemmase activity, whereas,

as shown below, the inner mitochondrial membranes possessed approximately 18% of the moumoamine
oxidase activity. Corrections were made for contamination of mitochondria with lysosomes and micro-

sonnes; however, fl() other correctionis were msecessary

Fraction

Monoamine
oxidase

recovery

Monoamine
oxidase activity”

Radioactivity”
Recovery
of radio-
activity

Protein
recovery

c
/0

C
/o 0/o

Homogenate 100 0.532 (0.003) 7112 (35) 100 100
Mitochondria 53.9 0.287 (0.010) 3406 (90) 51 21.7

Microsomes 9.0 0.048 (0.002) 529 (17) 8 17.4

Outer mitochousdrial nuem-

branes 37.7 0.201 (0.016) 2346 (130) 33 7.8

Iuinuer mitochondrial nmem-

branes 18.0 0.096 (0.004) 1180 (38) 16 17.7

Lysosomes 0.5 0.0027 (0.0003) 715 (92) 10 4.7

144,000 X g supermsatant

Total recovery

0

63.4

71 1

70

41.0

84.8

a Monoamine oxidase activity and radioactivity are expressed as chansge ins absorbance at 255 m�

per minute anud counit.s per minute per gram of liver, wet weight, respectively . Values ins parentheses
represent the specific enuzyme activity amid radioactivities per milligram of proteimm anud are averages of

four separate determimsations.

paralleled one another. The yields of protein
obtained in various fractions were not

similar to the recoveries of enzyme activity
or radioactivity. It sisould be nsoted that the
percentage recovery of radioactivity (‘4C-
pargyline) in the lysosomal fraction was
considerably greater than that of mono-
amine oxidase in this fractions.

As shown in Table 2, the total recoveries
of monoamine oxidase activity, radioac-
tivity, and proteins were 63.4 %, 70 %, and
84.8 %, respectively. The difference in re-

coveries of monoamiise oxidase activity and

‘4C is due primarily to time preseruce of i4(�

in time lysosomal fraction, mvimicis contains

little monoamine oxidase activity. Since
most of the proteins loss occurs ins the washing
of the mitochondrial fractions and irmasmuch
its monoamine oxidase activity and I4� are

localized primarily ins tisese fractiorss, less
monoamine oxida.se activity or radioactivity
than protein would be recovered. As rioted
in Table 2, changes ins time specific activities,

as well as recoveries, of the different frac-

tionss are similar for monsoamine oxidase and
radioactivity. Timese results indicate that
pargyline is selective for monoamine oxidase

in bindinsg to these subcellular fractions of

rat liver in viva.

Furtimer observations insdicat hug that

pargyline selectively binds to monoamine

oxidase are presented ins Table 3. In these

studies in vitro it was observed that the
specific activities of time m4Cparg��lmne bound

to the mitochonidrial, microsomal, outer

mitochondrial membrane, and inner mito-
cisondrial membranse fractions were remark-
ably similar to time values obtained in the
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TABLE 3

Distribution of covalently bound ‘4C-pargyline in
various fractions of rat liver in vitro

The various subceliular fractions were isolated
as described in the text. ‘4C-Pargyline (specific

activity, 0.2 j�Ci/�imole) was added to various sub-
cellular fractions or homogenates to give a final

concentrations of 10� M pargyhine. The final vol-
ume of each subcellular fraction was 1 ml, and
the final volume of the 20% homogenate was 10

ml. After incubation of the subcehlular fractions

with m4C�pargyline for 30 minu, approximately 10
volumes of isotonic sucrose solutioms constainsing

0.01 M unlabeled pargyline were added to each
fractionm, and, after mixing, the fractiomms were

centrifuged as described ins the text. This washing

procedure was repeated four times, amid aliquots

of the resulting resuspended fractionis were takemm

for determinations of radioactivity. The liver ho-
mogenate was inmcubated for 30 mini with HC�
pargylimme, amid the fractiomus then were separated
and counted.

Fraction

Radioactivity

After incubation
In liver tissue

of homogenmate
fractions”

with HC�pargylineb

cpm/g tissue

Mitochomsdria 3650 3042

Microsomes 548 876

Outer mito-

chondrial
membramue 2190 2640

Innmer mito-

chondri at

membramue 1145 1320
Lysosomes 240 324

a Ilepresemits coummts per minute conutaimied in

various fractiomms obtainsed from 1 gram of liver

tissue, wet weight.
b Represents the counuts per minute mm various

fractions obtained from 1 gram of liver tissnue when

the homogenate was imscubated with ‘4C-pargyline,
as above, amid the fractions thems were separated
and counted.

studies in viva (Table 2). The total activity
(counts per minute per gram of tissue, wet

weight) in the lysosomal fraction, labeled
in vitro, was considerably lower than time
values observed when this fractions was
isolated from the livers of rats which isad

received n4cpargylmne, possibly insdicating
that the lysosomes rapidly accumulated

FIG. 1. Rate of recovery of monoamine oxidase

activity in preparations from rat liver following ad-

ministration of pargyliree in vivo

Mi tochomsdrial , outer mi tochondrial membranse,
amud microsomal membranse fractionis were prepared
as described ins the text from amsimals receiving 20

mg of pargyline per kilogram of body weight.
Monmoamimme oxidase activity and protein were de-

termined as described ins the text. Values are the

means ± stammdard errors of at least six experi-

ments. 1{esults obtainmed with microsomes

(0- - -0), nmmitochoisdria (�- - -.�), and outer
mitochondrial membranses (0- - -0) are as il-

lustrated. In the imuset, a plot of log [(A6 -

(�4� - Ao)l with respect to time, according to the
method of Swick el a!. (7), is shown. A1 , A� , anud

� refer to mitochondrial monmoaminme oxidase ac-

tivity after 809� recovery from inhibition (i.e., at

11 days), momioaminme oxidase activity at anuy given
time, anmd initial monoamine oxidase activity (i.e.,

at 12 hr), respectively. The slope (k-value) equals
0.37 day’, representinug a half-life of 1.8 days.

radioactively labeled monoamine oxidase
in viva (Table 2).

Rate of return of monoamine oxido,se

activity in viva fol!owing administration of

pargy!ine. As shown in Fig. 1 , following

complete inhibition of monsoamine oxidase

activity in viva, the activity in the mito-
chonsdrial ansd outer mitocimonudrial mem-
branse fractions returnsed to 50 % of time
normal level in approximately 3.5 days. The
rate of return of enzyme activity in the
microsomal fractionu was conusiderably more
rapid thans irs the mitocimonmdrial fractions,
with 50% of time normal activity being
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Fia. 2. Rate of disappearance of radioactivity

f rout vs itochondria and outer mitochondrial intern -

branes following adni inistration of ‘4G-pargyline in

vivo

The fractionis were prepared as described ins the

text from the livers of rats receivimug 20 mg of ‘4C-

pargylinse (0.2 ,zCi/Mnmole) per kilogram of body

weight . Radioactivity was deternmined as described

ins the text. Each poinmt represenits the means ±

standard error for six degrees of freedom. The re-

suits obtained with mitochonidria (0- - -0) and
outer nmitochondrial nmenimhranes (z�s- - -�) are as

illustrated. Correct ionss for cross-conut mmmi muat iomu

were nmade as described iii Table 2. Iii the imuset , a

plot of log l(/l#{128}- -t�)/(.1� - ;to)l wilts respect to

time, accordinug to the method of Swick et al. (7),

is showmi for the mitochonmdrial fractions (Fig. 1).

The slope (k-value) equals 0.38 day’, represenstimug
a half-life of 1.8 days.

attained approximately 1 day after the

adminsistrations of pargylirse. Wisen the data
were plotted according to time metisod of
Swick et a!. (7) (Fig. 1), a slope (k-value) of
0.37 dayt was obtained. This value repre-

sents a half-life of 1.8 days for the mito-

chondrial monmoaminse oxidase. Since it was

obtained at 80% recovery from inisibition
(Fig. 1), ratImer timanm at equilibrium, this
value may be somewhat lower than time
actual half-life.

The rate of disappearance of radioactivity
from time mitocisonsdrial fraction and the

outer mitochonsdrial membrane fraction iso-
lated from time livers of animals receiving

‘4C-pargylinse is showns in Fig. 2. It was ob-

served that approximately 3.5 days were
required for the specific radioactivity

(counts per minsute per milligram of protein)
to decrease by 50 % of the 12-hr value.
Again, however, if time data were plotted

according to time metimod of Swick et a!. (7)

(Fig. 2), a rate constant of 0.38 day-’ was
obtained, represensting a half-life of 1.8
days for the radioactive pargyline asso-

ciated with monoamine oxidase (Tables 1,
2, and 3). Tisese results are in excellent

agreement witlu those obtained in Fig. 1 for
time rate of returns of monoamine oxidase

activity. As shown irs Fig. 3, radioactivity
associated with the microsomal membranes
decreased to 50 0/ �f the 12-hr value in
approximately 1 day . These results also are

in excellent agreement with timose obtained
in Fig. 1.

Effect of inhibitors of protein synthesis.

Figure 4 shows that cycloheximide effec-
tively decreased the rate of returns of monso-
amuse oxidase activity ins time mitocimonsdrial
fractionm. However, the recovery of activity
was nuot completely blocked. Time enzyme ac-
tivity returned to approximately 20% of the
control value 4 days after pargyline adminis-
trations, compared to 55 % in time absensce of

0 I 2 3 4 5 6 7 8 9 10 II

TIME (DAYS)

FIG. 3. Rate of disappearance of radioactivity

from mierosornal and lysosomal fractions in vivo fol-

lowing administration of ‘4C-pargyline

Fractions were prepared as described ins the text

from animals treated as described in Fig. 2. The
results with microsomes (Lx- - -�) amud lysosomes

(0- - -0) are as illust rated.



100
>
I-
0 90
4

Ui 80
U,
4

70

0 60
Ui

50

40
z

30

20
Li

0 lO

a:
Li

0.

>-

I-

>

0
4

Li

U,
4

>(

0

Li

z

0
z
0

I-
z
Li

0
a:
Li
IL

00

90

80

70

60

50

40 -

30 -

20 -

3 4

LABELING OF MONOAMINE OXIDASE IN VIVO 225

/

� �

0 i� �

TIME (DAYS)

FIG. 4. Effect of cycloheximide on recovery of

monoamine oxidase activity in rat liver mitochondria

after pargyline administration

Cycloheximide was administered as described

ins the text and in Table 4. Pargylinme (20 ,.�Ci/

�smole) was adminsistered at zero time, amid at the

times indicated aimimals were killed amid liver mito-

chondria were isolated as described ins the text.

Control animals received only cycloheximide. The
results with cycloheximide alonse (�------�),

cycloheximide plus pargylimue (0- - -0), or par-

gyline alone (�- - -�) are as illustrated. Valises
represenmt the meamus ± stanudard errors amid

represenst percenmtages of the total monsoamimie oxi-

dase activity per gram of liver (wet weight).

cycloheximide. As showns in Ii�ig. 5, cyclo-
heximide completely blocked the returns of
monoaminse oxidase activity ins the micro-
somal membrane fractionms. Altisough the re-
generation of monoaminue oxidase activity in
microsomes and mitochonidria was inhibited

by cycloiseximide, this compound had rela-
tively little effect on ersdogenous monoamine
oxidase levels (Figs. 4 and 5). As a result of
these observations, experiments were cons-

ducted to determine wimether cycloheximide
would alter protein synthesis ins the rat liver.

The data presented in Table 4 show- timat

treatment witis cycloheximide decreased
the incorporation of ‘4C-leucine into liver
protein by 40 %. Timese results, obtainsed 90
mini after administrations of cycloheximide,
are in agreement witim timose reported by Yeh

and Sisils (19). Thuese authors found timat 7 imr
after time adminsistrat ion of 0.5 mg of cyclo-

iseximide per kilogram of body weiglmt to fe-

male rats, proteins syntimesis was inhibited

approximately 60 9� , ansd 12 hr after ad-
minsistration of time inmimibitor, amino acid ins-

corporation returned to nsormal. Sinuce, in
the present studies, cycloheximide was ad-

minsistered every 12 iur, it is probable that
there existed periods wimens proteins synsthesis
was inhibited followed by periods wisen pro-
teirs synthesis was relatively instact. Such re-
sults might explains time relatively minor

decreases irs endogensous monoaminse oxida.se
activity observed wimens cycloheximide was
administered.

Since it appeared that mitocisondrial anud
microsomal monsoaminme oxida.se may nuot be
similar enzymes, time kinsetic properties of

the enmzymes in these fractiorms were insvesti-
gated (Table 5). Time Km values for beiszyla-
minse, p-dimetimylaminsobenzylamine, and
kynmuraminue were obtainmed from observed
reactions rates. K values for serotonin, nor-

epinephrinse, ansd tyramirse were obtainsed

using p-dimethylaminobenmzylamine as sub-
strate with both time mitocimondrial and
microsomal enzymes. As shown ins Table 5,

little difference was observed ins the values

TIME (DAYS)

FIG. 5. Effect of (7/cloheximidc on recovery of

monoamine oxidase activity in rat liver microsomes

after pargyline administration

Experiments were performed as described iii

Fig.4. Results with cyclohexinside alomie (�--�--�),

cyclohmeximide plus pargyline (0- - -0) amid
pargyhinue alomme (�- - -�) are as illustrated.
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TABLE 4

Inhibition of protein synthesis in rat liver by cycloheximide

Male rats were treated with cycloheximide as described in the text. The experiment was terminated
64 hr after the first dose of drug. The last dose was given 90 mins before ‘4C-leucine (2.5 �iCi/100 g) was

given instraperitoneally. The animals were killed 30 mm hater, and their livers were removed. A 10%
homogenate in 0.25 M sincrose was prepared and centrifuged at 600 X g. One milliliter of the supernmatant

fluid was added to 1 ml of 0.6 N perchloric acid. The precipitated protein was washed three times with
0.33 N perchioric acid by centrifugation, and the precipitate was dissolved in 1 ml of “NCS” solubilizer”

anmd counted by scintillation. Both insternsal and external standards were used to correct for quenching,

which was foummd to be uniform ins all samples. Values are calculated from the disintegrations per min-
ute incorporated into proteins per gram of liver, wet weight.

Treatment
Radioactivity

Incorporation
Total Acid-precipitated Acid-soluble”

dpm/g liver % control

Control 133,011 99,032 33,979

Cycloheximide 122,344 59,711 62,633 60
“Amersham/Searle, Chicago.

Acid-soluble values represeist the difference betweeni total and acid-precipitated disintegrations

per minute. Values represenit those obtained from a typical experiment.

TABLE 5

Kinetic properties of mitochondrial and microsomal

monoamine oxidase

The mitoc honsdrial anud mic rosomal fract ions
were isolated as described ins the text . The K�,

and K, values were oL)tained by plottinug the data
obtainsed by a Lineweaver-Burk plot. With ben-

zylami nue , p-dimethylami nuobenzylami sue , or ky-
nuuramimse, the activity of nmonmoamine oxidase in

the fractionus was determined by the methods of

Tabor et al. (20), l)eitrich amid Erwin (17), and

Weissbach et al. (21), respectively. K� values for
tyramimme, serotonmini, amid epinephrinue were deter-

mined by addinug these substrates in a fimual con-
centratiomi of 1 m� and assayinig the emizyme ac-

tivity with p-dimethylaminsobenszylaminme as sub-

strate.

Mitochondrial Microsomnal

Substrate monoamine oxidase
monoamine oxidase

K� X to’ K� x 10’ K X 10’ K, x 10’

Benuzylami rue
p-1)imethyl-

aminmobenzyl-

amine

Ky niurami tie

Tyraminie 2.8 1.1

Serotonuimi 7.6 9.0

Epimiephrinse 18.0 15.0

Monmoamimme oxidase activity, as measured by

the inmcrease in absorbance at 250 m�.m dtse to ben-

zaldehyde formnationm, could nmot be observed in

the mic rosomah fray I 11 )nis.

when either mitocimondrial or microsomal
monoaminse oxidase w-as utilized. The ma-
jor difference was that benzaldehyde forma-
tion by microsomal preparations could not
be observed with benzylamine as substrate.

I)ISCUSSION

As noted in Figs. 1 and 2, the rates of re-
turn of monoaminse oxidase activity after
pargyline administration and time rates of

disappeararsce of radioactivity were mark-
edly different in the mitochondrial and

microsomal fractions. These results indicate
that monoamine oxidases ins these fractions
possess distinctly different turnover rates.

There are at least two possible explanations
for tisese observationss: either (a) time micro-
somal enuzyme is a precursor for the mito-
chondrial enzyme, or (b) the enzymes are
distinsctly differerst, possessing different rates

of synthesis and degradation. Data pre-

senited in Figs. 4 anmd 5 show- that although
cycloheximide completely prevensts the re-
coverv of erszyme activity in the microsomal

fraction, time activity ins time mitochondrial
fraction was approximately 20 % of the nor-
mal value after 5 days. If a similar propor-
tion of enzyme activity had returned ins the
microsomal fractions, tise assay employed

would have detected it. These results support

time conclusions tlsat morsoamine oxidase ac-
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tivity observed in tise microsomal fraction
is not due to contamination by the outer

mitocisondrial membrane. It is also possible

to conclude from these data that time micro-
somal and mitochondrial enzymes are dis-

tinctly different proteins and that the micro-
somal enzyme may not be a precursor for time
mitochondrial enzyme. However, another
possibility is that cycloheximide may pre-
vent the binding of newly syntisesized mono-
amine oxidase to time microsomal fraction,

allowing the enzyme to be transferred di-
rectly to the mitochonsdrial fractions. The cvi-

dence available does riot permit a distirsction
betw-een these two possibilities or, for that
matter, other possibilities. Recently, Youdim

arid Sandler (22) reported timat monoamine
oxidases may exist in mitochondria as iso-

zymes, and evidence that mitocisondrial
monoamine oxidase may be differenit from
the microsomal enzyme isas been reported

(23). As shown in Table 5, the kinetic con-
stants for various substrates for time micro-

somal monoamine oxidase and the mitochons-

drial enzyme were quite similar; the onsly
significant differensce was time inmability to de-

tect berszaldehyde formation by the micro-
somal fractions with berszylamine as sub-

strate.

The data presensted ins Fig. 3 show- timat time
specific radioactivity in time liver lysosomal
fractions was maximal 12 hr follow-ing the

administration of ‘4C-pargylinme. Altimough
after 12 hr the specific radioactivity in the
microsomal and mitocisondrial fractions de-
creased rapidly, the radioact ivity a.ssociated
witis the lysosomal fraction did not decrease
appreciably until after 7-11 days. Since cvi-

dence presented ins Table 3 indicates that time
lysosomes do not binsd pargyline in vitro suffi-

ciently to account for time amounst of label in

timis fraction in vivo, it is possible timat the
Isigh specific radioactivity ins the lysosomal
fractions obtained after time administration of

labeled pargyline was due to the ingestion of

radioactively labeled microsomal arid mito-

cisondrial monoamine oxidase by time lyso-

somes in vivo. Time long lag period in the de-
crease of radioactivity in time lvsosomal
fraction could be accounted for by time ins-

ability of the lysosome to degrade completely
the morsoamine oxida�se witis its covalently

bound pargyline.

In studies witis a imighly purified bovine

kidney monoaminse oxidase preparations,

Hellerman arid Erwin (5) observed timat
pargylirse became covalently bound to the

active site of the enzyme in vitro. These in-

vestigators also demonsstrated that, with bo-
vine kidney preparations of various specific

activities, pargyline was selective for mono-

amine oxidase. In additions, it w-a.s shown that

pargylinie was initially a substrate for time
enzyme and, in the Process of beinmg oxidized
by the enszyme, became covalently bound.
The present studies isave extended to sys-

tems in viva the covalenst nature of the bind-

ing of pargyline to monoamine oxidase.

Since tisis compound becomes covalently
bound to monsoaminme oxida.se in viva, ap-

parently because of time active site-directed

nature of the insisibitor, it provides a useful
tool for studyinsg time rate of synsthesis of
monoamine oxidase in various subcellular

fractions, as w-ell as providing some evidence
as to time means of degradation and disposi-
tions of tisis enszvme. Anotiser advanstage of
time use of pargylinse ins studyinug time turnover

rates of monoamine oxidase proteins is tisat

time nature of time binsdinsg renders recyclinug

of time inhibitor improbable.
Time half-life of approximately 1 day for

time monmoamine oxidase associated witis time

microsomal membranme is somew’isat simorter
timans time value of 2.3-2.5 days for the imalf-
life of microsomal c�ctociurome b5 as re-
ported by Druyars et a!. (8) . How-ever, time

firmdinsgs presensted above are in agreement

with other reports that time microsomal mem-

branse iroteinss turns over more rapidly timan
proteisms of time outer nsitocisonsdrial mem-

branse (8, 24).
Inmasmucim as nnonmoaminse oxidase imas beens

demonstrated to be localized on the outer

mitocisonsdrial membranse (1), time use of

pargylinse as tins irreversible inmimibitor of the

enmzvme has ersabled us to determinme time

turnsover rate of a specific proteins associated
with time outer mitochsondrial membranme. Time
results indicate timat thue half-life of mormo-

aminse oxidase ins time outer nsitochmonsdrial
membrane may be as snmahl as 1.8 days a.nmd
no longer than 3.5 days. Timese imalf-lives are
sisorter thanm timose reported for some mito-

chmonsdrial protenus, particularly those asso-

ciated wit ii the inner nmitocluonmdrial mem-
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branes (7, 8). Also, Druyan et a!. (8) ob-
served that the half-life of cytochrome b5

associated with the outer mitochondrial
membrane was 4.4 days. The somew-hat
shorter half-life values obtained for micro-

somal and mitochondrial monoamine oxidase
in the present studies may be due to a more
rapid turnover of the irreversibly inhibited
enzyme than of the normal endogenous pro-
tein. Such results would be expected if the
rates of synthesis of the enzyme were regu-
lated by a substrate or product feedback
mechanism. Nevertheless, the half-life val-

ues for monoamine oxidase obtained in the

present study are sufficiently similar to those
obtained by other investigators (7, 8) to
indicate that the outer mitochondrial mem-
brane proteins may turn over as a unsit. How-
ever, the data are also consistenst witis the
possibility of a “point-for-poinst” replace-

ment of monoamine oxidase ins the outer

mitochondrial membrane.
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