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ABSTRACT OF THESIS -
Hupan liver monoamine oxidase Lunouino:oh
oxidoreductase (deaminating), x.c.l.c.a.{) was puﬁﬁod by

two aifferent methods. By Method #I, an original and somewhat
shorter method, which doceas not depend on the isolation of
mitoochondria, and in which vacuum dialysis, (during which the
enzyme separates out as a yellow preecipitate), is an

important step in purification, a final specifioc activity of
850 and fold purification of 42 was obtained. By Method #II,
using the procedure described by !alung;’u et al for the
purification of beef liver MAO, a final specific activity of
1010 and a f£0ld purification of 12 was obtained. By bdoth
methods the same end result was gecured, namely, & highly
purified preparation showing three active bands on polyaoryla-
mide d1s0c elestrophoresis. By Method #I a single peak was
obtained in the analytiocal ultracentrifuge, and a sedimentation
constant of 6.78 was noted. The enzyme has a pH optimum at
8.68, with no aotivity below pH 5.45 or above 11.80., Usting
bengylamine hydrobromide as the substrade, the Miochaelis
constant at pE 7.4 and 27 was found to be 1,7x10 M. Human
liver MAO is not inhibited dy oyanide or by oarbdbonyl reagents
such as semicarbagzide, hydroxylamine or aminoguanidine, dbut is
sensitive to thiol-characterizing reagents, as evidenced by

the fact that the enzyme is partially inhibdited by iodeacetiec
acld, suggesting that it has one or more essential SH-groups.
The enzyme activity was determined over a 10 minute periocd a$
various temperatures ranging from 0-80°. There was no activity
at o°. Maximal activity ocourred at 600. after which there

(v111)



was & progressive deocline, with loes of all activity above
aoo. After pre~incubating the enzyme for 18 minutes at
various temperatures ranging from 330-700, rapidly ocooling
to 830. and determining the activity, human liver MAO

was found to be completely inactivatea at 70°, 70% denatured
at 50°, and 47% at 37°. The enzyme, which is quite stable,
does not contain pyridoxal phosphate as a coenzyme, and is

a flavo-protein, as shown by absorption and fluworescence apeotra.
It ocontains approximately 9 moles of FAD per 100,000 grams of
protein., The absorbance index (l1 ) is 12.4. The amino soid
ocomposition of the enzyme was dct%::innd, with leuocine anmd
glycine present in greatest amount. The C-terminal group was
found to be glyoine. Repeated attempts to determine the
K-terminal group were unsuccessful, possibly due to the fact
that the N-terminal group may be bound by a phospholipiad
aoi}::? (On at least two occasions, & very faint but unmista-~
kable fluorescent spot corresponding to shat of the PTH~
derivative of leucine was identified on TIC, but this resuls
could not be confirmed by the amino acid amalysis of the

hydrolyzed PTH-derivatives,)

(IX)



CHAPTER I
ISOLATION AIND SOME PROPERTIES OF RUMAN

IETRQIUOTICN

While monoamine oxidase lll;; been o ;tuuut
from extracellular sources such uﬂ;cf and hog plasma and

from a spesies of fungus (uporgilgu niger), 1:3‘ obtua;:,
tn‘; highly pu-o‘:;orn from rabb%: serwm, human plasms, rat,
rabbi:’ud beef liver, bdovine kidney sortex, and human
placenta, & human liver preperation showing three aetive

bands on polyasrylamide electrophoresis and a single peak

in the analytie ultracentrifuge has never defore been odtained
or oharaoterized.

This thesis desorides the purification of humean
liver monoamine oxidase [unonino: 0 oxtdereductasne
(deaminating), X. C. 1.4.:.4_] by two different methods. 1y
Methed #I, an eriginal and simple method, which dces nes
depend on the is0lation of mitoshondria, the ensyme separates
out as & yellow powder ox vacuum 4ialysis, an important step
in purification. By Nethod fu.6;ho ensyme is purified, using
the procedure described by Yasunodu et al for the purificatien
of beef liver MAO.

The recognition of the central role of menoamine
oxidase in the inactivation ef pharmacologieally important
braix amines, sush as the catecholamines (Gopamine, epimephrine
and norepinephrine ), the discevery by Wenfriend of the rels
of amine exidage in the metabolism of seretonin, and the

possidle relationship between $hese eompounds and various
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@iseans states has stimulated a great 4eal of researed in

recent years. Among the important practieal results of
sesearch on this ensyme has been the introdustion into
eliniecal medieine of the mencamine oxidase inhibditer drugs
whieh Mave had a valuadle place in the tyeatment of
depression, essential hypertension, angina peectoris and
rhoumatolid arthritis.

Before preceeding %o the actual experimental
details and results, a general diseussion of the ensyme would
appear to be in erder.

A) Glassifieatien (Eistorical aspects)

The firat mention of $the enzyme knewn
as amine oxidase or [-onomm oxidase: O, on::rumuu
(deaminating) E.C. 1.6.8.4} was in 1988, when Eare desorided
an ensyme that catalysed the oxidative deanination of tyramine.
The enzyme is called amine oxidase rather than monoamine
oxidase by many sinoe monocamine oxidase acts on many diamines,
and diamine oxidase acts en many moncamines. Amine oxidase
satalyses She exidation of a primary or secondary amine to the
eorresponding aldehyde, presumabdly through a dehydrogenation
reaction, with the formation of the imine sompound, and
subsequent hydrolysis of the eempound to aldehyde plus ammonia
plus hydrogen pefjoxids, acoording to the equation:

| ROR NN, + Og + Eg0 —, ROEO-+ NRy + Eg0p
In the presence of catalase, x.o, > l'o+ io,

201,807 '
In 1940 Ze0ller was the first te

attenps a classification of amine oxidases into twe groups,
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$he moneamine oxidases and the diamine exidases, dasing the .
eslassifieation on supposed substrate specifieities of these
onsymes. The significanee of this classification deeame
Goudtful when it was found that long-ebain aliphatio diamines
were ;;?o{:atu of nonouinolgtun (MAO) and net of diamine
oxidase (DAO). In 1947 Steemsholt reporsed the ocourrence of
an amine oxidase in radbit liver that apparently oxidized not
only mesecaline, a $ypieal monoamine, dbut alse histamine and
cadaverine, and was inhidbited by Sypiecal DAO tnhiditors. ZThis
behavior of the rabdit liver mesoaline exidase was found to be
sontrary to that of the mesgealine-oxidising mitochondrial
enzyme 0f hog kidney certex as well as of hog liver. The
latter onzymes, in their reaoction pattern tonr:lg?nlz?orl,
resenbdled a monocamine oxidase u:lznr than & diamine exidase.

In 19563 Hirseh found in beef and sheep
plasma an amine oxidase showing great affinity for spermine
and spermidine. %This enzyme was also found to be inhibited
by sueh $ypieal BAQ inhibiters as oyanide, semicarbaside, and
hydroxylanine. 169 ,

Zabdor and eo~workers, who purified a
beef plamms amine oxidase 180-200x, found the enzyme nost
aotive on spermine, spermidine, densylamine, as well as on
various aliphatiec monocamines. Whereas Syraninse and mesoaline
were rather peoer sudbstrates, tryptamine, serotonin, epinephrine
and norepinephrine were net attasked at all. The enzyme dig
not show any activity on histamine, and of the diamines, only

the decamethylenedianine was oxildised. Furthermore, the
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Shese resistant to eardomyl reagents and those inhidited by
sarbonyl regdgents.

Group I:s Amine oxidases resistant te eardonyl
reagents. 1) Classical MAO, an intracsellular, mainly mito-
chonlrisl.‘g?gglublo encyme, preseant in many vertedrate and
invertebrate tissues. Amine exidases of this group aet on
primary, secondary, and tertiary ;;inol. and on lomg-shain
sliphatic diamines. &) Mouse liver histaminase.

Group IXI: Amine oxidases inhibdited by eardonyl
reagents. 1) Classiocal histaminase, preponderantly an intra-
eellular, prodadly mitochondrial soludle ensyme. 2) Plasm
ensymes, extrasellular ensymss &) Ruminant plasma amine
oxidase, spermine exildase b) Nen-ruaninant plasma amine exidase,
Yensylamine exidase 5) Rab¥is liver amine oxidase, mescaline
exidase 4) Plant amine oxidase, poea-seedling amine exidase
8) Baoterisl amine oxidase, polysmine ox dase.

Anine oxidases belonging $0 Group II oxidise
primary amimes bud 4o not aot on seeondary amines.

A similar olassification of amine exidases,
also based on :i{f:{:n'.. in inhibiter specifieities, wan
proposed by Zeller et al. Aecerding to Zeller, the enczymes
attacking aliphatio oompounds with termimal amino groups can
be separated by means of aemiocarbdaside into two groups;

Group I. Sexicarbaszide-~-resistant NMAO's, with only one kind
of receptor in their aetive eenter. Group 8. Semicardaszide-
sensitive DAO's with two Sypes of receptors in their active

eenter.
Group 1 ef the semicardaszide-~-resistant amine



u
oxidases inelwdes She elassieal NAO, which is oharacterised '
by its lesasion in mitechonAria, {ts oxidative action onm
monoanine substrates, its inability te deaminate histamine
and short-chain diamines, its sensitivity to oetencl amd
eertain heavy metals, and its resistance to sarbdonyl reagents,
$o hydraxine and semicardaside, as well as $o cardon monoxids.
A very eharacteristio preperty of this ensyme is its aotion
on primary as well as seeondary amines.

The rather heterogeneous group £ of semiocar-
baside-sensitive amine oxidases includes the elassiocal hista-
minase DAO, the Deef and sheep plasma .’.mmzﬁt:;;.’ plasma
densylamine oxidase and mescaline exidase. Zeller stresses that
in hig eclassification scheme semicarbdaside must not be replaced
by the term cardonyl reagent, since many carbdonyl reagents, swh
as monosubstituted alkyl and aryl hydrasines, ast en both
ensyme groups offieiently, whereas only momosudstituted aeyl
hydragines and hydrasine ftself solely inhibi$ easymes of Group
- 218

Zeller delieves that both groups of amine
oxidases represent fwholo families of homelegous ouml'} o;nl
share many properties sush &8s having some substrates in cemmeon.

In this paper we shall, ef course, only be
reforring t0 elassical monoamine exidase [unouinc oxidase:

0, oxidoretuctass (desminating) E.0.1.4.3.4 |, an agent net
sensitive t0 earbonyl reagents and not inhibited by semi-
earbaside.

B) Oseurrense
Menoarine oxifase has deen found in all



)

elasses of vertedrates o0 far examined: mammals, bdirds, .
reptiles, amphidians and tol‘out-. The ensyme oocurs in
many 4ifferent tinuo;a partieularly im glands, plaina
muscle, and the mervous system. In man, the parotid ulu:'
submaxillary glands seom to be the richest souree of MAO.
A high MAO aotivity is always shown by tht‘nvor, bus the
kidney, {intestine, aorta, stomach and panereas may also
contain rather high conocentrations of tgzlfz'x:;no. MAO ocours
in the hunnl:::}-:gnd 1:::. Low MAO activity Bas deen
eneountered in -kolotui.muolo. but this observation has
not been confirmed. The ensyme has been encountered in the

2,183,808 13
Bale sex ergans. In the uterus, MAO sotivity is high, amd
rolﬂ;( to the funotional state of thﬁoors&n. The human
placenta, as well as ﬂll:; of other -g-dc. has deen found
A ) ;gx.:tun MAO. Erythrooytes, dleod plasma, and bloed
platelets also show some MAO activity,

MAO 1;.tonl widely and rather evenly
distridbuted {n the cemtral mervous system, with the
hypothalamus showing somewhat greater MAO activity tham
other parts of she drain. NAO is lecated in bdraim miteechon-
dria mainly at synaptic nerve endings. It is preseant in
the nerve cells and oapillary walls, dut not in glial ocells
or in nerve fiders.

19,22
In invertedbrates, mnhio and ce-workers

demonstrated a wide eesurrence of MAO, with a very high
astivity, in the haptepancreas of two speeies of cephalopids,
Sepia offieinalis and Ostepus vulgaris. The finding of MAO

in molluscs is of particular neurephysiolegieal interess, sinee



188 ()
Welsh has suggested that serotonin, eme of the main

substrates of NAO, acts as & neurotransmitter in these
lower forms.
The on:yu»tllo oeours ia 911.2: :?‘.1“
Ahontlzeiggf of elassical intracellular
NAO 18 loocated im mitoochondria, with the enzyme $ightly boumd
to the mitoshondrial membrane fraetien, partsiocularly m
outer mitochondrial n-bruoh:hioh is rieh in phosphelipiad,
and whieh, aceording te Sehmaitman, ean be dispersed preferen-
t1ally by digitonin, All attempts to separate NAO frem the
insoluble particulate matter have deen so far lnm'zoutu.

_ Partially purified MAO bas deen prepared in
various labdoratories dy treatment of she mitochonirial memdranes
with detergents, or with ultrasonic waves, or Ly disruption eof
the mitoehondria by homogeniszation and subseguent treatment
with Triton X-100.

Unlike other mitochondrial ensymes, NAO is
very stable, Neating for 10 minutes at 850 degrees, however,
destroys 50% eof 1ts aotzvity.uztl pE optimum depends on the

puri ty and the erigin ef the enctyme.

G) Prosthetic Groups
1) 2yridezal
~ simee mitochondrial MAO does not
disecriminate in fts aotien detween primary amines and theiy
B-mothylated derivatives as audbstrates, and is not inhidited
Wy oardonyl reagents, it has deen generally felt thats Shis
on:y.:o prodabdly dees net require any pyridexzal as a presthetie

group.
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. A direot indieation o0f the adsence of
”ru;;:::.]j;on intrasellular MAO has recently deen provided
by Tipton, who sudjeeted a purified ensyme preparation eof
heg dbrain MAO to pronmase digestion, followed by aeid hydrolysis,
and determined the ability of the aoid hydrolysate te reactivate
.tnpto«ou:,ﬁzsano I~tyrosine apodecarboxylase in the
presence of ATP, No detectadle amounts of pyridexal phosphate
were encountered in this purified preparation of hog drain. This
finding supperts earlier reports ix‘;:iuting that pyridoxal
phosphate is not involved in MAO activisy. It should de pointed
out, hewever, tha$ early reports were based on indireet evidence
such as lack of sensitivity of NMAO to carbonyl reagemts or the
absenes of effeot of a pyridoxine~defioient diet on the MAO
aotivity in rat liver,

8) FJAD (Xlavin adenine dimuoleotide)

The inhidition of NAO by quinacrine, a
known inhibdbiter ef nﬁh};::-u. as well as studies made on
ribothun-dotiu::{l::t- suggested that MAO may have a flavin
prosthetio group. 189 82,84

Eara ¢t al and Erwin and Hellermaa
independently reported the ococurrence of a flavin in purified
preparations of beef liver and of deef kidney mitochomidrial

MAO, dut both groups of workers failed to identify the flavina

fally.
9 37 8
Iu\u‘u"%- 5%’ al provided further suppors

for the assumption that mitoehendrial NAO is a flavia dinusleetide
ensyse by disoevering that purified deef liver mitochondrial
MAO preparations contaimed FAD esovalently attached to the enzyme,
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and suggested that the mitochondrial MAO holds 3 moles of
FAD per mole of enzsyme, based on the assumed molesular weight
of MAO or 300,000, 178

Tipton was adle to isolate a fluoreseens
material that proved to be FAD from purified preparations of
hog bdrain mitochondrial MAO. Yluorescent material sould de
liberated from $she purified MAO either by heating the ensyme
solution at 100 degrees for 12 minutes, or by treatment of
such & solution with triehloroacetio aeid. The flavin component
from supernatants of doiled MAO extracts was ifdentified as FAD
in 8 ways, i.e. either by ascending chromatography, or by
titration with the FAD-speoific D-amino acid apo-oxidase. JFrom
reactivation experiments with samples of the purified super-
natant frox bdoiled MAO, a molecular weight of 180,000 per
molecule of FAD was caloulated.

The relative ease with which flavin eoculd
be removed from the hog drain enzyme was not in agreement with
resulss obtained withugut liver and beef kidney MAO. This
observation led Nara et al to the umptiolx;ztht the flavia
may de covalently dound to the ensyme. PTipton found shat she
ease of extraction of the flavin group seemed to depend on the
degree of purification ginee FAD oould mot be extracted froam
an oaly partially purified preparation 0f hog drain MAO by
Sechniques whieh were suesessful in quantitatively extracting
it from the purified preparation.

178
2ipton, whe applied a teshnigue employed

168
by Swoboda, for the remeval ¢f PAD from glucose oxidase, was

adle to splits MAO imto apomencamine oxidase and FAD.
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Preparations ¢f the apo-oxidase, whioh had no detectadle
enzyms aotivity, and showed negligidle fluoreseense, eould
de partly reactivated by ineubation with FAD, dbut not with
Nnix,

Tipton’s observation that ehlorpromasine
oompetitively inhibits $he reactivasion of nn::nim apo-
oxidase by FAD agrees well with that of Gaday and Harris, whe
studied the ocompetitive inhidition of she reactivation of
D-anino aocid ape-oxidase dy a number of phenothiasines, and
l!‘t;lt.ﬂ ﬂi:: phenethiasines may act by inhiditing flavo-
ensymes. Tipton regards the produstion of the hog brain NAO
apoensyme and its specifie reactivatien by autheatie FAD as
s decigive proof of the involvement of this cofactor in the
aotivity ef MAO. ;5

Harada, Misutani and Nagatsu found the
fluoresoence spectrum of beef drain mitochondrial MAO %o be
similar to that of FAD. On heat denasturation of the enzyme
with sine sulphate, & yellow fluorescent oompound was released.
Thin-layer eshromatography confirmed€ that the yellow fluorescens

material was FAD.

$) Qepper
Plant, beef plasma and mold amine oxidases

have been shown $0 de ocepper proteins,

Review of the literature makes it appareat
shat there is consideradle sontroversy as to whether copper is
a prosthesio group, is involved in the astual strusture of the

enzyme, or even reguired fer activity.
In erder to demonstrate that a specifie
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protein is a metal protein, according to Erwin and Hellerman,
one has $0 show 1) s &ireos proporsionality between sopper
oontent and peaific aotivity 8) what known chelating agents
1nhibit the enzyme 8) that eepper is $she only metal bdound,
in analysis of the most purified preparation 4) shat copper
is not lost during purifiocation and dialysis.

After oxtensive investigations of deef
liver mitoohondrial MAO preparations, nm::ilﬂilﬁf&m
oolleagues oconeluded that this enzyme contains copper, mainly
in the ouprie stase, which ias easential for activitsy, and
found a direct proportionalisy between oopper ocontent and the
speeific aotivity of the enzyme. These authors alsc made
the interesting odservation that, ir coztrast to the DAO type
of amine oxidase, which is claimed to be ooppor-pyruo-nl»
phosphate dependent, the beef liver mitochondrial NMAO seema
%0 be $he only knmown example of an enzyme requiring for {its
activity bdoth eopper and n:u:;z:- prosthetic groups.

Bara, Gomes and Yasunedbu, in their
eleotron-paramagnetic resonanee (EKFR) studies on deef liver
mitochondrial MAO, were able $0 demonatrate tha$t the KM
speoctrum of thul;‘nsm differed oomg:nl’ from that of
hog kidmey diamine oxidase and eof beef plasma anine oxidase.
Whereas the eopper donds in the very similar EPR speetra of
the DAO and bdeef plasma amine oxidase showed eonsideradle
fonie sharacter, the EPR speotrum of beef liver mitoohondrial
MAO is quite different, and resemdles that reported feor
eySeohroms oxidase in whieh %the :;.”or-protun Yond 1is

33
ocovalent. Acesording $0 Nara, Gomes and Yasunodu, further
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41 fferences in the eopper-protein donds of the beef liver
and beef plasme amine oxidases are indiocated dy the fact
shat ocuprisene is a competitive inhidbitor of the plasma
amine oxidase, but a mixed inhiditer (i.e. partially cempeti-
tive and partially noncompetitive) of the beef liver ensyme.
That euprizone is also a mixed ﬁghibnor of human plasma amine
oxidase has bdeen reported tzslolnn.

Gabay and VYaloours, who odtained from
radbbit liver a highly puified mitechondrial NMAO preparation,
studied the effeets of metal chelating agents on this ensyme,
and suggested that cuprie or other metal ions may bde involved
in the enszyme funotion. These authors fels, however, shat it
was not necessary to acedpt with eortainty that a divalent
moetal ion is a funotiomal eomponent of the catalytiocally soctive
eenter sinoce the metal ion may de involved in the maintenanse

of an oﬁoo:%v;‘;tnotm of the enzyme, as {8 the ease with
’

many oxidative enzymes. sz “
In contrast th{ho above findings, Ervin

and Hellerman, as well as lagmado and Sourkes failed o deteds
the presence of gignifiesant concensrations of eopyer in
mitochondrial preparations ef devine kidney and rat liver

MAO respectively, indieating that ocopper s not required fer
MAO activity. These authors found ne odservadle eorrelation
detween the inhibition of the enzyme aetivity by apprepriate
shelating agents and the ability of these agents $0 chelate
eopper, and preposed ether interpretations fer she inhibition
prodused by certain of these agents. Erwin and Hellerman
found no correlastion bdetween eepper content and the specifie
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aotivity of the ensyme. Aetuaslly, the final step in their
purification of the enzsyme resulted in a large decrease in
eopper eontent, with oonocomi tans 1noru-\o in specifie astivity.
The copper ocontent of their purified preparation (0.15 ug/mg)
di ffered markedly from the values reported dy Yasunedu et al
and Sourkes. _ 178

8imilarly, Tipton odsained very low copper
values for purified hog drain NAQO preparations, which seemed
40 suggest that there were consideradly fewer ceoprer atoms
in these preparations than there were molecules of ensyme.
NMereover, they found that the euprie ien failed %0 rescotivate
MAO, !l‘:a latter finding, however, is in contrass teo thp work
of Coq and Baron, whe found that inhibition of rat liver
mitoehondria dy prolenged dialysis was reversed by the additsion
of suprie ions. Odviously more fundamental work is required %o
elueidate the function of eopper in the activity of amine

oxidases.
88 -

Harada, Misutani and Nagatsu analyzed deef
brain mitochondrial MAO for eepper speetrophotometrically, and
found Shat ocopper concentrations in the enzyme decreased during
the purification, and that the preparation after the electre-
phoresis had ne deseoctadle amouns of eopper (less tham 0.01 ug/mg
protein). The inhibitery effects ef copper chelating ageats
sueh as ocuprisone or &iethyl-dithiecarbdamate on the purified
GRIYEE Were Very weak,

4) Presenes of an w

Friedenwald and Hermann were the firat to

suggest that MAO possessed a sulfhydryl group esseantial for its
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activity, and that the SH group might poasidly be involved

in an electron transfer. These authors found that the ensyme
was inhibited by p-chloromercuridenseate, dut that a eomplete
reversal of inhidision was obtained by adding glutathiomne or
eysteine in the presemce of cyanide. Jater work by larr:n [ ] ]
el showed shat oyanide had reacted with the p-chloromerouri-
bonzoate, and that this apparently aceounted for the eomplete
reactivation. Since glutathione reactivated the enzyme in the
absenoce of cyanide, and since MAO was also found to de inhidited
by organcarsenicals as well as dy iodoacetate, 1;13nc eonoluded
that a sulfhydryl group wasg essential for its activity. The
inhidition of MAO activity by mercaptide~forming reagents was
sonfirmed in experiments with jartially purified enzyme

6,70,71,78

parations.
pre o2

Brwin and Hellerman also claimed that the
sulfhydryl groups were ;;::g:énl for activity in MAO.

Nara et al found that their purified bee
liver mitochondrial MAO preparations ocontained sulfhydryl groups

that are not viocinal.

Gaday anzaviloonrt reaently reported that
their highly purified raddit liver mitoshondrial NMAO prepara-~
tions were very sengitive to the action of p-chlere-mereuri-
benszoate, obtaining an almoat 100£ inhidition of She enzyme by
10 uk eoncentrations of this eompound. This result is in mard
ocontrast to the findings of liruleg al, who obdaserved an
inhiditien of only 37.5% by 8 mM p-chlere-mercuribensoate.

Gaday and Valoours thought that this difference was possidly
explainable by the faot that their raddit liver preparation
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had deen sudjested 0 columm shromatography. cor;gn also
suggested that repeated application of eclumn chrematography
oauses a distinet insrease in the send tivity of highly
purified MAO preparations teo inhidisers.

In the ease of beef liver MAO 1% was first
rop::ut that the sulthydryl groups are net essential for
aotivity. 3Sudbsequent investigations, hcn;:r. have demonstrated
that some of the gulfhydryl groups are essential for activisy.

Inhiditieon of bdeef brain mitochondrial
NAO bWy p-ohlono::nrlbonuato and N-othylmaleinide was reparted
by Harada, Mizutani and Nagatsu, with N-ethylmaleimide found %o
% a leas potent inhibitor tham p-chlormercuridensoate.

D) Substrate specifieity

- Primary and secondary amines are readily
oxidized dy MAO g:ovuod that the substituent in the seocondary
amine is & methyl grewp. The abilisy to act on methylated anines
san be used as a oriterion for the presence of a "true™ MAO.

The rate of oxidation of seeondary derivatives is usually very
high, sometimes even higher than z:h" of primary aminea. ZThe
tertiary amines are oxidized more nlo'ln‘tho oxidation rate
being higher in some species than in ethera.

The MAO sudstrates eomprise aliphatie
amines and the ':orc important mafurally oecurring amines, ocarry-
ing oycliec sudatituents. In the homolegous series of normal
primary aliphatie amines, Olg(ONg) NNg, the maximal rates are
achieved with amylamine and hexylamine. The lower exidatioa
rate. of amines with longer chains is predvadly due to their
lew solubility and their tendeney to form micelles. MNAO dees
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net act on methylamine, dut in some speeies eShylamine is
slowly exidised.

Whereas $he typical substrates of DAO, the
Setra and pentamethylene diamines (putreseine and cadaverine)
are not attagked dy MAO, the leng-chain diamines, from hepta-
methylane diamine onward, are exidised d this ensyme. %The
diamine most rauly attacked by MAO is the eompound w th
13 methylene groups. Competition experiments have shown that
not only dees the rase of exidation of the diamines inorease
with the number of methyleme groups, dbut also their affinity
for MAO. The ressen fer this behavior may be that in the
short-chain members of this series the second amine grouwp
probadly interferes with the astachment of the amine %o the
enzyme. With the inereasing intramolecular distance detween
the two amine groups, the disturbding action of the seeond
amine group on the enzyme-gubstrate reaction deoomes less

17,168,885
effective.

notuhol:’ot al arranged a series of amines
that are substrates of MAO according $o the decreasing rate eof
the enzymie reaction: depamine, Syramine, S-methexytyramine,
tryptamine, 8-hydroxytryptamine, phenylethylamine, normetme-
phrine, metanephrine, epinephrine, norepinephrine, l,4-methyl
histamine, and kynuramine. Arosatic amines, such as aniline,
with the amine group directly attached to the bensene ring

are not attaoked by ll%. the reastion rate inoreases with the
167

number of methyleme groups in the side ehain,
The ability te serve as a substrate of MAO

is lost when a metshyl greup is introdused in she alpha-position
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0 the amine group of an aliphatio or arematic amine. Wish
an inereasing numbder of methoxy substituents in the densene

12,19,166,183
ring the affinity of susk eompounds for MAO decreases.

E) - Aetive 8ite

Many properties of :g: active genter of amine
oxidases have been studied by Zeller and his colleagues with
the hely of specifiocally selected asubstrates and inhiditors.
The aotive center of amine oxidase seems to extend over several
Ang-tr:gauitl. and 1ts -tmotu;;’m.not;zl’:utnul. possidbly
beocause it consists partly of lI~amino aeids.

In hia studies on the sctive center of MAO,
%ﬁi::‘i:}:tu out the existenees of a striking structural analogy
betwesn the molecules of the optimal sudstrates of MAO, fer
example, phenylethylamine and of its most aetive inhibitors
($rans-8-phenyloycleprepylamine). Aoccordingly, the meat suitadle
substrate or inhiditer of MAO is charscierized by a twe-carbon
ehain containing an alpha-hydrogen atom and an alpha-amine grewp,

and substituted in the bdeta-position by an aromatio ring.

Oroct= O+=pn

b ¢ b $
Whereas she MAO sudstrate I ocontainas a seeond
alpha-hydrogen atom in its side ehain, in the NAO inhibitor
melecule IX, the seeond alpha-hydrogen atem is subatituted
By an alkyl greup.

31¢
Zeller suggests that one alpha-hydrogen i



(19)
esseontial fer estadblishing the enzyme-substrate eomplex
or the entyme-inhiditer somplex, whereas the second alpha-
hydrogen of the swstrate partieipates in the process of

dehydrogenation, sccerding te the scheme: g_;__M
. | B R—-C-—M
a l "-. ) (Y] .. ’
—-um, + = 3 X ) ¥

where X-Y is part of the aotive center, in whieh X serves

as an acoeptor for the proton derived from an alpha-hydrogea
n%:: and Y for the alpha-oarbon, The two hydrogen atoms N
are being received by a hydrogen aceeptor. 125

In agreement with MoeNwen's findings
with human liver MAO, i% is thought that beef liver MAO has
an eleotrophilic site whieh dinds the -NEg group of the
subatrate, and a hydrephedic aite which binds the R-side ohain
of the substrate. 7The sotive site is believed $0 eontain FAD
which accepts the electrons from the sudbstrate, and is reduoed
L ) rnl,. In addision, the encyme oontains s\m.:’!-n grouys
i2 it is agssumed that the noln:%sr weight is 100,000,

Abous 78 eompounds were f$ested reeently
with beef liver MAO, and she type of inhidition predueed wisth
respeot te bensylamine and oxygea were studied. These studies
domongirated that the active aide 0f the ensyme is very hydre-
phoedie. The enszyme is inhidited dy a large variety of
aromatis eompounds, aliphatic aleohols and aldehydes, amd
other hydrophedie eompounds. Inoluded in this 1list are metal
sholating agents which appear $0 e inhiditing the ensyme
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without reacting with any medal; arsifieial eleetren
sceeptors, which explaing the inabilisy of these eompounds
to replace oxygen as the eleotron asceptor; and tranquilisers.

?) - ggutoﬁ-

Sinse Zeller nni'ggnomu reported on the
stromg in vitro and in vivo inhidision of MAO aosivisy by
the anti-tudberculesis 4rug iproniasid in 19828, the list of
ocompounds synthesised and tested as potential MAO 1nhidi tors
has grown enormously. Detailed aspects of doth in vitro and
in vivo inhidbition of MAQ aotivity have deen well-decumented

80, 186, 138, 105,150,29,216,217,26,139,189,147
in many reviews mlalpoua.

Werle distinguishes £ main classes of NAO
inhibditors: 1) the greup of oompetitive imuﬁu. eomprising
hydrasine derivatives, members of the B-phenylisepropylamine
series, the harmala alkaloids, and eholine-p-tolyl ether
8) the group of noneompetitive imhidbiters, including the
amnidines.

1) Competisive MAO inhiditers.

s) Iprontasid (l-isonieotinyl-g8-isopropyl-
hyarasine)

I 4s the best atudied inhibiter of MAO.

g %X
l@—c—l—l—c(cnz)z

(1)

In vivo, 1):0:;1;:“ ia prodadly first
hydrolysed te¢ yield {senicotinic scid and iseprepylaydrasine,
the latter eompound bdeing a streager inhidbiter ef NAO $than

25,218
tpreniasid. On inoubatien with erythroeytes, ipreniasid
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loses £8s ability to inaetivate NiO, possidly due to the

prii:l’l“ in the erythreoyte memdrane of an inactivator of

ipreniagid.

») Fheniprasine, B-phenylisepropyl-
hydrazine (II) inhibits MAO i{n vitro adout 80 times as strongly
as iproniasid. This may de 4ue to the presence of the densene
ring in its structure since igsepropylhydrssine 40es not display
this seleotivity for the drain XAO.

(1)
es) lIsecarboxasid, (l-densyl-2-
(6-mothyl-3-1soxasolyl oarbdonyl)=-
hydrasine (III) is,
in vitro as well as in vive, a mueh stronger inhibditor shan

iproniaczid, and is less toxic than the latter,

et L,

(1I1) CH,
d) Pargyline (l-not :I.-l-x-propml
bersylamine), ﬁ

phenelsine (B-phenylethylhydrasine), (V), and tranyleypromine
(8-phenyleyelopropylamine), (VI), are also potent MAD

{inhids sors.
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{)-on-yoomer

(1v)

u
!
@cna..cnz.x_mz

(V)

O~

(vr)
e ) Another group of very strong MAO inhiditors
is that of the harmala alhlou;‘.u Earmaline, VII, is the
mest potent inhidbiter of this series.

(vir)
8) Noneompetitive MAO inhiditers.
This group oomprises amidines, monoise-

thiourea derivatives, and di-igothiourea derivatives.

¥H,

B,

: A~

(viI1)
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Nethylone Vlwe,(IX), i3 alse a n-t-aotu"
reversible MAO inhiditor. Oetyl alechel also sotively
inhidi ts MAO,

f
(CHg JeN~ = <SS (CHg)p
‘\ / .cl
(1x)

@) - Meghanism of Inhibitien

¥From the following discussion it will bde
evident that more fundamental work is meeded for the elueida-
$ion of the preblem of MAO inhibisionm.

4s previocusly mentioned, in all substrates of
MAO the alpha-cardon atom must be unsubstituted. Amines in
whieh one of the hydrogen atoms 0f the alpha-carbon atom is
sabutituted are inhibiters of amihe oiitase.

In his study on liver mitoshondrial MAO,
ng::on observed that the inhidbition of this enzyme by ipreniasid
is pregressive, first order, and requires the presence eof
oxygen. Davison suggested that the first stey in the
inhidition reaction may be a dehydrogemation eof ipreniasid te
leisopropylidene«3-isonfeotinyl hydrasine in a manner similar
to that postulated for the oxidation of the substrate.

In $he interpretation of results odtained in
in vityo inhidition experiments wish XiO, Zeiler has ouslined

a fow faetors of importance. Thus, sudstrates pro teet MAO
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against the action of iproniasid, or of eis and $rans-phenyl-
eyolopropylamine only when they are added simultaneeusly with
the inhiditor. ZThe higher the subatrate coneentration, the
leas otffective is the dlookage of MAO, suggesting that$ ipro-
niasid and other hydrazine derivetives are dound %0 the part
of the active oember wi th whioch the substrate usually ocombines.
When the inhibiter is brought into contact wi th MAO defore the
addition of the sudstrate, the inhidision effect of the drug
increases about tenfold, ZThis reaction is indepeadmmt of the
substrate oconocentration. When the inhibiter reaches the astive
site, 1t apparently remains irreversidly attached to 1it.
Acoordingly, prolonged dialysis of the 1”‘?_"‘;53“"“ complex
restores only a small fraction of the original MAO aotivity.
S8ince the substrates almost inastantanecusly form & eomplex with
the active site of MAO, they are adle to protect those enzyme
molecules that have not been inaotivated dy iproniazid. Ian
experiments on the competition detween gubstrate and inhiditor,
the afrinity of the gubatrate for MAO is the deeisive factor.
Thus, triggnim,u known to de more strongly dound by MAO
than tyramine, and, aceordingly, MAO was found t0 be four %e
aix times more resistant to an inhidition by Z2-phenyl eyelo-
propylamine in the presence of $ryptamine as sudbstrate thaa is
that of tyramine.

@reen has pointed out the existense of
nnj striking eimilarities between the inhidition of MAO dy
hydrasine derivatives and the decomposition of the latter,
eatalyzed by cuprie ions. 3Both prosesses require oxygen, and
doth oan be retarded or prevented dy compounds capadle of
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shelating with or bun“aoxiuau by euprie ionms.

Davisen was the first to notioce a deerease
in inhibdition when MAO and one of ita inhidbitors, iproniasid
or isopropylhydrazine, were incubated under nitrogen instead

of oxygen.
74

Gorkin recently reported that the shelating
agent eysteamine prevents the irreversidle inhidition of MAO
by iproniasid when added before the 1nh1b1;:r. on the basis
of these and many similar observations, Greem advanced the
hypothesis that the inhidition of MAO by hydrasine derivatives
may result from a eopper-oatalyzed lideration of free radionls
near the active oenter of the enzyme, with the oopper constl tu-
ting part of the enzyme. That metal ions may de involved in
the struoture of partioles oontunixﬁ mitochondrial MAOC has
been suggested by Gorkin and his oolleagues,

E) - Multiple forms ef MAQ

There have been many reports conserning
the multiple forms of mitoechondarial MAO. Some investigators
have reported that there is more than one ensyme with different

70,72,76,86,143,200
substrate speeificities in the rat liver. Others have demonstrated
the presence of three seyaradle inon;%?;;sin rat liver mito-
chondria on polyacrylamide-gel elestrophoresis, and four sueh
aotive bands in the whole liver homogemate. Isoszsymes of
mitochondrial monocanine exidase have been desoridbed in rat

800
brain and oh}gf Prain. The latter authors suggested the possl dla

existence of multiple forms (iscensymes) of the enzyme NAO,
and showed that MAO derived from adult chicken drain existed in

multiple forms as measmred by their gel eleotrophoretis
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Sechnigue, and that these multiple forms are different from'
those seen in embryonie and meomatal ohiek drains. 2wo
active fraoctions of the pig drain mitochondrial moncamine
oxidase have deen separated en Sephadex G-200 dy !1::23.
who postulated that the first one eluted is a 1lipid complex
or s tetramer of the -ujorlggnpononx. ”

Yasunodu ¢t al, who found three aotive
somponents en polyserylamide gel eleotrophoresis of purified
deof liver MAO bDelieved that the enzyme was broken down inte
fragments 1n1:gioh the enzyme exists in aifferent polymsriec
states. Raglund, who separated at least 3 different MAO's
in rat and rabbit liver by means of gel filtration, and at
least 2 in beef liver, using 2% outsoum as detergent, felt
that MAO should not be oconsidered a series of iscenzynes
with multiple substrate specificity dus rather a series of
homologous specific amine oxidases with closely related
struotural coenzyme and purification characteristies. He
believed tha$ the name, monocamine oxidase, is ambiguous and
should be replaced by the more specifio terms, tyramine
oxidase, serotonin oxiaagg, ote.

Harada ot al showed $hat beef drain MAO
exhibited %wo eomponents on continuous-rflew electrepheresis, -
& slow-moving major océmponent (enzyme 1), showing a higher
speeific aetivity, and a fast-moving miner peak (ensyme 2),
with a lower specific aotivity, with the majer component
having a stronger celor. The enzymes 1 and 2 414 not appear
%0 be different molesular weight forms, since besh eomponents

had the same molecular weight as Judged by Sepharose 6B gel
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filtration. :
186

Shih and Eiduson assayed drains, hearts amd
livers from newdorn and adult rats for NAO, uaing gel
sleotrophoretio technigues. Their results suggest that each
of the tissuss possesses multiple forma (isoenzymes) eof MAO,
and that these forms are different for the various tissues.
In order to assess whether these multiple formas 0f MAO have
different substrate specificities bdeyond those already showmm
under the oconditions of the method, neomatal tissues (drain,
heart and liver) were assayed for MAO acstive bdands, using
shree different substrates for the enszyme; S-hydroxytryptamine,
bengylamine and $ryptamine. In the case of neomatal drain,
whea tryptamine was used, £ bands appeared. Whem O-hydroxy-
tryptrmine was used as substrate, only one of the bands
appeared. If substrate affinities of the upper dands are
eompared with these of she lower bands appearing in the gel
runs, it appears thas tryptamine and dausylamine are more
readily utilized as sudbstrate for the slower moving enzyme
forms, whereas the lower bdamds have little affinity for
bensylamine although they utilize tryptamine and b-hydroxy~-
tryptamine as -g::{;;tu. Since the teehnigue of gel staining
may lead to artifasts, Shih et al inoudbated a radiocactive
substrate with segments of the gel $0 check the authentioidy
o? stained dands presumed to be MAO.

Another explanation fer the multiple forms
of MAO, acoording to h:ful. is tha$ the elution profiles do
not aetually represent 3 different MAO aotivities per se, but
represent the separation of other factors differensially
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ixfluencing aotivity with the 3 substrates. Raglund stated

that such faotors could be other enzymes aoting upon the
specific substrates or produots, specific inhibitors, or
specifio aotivators.

Still another possibility is that the
three ocomponents belong to the same enzyme protein in the
mitoochondria, and are derived by an ability of the detergent
to alter the struoture of the protein,

And lastly, as mentioned by Shihlfg al,
their data 40 not indiocate whether the multiple forms seen in
the various tissues are not themselves artefacts of the entire
method. Against this, however, is the faot that homogenization
of tissue and solubilization of the enzyme by different methods
(Triton X-100), lubrol or soniec ouoillatibn) resulted in the
same qualitative band patterns, suggesting that thease multiple
forms may indeed be real and not an artefact of the method,
This is supported by the work of Kim t:g D'Iorio that different
methods of solubilizing the enzyme result in gimilar patterns
of MAO soctive bands.

That MAO may be a single enzyme wi th
multiple active sites has also been consgidered.

No work on subunits has been reported in
the literature to date.

I) - Formal Reaction Mechanism

As mentioned previously, there are two
types of amine oxidase, which can be differentiated most
readily on the basis of the prosthetis groups present in the
enzyme. The plasma type requires copper and possidly coavalently
linked pyridoxal phosphate, while the mitochondrial enzyme

requires covalently attached FAD. Both enzymes, however,
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;ctano the same general reactien.

g&alinvuuptol she effeest of pE
on !:l.' and YV for the human and rabki$ plasma amine oxidases,
and showed that there are two types of enzymes, - the human
ensyme, which aots on the unionised amine, and the raddis sype,
which shows a more eomplicated pH dependence. In addition,
shere is a report that a Schiff base intermediate is formed
during the ru::ion. which can bde $rapped anaerodically dy
she addition of sodium boroh;mn.

Reed and Swindell reported that in she
reastion catalyzed by the deef plasma amine oxidase, 1 mole of
bensaldehyde is produced anaerobiocally, and that the !. for
oxygen is dependent on the amine concentration. These atudies
suggest that a ping-pong mechaniem is at work.

Since enzymes from different sourees
ﬁppur to have different subdstrate specificities and geotrs,
and there is no evidence to indicato that all the eepper-pyridoxal
phosphate amine oxidases proceed by the same mechanism, one
should, for the time bdeing, eonsider these amine exi dases from
different sources as seyarate endities.

In regard to the mechanism of beef plasma
amine oxidase, !lnnlzoﬁlﬁ &l proposed the following meshanism
on the basis of shemiecal atudies and initial veloeity and
produes imhidition patterms. 4

(Please refer to following page)
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Proposed mechanism for reaction catalyszed by bdeef plasme
anine oxidase

Although the reaction oatalyzed by %eef plasms
amine oxidase is a Sernary-ternary reaction and quite
eomplioated, the faot that this ensyme operates Lty a ping-
pong meehanism was demonatrated by doth kinetio and ehemioal
studies. S8ince the initial velesity studies yielded a series
of parallel lines with respect te bdoth subatrates, the authors
ooncluded that this was um..;t;; of a plui;;u meshanism
as originally poimted out by Alberty, Yamada and Yasunobm
showed tha$ the pink coler of the mative enzyme is dleached
by the amaerodic addision of the sudstrate, and that the
addition of oxygen subsequenily restores the pink celor. Im
agreemexs with the report of Reed ::: Swindell, 1 mele of
denszaldehyde was produced per mole of ensyme in the adsence of
oxygen, - & verification ef the doudle-displacemexnt nature
of the reaction. The doudble-displacement eharacter of the
reaction prediets the noncompetitive dehavier of the first
preduct, denszaldehyds, Soward the amine substrate. 7Zhe
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similar pattern odserved with respect to oxygen suggests
the presense of at least two enzyme-subatrate somplexes
between the step involving the liberation of bemzaldehyds and
that involving the entry of oxygen as subastrate. This amounis
to ug:uinc an igomerization step, as gommonly found im ensyme
mechanigums, This additional atep prevents oompetition between
bensaldehyde and oxygen for the same ensymic species, and
would predioct the striotly noncompetitive behavior obaerved.

The product NN, and N,0p demonsirate
identiocal inhidbition patterns, competitive with respect te
densylamine and uncompetitive with respect to oxygen. %The
pathway through § and 6 would yield ocompetitive bemvior for
'gog and noncompetitive for ll, with respeot to the amine;
tha$ through stepa 7 and 8 would yio%g.stho inverse result.

According te Tipton, there is acoumula-
ting evidence that MAO from different species and tismues
proceeds by 4ifferent mechanistic routes meh as to warrant
separate investigations g:;suoh onTyme .

_ Tipton pudlished evidence that pig drain
¥NAQ proceeds by a ping-pongsguhaniu.

Smith ¢t al demonstrated by the use of
isotopic oxygen that the oxygen is counverted to lzoz, and
$hat the oxygen in the produst, aldehyde, arises frem the
solvent water. In addition, these investigaters proposed
$hat the true form of the subatrate is the un-ioniged species,
non'nz. and suggested a mechanism very similar tolght
proposed for the ensyme D-amino acid oxidase, Belleau showed
that there is & 3-point attachment of substrate $o enzyme by
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the use of various deuterium-ladbelled sudatrates.

In regard to beef liver mitochondrial
MAO, %r'gtontly showed that this enzsyme also proseeds by a
ping-pong mechanism, When densylamine was used as the
substrate, one mole of densaldehyde was produced anaerodiocally
per FAD present in the enzyme. Aocording to this meehanism,
the hydrated enzyme reacts with denzylamine in a Theorell-
Chance mechaniam to produse bemzaldehyde, ammonia and :-runz.
In the second step, x-nma reacts wi th 0, to give rise to the
intermediate x-nnnzoz. In the third step, this oomplex dreaks
dowmn %o give rise to E-FAD and Izoa. In the last step, E-FAD

reaots with water to give the hydrated enzyme, E-FADH,O.

The rate equation ias:
amine Og Hp0
"‘il'b‘ =+[K- /(amine) + K-/ (02)4. K /(Bg0) & 1]

amine Oz 320
K, = K/k o B (kg vky) /R and 7S Ky /K,

where the k values are rate constants for the various steps
mentioned abdbove.
80 far no meehanism has bemn proposed

for human liver NAO,

J) MNMethods for the Measurement of MAO aetivity

Current interest in $he funotion of
biogenic amines, and in the enzymes involved in their metadolism
has been stimulated by the recent development of simple and
sensitive methods for their chemical deteotion.

Quantitative assay methods have been
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flesoribed dased on the uptake of exygen dy a variety of .

teshniques, including nnm::io. diffusion and speetrophoto-
moetrio, tshe lideratsion of ammonia, oconcomitant analyses of
oxygen uptake and anlonu‘:volutioa. the u.g:ﬁﬁn« ot
substrate, and the prodwstion of intensely eclered dinitre-
phenylhydraszine aorint:lv_u in alkaline solution of the
nuob{:o product formed in the reacosion bdetween MAO and the
sudbstrate.

The manometrio method is relatively
insensitive and eomplicated by secondary reactions. Measuremms$
of ammonia liderated may previde a relisble and sensl tive assay
under certain oonditions. Both of these methods, however, require
a prohiditive amount of purified enzyme.

Nost of the methods mentioned abdove
have proved to de $00 insensitive for determination of MAO in
organs with low enzyme activity sush as dog heart, or in smll
amounts of tissue. Modern radiometrioc, fluorometrie, spectro-
photometric and histcchemical procedures have been recently
published for the estimation ef MAO, some of which will be
desorided in some detail.

a) Spectrephotometrie assay of MAO,
utilizsing the dfsappearance of the substrate densylamine.

Tabor ::: assosiates were the first
investigators who followed the action of a plasma amine oxidase
(spermine oxidase) by a spesirophetometrie method, utilizing
Yensylamine as & sudstrate. The pro@net of the reaction,
Yensaldehyde, dfisplays a very high extinotion eceffioient at
380 nm, and ean easily be detected spectirephetometriocally.
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4 rapid speetrophotemetrie method for
she lotonin:llzn of MAO and MAO inhidbision, aceording te
Zeller, Ramachander and Zeller, is based on the high degrada-
tion rate of m-iodobenszylamine, and on the strong adserbdanee
at 203 nm of the m-iododenzaldehyde formed during the aotion
of MAO on m-iodobenzylamine. This primary reaction product
does not appear to undergo further oxidatiom dy oxidoreductases.
The ehoice of l-iodobonsyhni:;6tc ‘a substrate of MAO was
based on the studies of E.A. Zeller on the ocsourrense of eutopie
and dystopic oomplexes in the MAO reaotion, which indicated thas,
with the exception of fluorine, the introduetion of any sadsti-
tuent in the meta position led to mucsh better substrates than
bensylamine itself. By far the highest reaction rates, as
expressed by maximum veloeity (V), were obtained with meta-
iodedenzylamine.

8) Disappearance otlgnu'nino. or the
appearance of 4-hydroxygquinoline. Im 1980 Makino and his
colleagues showed tha$ mouse liver homogemates convert kynuramine,
the decardexylation predust of kynuremine, to 4-hydroxy-quinoline,
which these authors fdentified by its paper ohromatographie and

spectral preperties.

—-cl(;}—cnz_onz.ng i
Qup=SNg Qg
k

Kynuranine 4-hyadroxyquinoline
| A spectrophotometric assay of MAO dased om
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She rate of dissppearance of kynuramine was deviased by
qubulglot al. Accerding te Weissbach et al, NMAO prodadly
deaminates kynuramine (I) so she corresponding aldehyde (II),
whioch may either condense %0 é-hydroxyquinoline (IXXI) or undergo
further oxidation o the correspending seid (IV).

0 -
B W
©;c-—cnz.cnznz C-——CHpCHO
7
NH
2
_ —
I 11 \
0 Rl v
i : f
HyCO0E *
L‘/’.I
v 111 L

Intramolecular (nonensymie) condensation
of the amino aldehyde (II) proved, however, to be faster than
further exidation of the aldehyde to the corresponding acid (IV).

In their kinetie studies on the effect of
various %nhibitou on purified beef liver mitoohondrial MAO,
Barbato an%' i”“ eompared the lpootrophgzgntru assay of MAO
by VWeissbaeh ot al with that of Tabor and o:-vorkau. whiech
utilises bensylamine as sudbstrate. Bardato and Adoed foumd
that kynuramine was & better substrate for the speotrophete-
metrie MAO estimation than bdensylamine, parsiocularly whea
working with carbonyl reagents, sush as potassiwm oyanide,
which ean react with the bensaldehyde formed, or when using
she inhidi tor phenanthreline, whese extinetion ceeffiocient
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&% 200 nm 1is extremely high. Furthermore, earbonyl reagents.
have no effeot when kymuramine is used, evidently decause the
intramoleeular reaction detween the aldehyde group and the
amino groupy of kynuramine is much more rapid than the reaction
of the aldehyde group with thczolzrbon.yl reagents.

Zeller and his colleagues havolgiiuuzu
the spectrophetometric kynuramine method of Weissdbach et al
for the following reasons: upon the aotion of MAO, kyauramine
is deaminated, and the resulting aldehyde condenses intramole-~
sularly to form 4-hydroxyquinoline, a substance with a mueh
lower molar extinotion eoefficient at 360 nm than the starting
produes. Since the initial optiocal readings with 0.1 mX
kynuramine are relatively high, small differences in optiocal
density may be of doudbsful value.

») Fluerometric assay

Zhe average fluorescenee measuring instrument
will permit the deternmination of gquantities of fluoresoens
material as small as 0.1 to 0,001 ug/ml. With the more
sensitive instruments, and wish ocompounds having & high adserp-~
%ion and & high quantum yield of fluorescence, & millimicrogram
(sanogram) of a fluorophor ean emit sufficient fluorescense %o
allow measurement.

1) Rate of indoleacetic aeid formation.
This {5 a sengitive fluoromesric assay of NAO aotivity ia

118
vitre based on the fermation of indoleasetaldehyde em inoubdbgjien

of tissue homogenmates with tryptamine, and the exidatiod of
indoleasetaldehyde to indoleacetic aeid, a fluorescent sompewnd,
on addition of aldehyde dehydrogenase and nicotinamide-adenine
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dinucleotide (NAD). The activity of the aldehyde dehydrogenase
preparation is checked by measuring the rate of Illli formation
during incudation with agetaldehyde.

107 3) Rate of formation of é-hydroxy guinoline
formation. This is & rapid microfiuorometric determination of
MAO whio?ai- a fluorometric adaptation of the MAO assay of
Weissbach ot al. Instead of determining the disappearanse of
kynuranine, Krajl monitors fluorometrically the appearance of
4-hydroxyquinoline whieh arises from the spontaneous oyeslisation
of the intermediate aldehyde, formed by the enzymie oxidative
deamination of kynuramine. Unlike many methods for the
determination of MAO, which are bdased on the assay of the acid
produced by further oxidation of the relevant aldehyde by a
seocond enzyme, an aldehyde dehydrogenase, this miorofluerometrie
assay does not depend on the tissue sample ocontaining aldehyde
dehgdrogenase,

3) Measurement of hydrogen peraoxide formed
in oxidase reactions by ocoupling it to the formation of a
fluorophor with homovanillic acid in the presence of poroz::nlc.
Tissue preparations are incudated with amine substrate, homo-
vanillic acid, and horseradish peroxidase, and the hydrogen
peroxide evolved is measured fluorometrically. This permits
the use of a number of sudstrates and continuous monitoring of
the enzyme reaction. The method is comparadble in sensi tivity
to the radiometric methods for amine oxidases, and is relatively

simple to perform.
4) Combined paper shromatographie-fluorescens

methods. Studies on the eellular leocalization and turnover of



(28)

Yogenic amines have deen impeded dy the lack of methods for’
the adequate separation and disorimination of these amines, as
well as of their precursors and metadolites. Recently, thin-
layer chromatography has been sweessfully aprlied $o the rapiad
1so0lation and identifiocation of minute amounts of tissue diegenio
amines, Nanogram amcunts of these amines ocan de detected by
exposing the thin layer to an o-phthalaldehyde spray or para-
formaldehyde ga..‘:g:roby the biogenic amines are converted
into highly fluorescent derivatives., These methods have served
as & basis for the development of simple radiometrioc assays of
amine oxidase aotivity.
o) Radioipotopigsgcthoal.

1) Wurtman and Axelred devised a
simple, sensitive and specific assay of MAO, utilising the
meagurenent of deaminated l‘c-»tabolitoc ot l‘c-tryptanino.

The deaminated radiocactive material, l‘o-lndolouootio acid ia
extraoted by shaking with toluene, and identified dy asoending

paper chromatography. The indoleacetic acid is separated from
tryptamine in a butancl: acesto asid: water (431:1) system,
and from indoleacetaldehyde in an isopropyl aloochol: axmonia;

water (8:1:1) system.
2) A radigilotopio assay for MAO

determination, acoording to OSsuka and Kodayashi, is based on
the formatiom of a radiocactive anigole-soludble end-product from
the substrate IQB-tyrulino. After the enzyme inoubation, the
end-produet is extracted into anigole, the aqueous phase is
frosen, and the anisole, containing bosh She radiocactive end-
product and phosphor, is poured inte a counting vial for assay
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in a liquid sointillation spectrometer, ‘
4) Histochemioal demonstrasion of MAO

Several technigues for the histo-

chemical demonstration of MAO activity have been reported.
138 1) Demonstration of aldehyde groups.

Oster and Schlossman were the first to demonstrate MAO activity
based on the visualization of aldehyde groups in the oxidized
amines. Tissues were incubated in the presence of tyramine and
the resulting aldehyde groups were demonstrated by Sohiff
reagent., The results were unreliable as the aldehyde product
of the reaction, dbeing 'ttor-lolgggt.lg;ndod to diffuase prggr
t0 the staining reaoction. KXoelle and Valk, in 1954, and Rder,
in 1987, attempted to "trap®™ the aldehydes with 2-hydroxy-3-
naphthoic acid hydrazide. These authoras treated tissw sections
with hydrasine and inocubated these in the presence of t;iptamino
and 3-hydroxy-8-naphthoio acid hydrazide in pyrophesphate
buffer econtaining a high concentration of sodium sulfate. The
aldehyde formed by the action of MAO ocondenses with the
hydrazide, and the condensation produet is themn converted to a
bluish-purple pigment dy coupling with tetrasotised o-dianisidine,
Despite its validity, this method has not deen frequensly used
because it is s0 ladorious.

8) Pigment formation: In fresh
frosen sections incubated with tryptamine~HCl at DH 7.4,
Blazihko and Hellmann in 1903 observed the formation of a dark
pigment. later, Arioka a:Q Tanimukai in 1987 modified Shis
teshnigue by using serotonin as the subdbstrate. The initiative

role of MAO in the pigment formation ias aceepted, dut the role
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and struetural relasion of other oxidative systems that may de
operationally parallel or even ooupled with amine oxi dase in
the pigment formation and the Aiffusidilitsy of the pigment
intermediates has not been determined. The application of this
technigue is therefore limited.

3) Tetrasolium methods: Appropxd ate watser-
soluble tetrasolium salts oan be reduced to water-insolubdle

formasans in connection with the MAO reaction.

o )R "
l 2 K y R— U¢l—. - -
E=N—R, 71 , + H «0C1
+01- ]’-—lez

!rodn;gzon of formasan in living oells
was diseovered by Kuha and Jerchel in 1941. Tetrasolium salts
are colorless, water-soluble, toxie, and are deployed as redox
indicators. PFormazans are water insoludle compounds. In the
higstochemical reaction the tetrazolium salt acts as a hydrogen
acceptor. The pe-nitro group in the lz-phonyl ring ineoreases
tshe resdiness with which the tetrazolium salts acoept H from
various dehydrogenase systems. Reduotion is facilitated by
alkaline pH. -

In 1983 Franois demonstrated the deposition
of formasan in frozen seotions imocudbated with Syramine at pi 7.4
in the presence of neotetrasolium oh}oride., By sudatituting
tryptamine for tyramine, and employing Nis$ro-BT for neo-
tetrasolium as electrom acceptor in Franois' method, thﬁ::r,

Burtner and Brown odtained more satisfaoctory and reprodusidle
results. Under these conditions there was a distined
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lecaliszation of the formazan at tissue sites during an hour of
inoubdation.

In human bdrain, Rob:::on. in 1966, used
litro;:?‘;- eleotron acceptor according to the method of
Glenner ot al, and odtained an accurate localization of the
enzyme by rapid production of discrete ro;:ssan deposits.

4) And finally, Graham and Karnovaky have
sucoeeded in demonstrating MAO activity in the liver and kidney
of rats and guinea pigs by a coupled peroxidation-oxidation
Sechnique. In the presence of peroxidese, its sudbstrate, 3-amino-
9-ethyl-carbazole has deen found to be oxidized by the hydrogen
peroxide generated during the oxidation of tryptamine, catalyszed
by MAO. The resulting insoluble red oxidation product is
apparently.deposited at sites of MAO aotivity. This histo-
ohemical coupled oxidation method of NAO estimation may de
useful as an alternative teshnique to the tetragolium method
since it dQepends on an entirely different type of chemical

resction.

K) - Biologiocal Importance of MAO
The metadolisc function of MAO in the animal

body is to break down petent biogenio amines by oxidative
deamination., This reaction is followed by the further oxtidatioa
of the aldehyde formed to the eorresponding cardexylie aeid.
The identification and quantitation of sush acid urinary
oonsti tuents has helped oconsideradly in the slucidation of the
diologioal funotion of MAO in man and other nn::nll.

The diologioal role of MAO is not oul{

confined to the inactivation of diogenic mencamines. Barendes
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demonstrated that many different MAO subatrates and their
aldehyde metabdolites stimulate in vitro gluoou-l-uc
oxidation to “co, by bdeef anterior pituitary slices. The
effeot of the aldehyde notabo%:u is not dlooked by MAO
inhiditors. 8imilarly, Pestan and Field have reported on an
in vitro stimulation of glucose oxidasion in thyroid by
serotonin. The unoxphinod‘:rfoou of MAO inhibitors on
earbohydrate metadolism in vivo may be due :g interference by
the inhibitors with some yet unknown function of MAO.

Oxidative deamination and o-methylation
are the two enzymio path;q. of catecholamine metadolism in
the peripheral sympathetic system, and also ocour in the ocentral
norvon:nwlylton. 1“

Spector and his co~workers presented
evidence that XAO is the principal enzyme in the inactivation
process of nor-epinephrine and serotonin in the brain. ZThese
asuthors also suggested different physiological roles for MAO
and COMT, Whereas MAO appears to bde responsidle for the
metadolism of the diogenie monoamines in Sissves, COMT is
involved partiocularly in ;k‘x:lanouunon of exogenous, extra-
neuronal, oireulating eatecholamines,.

The two enzymes of major importance in
the initial steps of metabolic tranaformation of :Bngl’uhnuo
in the mammal are MAO and catechol-o-methyl transferase (CONT).
Yot it 1is unlikely that either of these enzymes is of
importance in the termination of the effeots of adrenergie
impulses in relation to other precesses such as re-uptake dy

the axonal terminals, diffusion, temporary adsorption 0 plasma
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proteins and reflex adjustments. As Blaschke has poinsed ous,
the nmarrow spatial and temporal limitations of the aetion of
the transaitter that are essential for efficient funetioning
at most sites of eholinergioc transmission prodadly do not
apply to adrenergio transgmission at peripheral autonomis
effectors.

Both MAO and COMT, which are widely
distriduted throughout the body, inoluding the braim, have
the highest concentrations in the liver and the kidney. There
are, however, distinot differences in their oytologioal looation,
Whereas MAO is associated chiefly with mitochondria, including
those within the terminals of adrenergic fibers, COMT is
confined largely to the solubdle cytoplasmie fraction and
apparently has no seleotive assooiation with adrenergiec nerves,

From a variety of studies in which
{sotopically labelled catecholamines were used, it appears t$hat
most of the epinephrine and norepinephrine that enter the
eiroulation from the adrenal medulls or from exogenous adminis-
sration, or that is released rapidly from adrenergic fiders is
firat meshylated by COMT $0 metanephrine or normetanephrine
respectively. ZThe norepinephrine Shat is released slowly,
either by arugs such as reserpine or by nerve impulses of low
frequeney, is prodably initially deaminated by the MAO of
intra-axonal miteshondria $0 She serresponding aldehyde, and
then converted rapidly at extraneuronal sites to 3,4-dihydroxy-
mandelio acid. In either case, most of the metabolite resulting
from attack by the initial ensyme is then oconverted by the
ether to the common product, 3-methoxy-4-hydroxymandelie aeid,
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generally dut inoorreetly ealled vanillyl mandelioc acid (VMA),
whioh constitutes the major metadolite of catesholamines exoreted
in the urine. The corresponding product of the metabdolie
degradation of dopamine, whioh ocontains mno hydroxyl group ia
the side chain, is homovanillic aeid (HVA)., In the humam drain,
and throughout the body ef the rat and ocertain other species
the aldehyde oxidation preducts of MAO are redueed rather than
oxidised, resulting in the ultimate formation of S-methoxy-4-

hydroxyphenylglyocol. 69

Steps in the metabolie 4isposition
- —'aro'.'mrmi! 1] -

HO~. GHOH 79
'nz N CHOH
¢B2 o0 |
: ¢ NHp — OO0E £ CHp
Norepinephrine HO H-—-é-—cna
3,4-d1hydroxy Epinephrine
Mandelio aocld
(COMT) (comT) (coMT)
U2 Vv A
CHz 0— 7" [ IHW CHy HOE  gmyg RO
~N c'zn a0, %—on S0 Ry
HO MR Y HO 0 HO B-¥—CEy
Nornotanophrim d-methoxy-4-hydroxy . ’lotanophrino
\47 Mandelio aoid ("VHA")
o Fa
v (oonjugase) (conjugase)
l
CBz0-—~
?nz cngon l CHy
AN g—i—cna
Normetanephrine sulfate 3J-methoxy-4-hydroxy Net
or gluouronide phenyl glyool -ulra::.g:r tne

glucuronide



(48)

The metabdolism of serotonin (8-hydroxy-
tryptanine) varies somewhat from one spesies to another, bdus
in man, most of it undergoes oxidative deamination by MiAO %o
form J-hydroxy-indole acetaldehyde, which is promptly degraded,
sainly by further oxidation to S-hydroxyindole acetic aeid by
aldehyde dehydrogenase. 69

Metabolio degradation of S-hydroxytrypsamine

HO— [ I CHp—CHp-NHp
- |
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S-hydroxy indole
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° U “ria °  mo— ' ﬂ CHy CHyOH
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S-hydroxy indole acetic acid S-hydroxy tryptophol

L) - Present Status of purification of MAO from

various tisgues and extracellular sourees of various speeies
Work on the ehemistry of amine oxidase has

been hampered by the great difficulty in purifying the enzyme
from tissuea because of its insoludbility. Alshough amine
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oxidase htlll’);on oryntnlli;;& from extracellular sources
such as beef plasma and hog phul?. obtained inlzohinhl:
pure form (450-£014) from rabdit serum and human plasma (5000~
fold), and orystallized from a species of fungus (unor;ﬂgu
niger), 1t has been much sore diffiould to purify the enzyme
from :;:::u because of ufﬁaul:g in soludbilisging the enxsyme.
Cotsias and Dole in 1951, and Hawking in 1952 explained this
behavior of NMAO by demonstrating the intimate adherence of
this enzyme in most Oorgan tissuwss to the insoluble struotures
of mitochondrial unbr;gal. It should de mentioned, however,
that Weissbach, Redfield and Udenfriend were adble to show that
guinea-pig liver, unlike other organs and other species, ocontains
MAO in nlgglublo form. This unigqw finding was confirmed by
Oswald and Strittmatter.

6,63.81.1&.““““ used to soludbilise the enzyme
have achieved varying degrees of success. Partially purified
MAO has bdeen prepared by various workers by treatment of the
mitochondrial memdranes with various detergents suoh as Triton-l,
digitonin, cutsoum, ocholioc aeid, non-ionic detergents, such as
Nonion ES-210, and Tergital-NPX, or with ultrasonio wavea, or
by disrupsion of the mitochondria by homogenization and subse-
quent treatment with !;l'tzgon X-100. A oriterion of solubility,
agoording to Nara, Gomes and l’uuno\n.u that the ensyms precipi-
tates to the bdottom of the tude after the addition of ammonium
sulfate, and that the enzyme can be dialyzed against buffer
that does not ocontain any ao:orgont.

Barbato and Adood purified nglonly

20-f014 from bovine liver mitoshomdria. Guha and Krishna Nursi
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'schiovog’:n 180-£014 purification frem rat liver mitechondria.

Youdim and Sourkes purified mitochondrial MAO frea rat liver
2808-1014 aa oompared with the orude homogenate. lara}agolol
and Yasunodu firast reported a 88-!0%: purification of beef
liver mitoochondrial NAO. Iater Yasunodbu et al, using she
method that is employed in this paper for human liver mitochom-
drial MAO, isoclated three amine oxidase components from deef
liver, with the three active fractions having specific activi-
ties of 1000-8000,8000-3000, and 6000-8000, respectively. 4ll
oomponents were bright yellow, and showed a pH optima near 9.82.
Eone of the components was inhidbited by aldehyde reagents, and
all components showed similar sudbastrate specificities. The
sedimentation coeffioients were 1l4.4 and 20.6, and the molecular
weight adout 408,000 and 1,880,000 respectively for components
1l and 8., Component 1 ocontained 4, and somponent 2 eontained
12 FAD or FAD-like sudbatance per mele of enzyme. Components 1
and 2 gontained 24 and 106 moles of phospholipid per mole of
ensyme respectively. Their studies indicated that a part of
the multiplieity of the enzyme reported dy other werkers is due
$0 the isolation of the enzyme in differe$s moleoular weight
forms. Components 1 and 2 exhibited peaks a$ 410 nm and 450 nm,
and a shoulder at 480 nm. The ratio of the absorbance at
280/450 nm was l.1-1.2. The amine acid eomposition ef the
enzyme was determined.

Gaday uul‘%cloout purified rabdit liver
monoamine oxidase 270-fold. Erwin u:: Hellerman outlined a
simple preparative procedure for obtaining bovine kidney sertex

1563
mitochondrial MAO., R. Sen ot al purified NAO from rat hears
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{Sissue 89-f014.
There are only a few reports dealing with

the purifieation of brain MAO. l;:::lu was the first to
demonatrate that MAO ocan be extracted from bdeef drain nitgghon-
dria by sonication in the presence of a detergent. Green and
Van Niel prepared a partially purified monocamine oxidase (16
£0l4) from beef drain mitochondria in a soluble stable form by
treating the mitochondria with a ocombination of Triton X-100,
sonication and ocentrifugation a$ 100,000xg for 60 minutes. <The
soludle enayme is concentrated with the Amicon ultrafiltration
apparatus. These authors state shat further purifiocation by
standard techniques of Sephadex and DEAE cellulose chiematography,
ammonium sulfate and organie¢ solvent fraetionation have thus far
been unsucscessful. 193

Tipton purified MAO from pig brain, with the
preparation having a specifioc activity of 2760, His teehnigqwe
involved a simple, if rather tedious method of repeated asonica-
tion, freesing and thawing, and exposure to low pH amd aloohel
fraoctionation in the absence of a detergent. The purified enzyme
appeared to be homogeneous by sellulose-agsetate eleotrophoresis,
and had a moleocular weight of approximately 108,000. It was
inhibited by iproniasid, and also by p-ohloro-norouribon:ozto.
Further studies suggested that the enzyme contained FAD as &
prosthetioc group. The pH optimum was found gi'g; about 7.8,
which compares well with values reported by Guha. for the enzyme
purified from ras liver mitochondria, dut dees not agree with
the work of la::. who found a considerabdly higher optimum DE

for ensyme preparations from the game source,
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In regard 0 the purifisation of monocamine'
oxidase from human body fluids or tissws, lill&iopurirtol
NAO from human plasma 5000-fold. In 1968 !bni:: et al
proepared soludle MAO from human placental mitochondria Ny
subjeoting the mitochondria to sonication, followed by Sreat-
ment with Triton X-100, ammonium sulfate fractionation, and
column ohromatography on Sephadex G-200 and DEAE-Sephadex.

A produet with a specifio activity of 3800, showing a 400-fo0ld
purifieation over the original homogenate may be odbtained dy
this method. UWhen subjeoted to polyaorylamide-gel electre-
phoresis, the human placental MAO showed $two bands of ensyme
activity, whereas solubilized and partly purified MAO from the
rat liver, prepared bj & similar method, showed & bands of
enzyme activity. 102

And lastly, MoEwen et al partially purified
human liver mitoehondrial monocamine oxidase by solubilising
the mitoghondria and treatment with Triton X-100 and ammonium
sulfate precipitation. %Their final preparation had a speeifie
activity of 44, with fold purification of 8, These austhers
stated that neither Triton X-100 nor sonically é&f srupted
preparations could be purified further by the procedures
developed for the beef or rat liver mitochondrial monoamine

oxidases.
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CHAPTER 1I
n;g;gs AND METHODS

Tissues

HEormal human liver was obtained from
patients who had died from acoident, suicide or homioide within
3-24 hours after death.

Chemicals and reagents

The ocaloium phosphate gel, hydroxylapatite,
sryptamine hydrochloride, sodium sal$ of oholie aocid, glyocine
and tris duffer (hydroxymethyl)-aminomethane, serotonin and
hydrasine were purchased from Sigma Chemiocal Company, St. Louis,
Mo, DEAE-cellulose was obtained from Bio-Rad. Sephadex G-88
and Sephadex G-200 were purchased from Pharmacia PFine Chemicals,
Ino., Piscataway, N.J. P-nitro-tetragelium dlue (nitro-»?)
was obtained from General Biochemicals. Nonodasis and dibdasie
potassium phosphate were odtained from Fisgher Scientifie Co.,
Pair lawm, N.J. The BEiman reagent (phenylshioocyanate) was
obtained from Eastman Organie Chemicals (Division of Enstman
Kodak, Roehester, X.Y.). PTH-anino acid standards were purchased
from Pleroce Chemical Co. Dimethyl allyl amine (coupling duffer
in Edman procedure) was obtained frox Pfalts Bauer, Ine.,
Flushing, N.Y. ZIrifluoreacetic acid was purchased from Aldrich
Chemical Co., Milwaukee, Wisoconsin. Vaeuum dialysis dags and
apparatus were purchased from Schleicher and Sehwell, Ino.,
Keene, Now Hampshire. The polyacrylamide-gel electrophoresis
apparatus was supplied by Canal Industries Corp. (Bethesds,

mma)o
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Insbtrumensation

The enzyme assays and protein determina-
tions were ocarried out, using a Beckman model DU speetrophoto-
meter. A Radiometer pH meter, made in Copenhagen, was empleyed.
The Beockman model L ultracentrifuge was used for preparative
procedures. The Sorvall Model RC~2B refrigerated censrifuge
was used for all other centrifuge runs. The spectrofluoro~
metric determimations were obtained in the Aminco-Bowman

spectrophotofluor ameter.

AMIIEI cal EOOC‘“.I

Protein estimation. !g;sprotoin eoncentra-
tion was determined by the method of Lowry et al, using
bovine serum albumin as a standard.

Enzyme assay. The enzyme was assayed
-poo;::photonotrioally with bensylamine hydrodromide as the
substrate. A unit of enzyme activity is defined as the amouns
of entyme catalysing an inerease of 0.001 absorbance unit per
minute at zs°. The aassay mixture contained 0.1l ml of enzyme,
0.5 ml of bensylamine hydrobromide containing 20 ulM/ml (final
oconcentration of 3.3 uli/ml), and 2.4 ml of 0,080 M phosphate
bdbuffer, pH 7.4 in a total volume of 3 ml,

The protein stain reagemt ocontained 1%
amido blaek in 7€ acetie aeid.

Disocontinuous polyaorylamide~gel dise
electrophoresis was performed according to the methed of Davie,
and employing apparatus and reagents from Canalco, Bethesda,
Maryland. A concentrated $Sris-glycine duffer at pH 8,3 was
used. (Tris-6.0 grams, glyoine-28.8 grams, with water to 1
liter, pH 8.3).
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U6
The enzyme atain for the polysorylamide-

gl elesotrophoresis contained tryptamine, 112 mg; sodium
sulfate, 18 mg; nitro-3T, 22.8 mg; 0.1 X phosphate duffer,
pH 7.4, 28.05 ml, and distilled water to a total volume of
90 ml.

Ultracentrifugation. Sedimentation velooity
was pgrromod in a 8pinco médel E analytioal ultracentrifuge |
at 59,780 rpm in a synthetio bdoundary oell at a temperature of
aoo. Photographs were taken at 16 min. intervals. ZThe
movement of the schlieren peaks was measured by a Nikoa
Shadowgraph Model 6C micro-comparator. The sedimentasion 269
coefficient was caloulated by the method desorided by Sohaschman.

All buffers used for the purification of
the ensyme were KHpPO4, KoNPO, duffers, DH 7.4 or 7.6 at the
indicated concentrations. Berensen’s glycine-sodium hydroxide
butfer (0.1 M glyoine; 0.1 X ¥aCl) was made up as follews:

7.505 g glyoine plus 85.80 g BaCl %0 1 liter with aistilled
water, adjusted to pH's in the range 9-12 with 0,1 X NaoOXK.

?IC plates (30x20 pre-coated silica gel
with fluoresocent indicator) were odtained from Nann Researeh

laboratories, NYC.

Nethods

Unless otherwise noted, all operations were
performed at 4° 1n the eold room.
Human liver MAO was purified by two different

methods.
shod { an eriginal method which does

net depend en the isolation of mitochondria, and in whieh
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vaouwm dialysis, during which the ensyme separates out as a’
yollow precipitate, is an important step in purification.

All previous methods of odtaining the
ensyme from animal tissues, and even from human liver have
been based upon the isolasion and gubdbseguent aclnbilization
of mitochondria. In purifying this encyme from human tisswes
such as liver, however, one is faced with special prodlems
not enoountered in animals, where normal tissuwes can be
obtained easily at any time after death, and where the animals’
habits, diet, eto. oan be carefully ocontrolled. It is not
generally appreciated thas one g:gnot isolate intact mitoohon-
dria by the method of Hogebdoom and Schneider more than a few
hours after the tiasue is removed from its host because not
only cellular debria, dbut the entire homogenate not infrequently
sediments at speeds as low as 200xg. 8inoce autopst ¢es, even in
acoident cases, are often not performed for 12-24 hours after
death, and since some of these cases are addiots on arugs
which may interfere with the procedure of odtaining mitochondria,
with considerabdle loss of enzyme, methods of obtaining the
enzyme from human tissuwes by isolation and subseguen$ solubdili-
sation of mitoochondria are not prasticabdle.

To obviate this difficulty, and to employ
& much simpler method of obtaining the enzyme, a procedure was
devised (Method #I) of isolating the enzyme by subjecting the
whole liver homogenate to high speed centrifugation to effect
complete sedimentasion of all solid particles, and, at the
same time, $0 get rid of the hemoglodin in the superamatant, and
then extraoting the sediment, which containg most of the ensyme,

with the detergent Tritom X-100, followed by the usual
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technigues of ammonium sulfate precipitation, eolumn
chromatography with DEAE-0cellulose and Sephadex G-200. The
final step of purificatiom, namely, vacuum dialysis, is a
most important procedure in purification, as the high moleocular
weight enzyme, or possibly the aggregated enzyme, settles
out as a yellow powder. The supernatant, which may contain
profoin impurities, can be removed, and the process repeated,
if necessary, several times, after reconstitution of the enzyme
with phosphate buffer.

Method tII: by the claasical method of
obtaining the enzyme by solubilization of mitochondria, using
the procedure employed by Yhaunan et al for the purification
of beef liver MAO.

By both methods, the same result was
obtained, namely, a preparation showing three active bands on
polyacrylamide disoc electrophoresis. By Method #I a single
peak was obtained in the ultracentrifuge.

Sinoce monoamine oxidase is quite insoluble,
and requires a detergent for solubilization, a oconsiderable
amount of preliminary work was done, testing out the effiocacy
of various detergents used by previous investigators, such as
cutscum, cholic aoid, digitonin, non-ionioc detergents, such as
Nonion NS-210, Triton X-100 and Tergital-NPX, with the finding
that digitonin is the most effeoctive solubilizing agent.
Although a great deal of preliminary work was done, using
digitonin, this substance was eventually abandoned because it
was Qifficult to keep in solution, and tended to settle out in
purified preparations. Attempts to solubilize the enzyme by
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means of sonieation resulted in almost complete loss of

activity. Sinoe monocamine oxidase is assosciated wish the
mitochondrial membrane, the dutyl aloohol method of extraestion
was tried, but was unsuccessful as this substance caused
denaturasion of the enzyme. Sodium pyrophosphate buffer, with
its marked Adissooiating effect on hydrogen donds and salt
linkages, as well as its chelating effect on many divalent
csations, and protestive effeot, was not found to be superior
to 0.1 X potassium phosphate duffer.
Purification of the Enxyme

Method yI
Step 1 - Homogenization of human liver (from Case #5)

90 grams of presumably normal humen
liver were washed with distilled water to elean off surface
blood, out into small pieces with socissors, and put through s
meat grinder bYefore homogenisation w th ¢ volumes (w/v) of
0.1 XM phosphate buffer, pH 7.4 in a Waring dlender for 1}
minutes.

Step 3 ~ Centrifugation of 1;: 6 homogenate

The homogenate was then centrifuged
in the Model L ultracentrifuge, using Rotor 30, at 24,000 rim
(approximately 80,000xg) for 1 hour. The supernatant, which
contained very little enzyme, and most of the hemogledin, was
disoarded. This procedure was repeated, washing the sedimens
with 500 ml of 0.1 X phosphate duffer, pH 7.4, to free it from
ad@ tional hemoglobin by pressing the partieles against the
side of a beaker with a rubber spatula, and again centrifuging
in a similar manner, with discarding of the supermatams.
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Step § - Extraction of the gediment with 1.8£ Triton X-100.
The ensyme was then extracted from the sediment by adding
0.1 X phosphate duffer, pE 7.4 to & fixed volume of 200 ml,
and then adding 16 ml of a 20% solution of Triten X-100
(made up in 0.1 M phosphate buffer, pH 7.4), gently amd
briefly homogenising with a Waring blender for # minute, amd
then by hand, in batches, with a Potter-Elvehjem glass
homogenizer for 20 strokes, gently stirring the solusion wigh
s magnetio stirrer for 1§ hours, and then centrifuging as
15,000 rpm (about 20,000xg) for 1 hour in a Beskman Model I
ultracentrifuge. The slightly opalescent amder supernatant
was ocarefully removed from the gediment by means of a long
18 gauge spinal needle and ayringe. The sediment was extracted
three more times with the Triton X-100 in a similar manner, and
the supernatants from the 2nd and 3rd extractions pooled.
Step 4 -~ 40% ammonium sulfate precipitation of enszyme in
Triton X-100 extract. To the pooled Triton X extracts, solid
ammonium sulfate was added %0 40%£ saturation, and the pE of
the solution adjusted to 7.4 by the addition of OF NK,OH. After
stirring for 30 minutes, the solution was centrifuged for 20
minutes at 10,000 (16,300xg) in the Sorvall RC-2B. The tan
precipitate (enzyme) fleated to the surface, and was collected
by removing the liquid under the precipitate with a syringe and
long 18 gauge spinal needle., The precipitate was dissolved in
a minimal amount of O.) X phosphate bdbuffer, pH 7.4, produweing
a somewhat turbid solution.

The enzyme solution was passed through a

Sephadex G-25 column (4.5x456 om) in order to remove excess
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. ammonium sulfate, eluting with 0.0l M phosphate dbuffer,
Step § - DEAE~cellulose chromatography. (For elution

pattern, see Figure 2.

The eluate was applied t0 a DEAR-
cellulose column (2.2x40 om) which had deen equilibrated with
0.01 X phosphate buffer, pH 7.4. After the addition of encyme
to the column, the column was treated with approximately 800 ml

of starting buffer, followed by approximately 8500 ml of 0.1 X
phosphate buffer, pH 7.4. The enzyme was then eluted from

the column, using a linear gradient of Triton X-100., Gradient
elution (900 ml of 0.1 M phosphate buffer, pH 7.4 in the mixing
chamber, and 900 ml of 0.2% Triton X-100 in 0.1 M phosphate
dbuffer, pH 7.4 in the reservoir) was used to elute the enzyme.
Fraotions of 8 ml were eollected in a Buchler fraotion sollector
at a flow rate of approximately 0.8 ml/min.

Step 6 - 40% ammonium sulfate precipitation of enzyme in pooled
fractions after DEAE-cellulose ohromatography. The combined
active fractions (188 ml) from tubes 65-88 were ooncentrated

by the addition of solid ammonium sulfate (40% saturation), and
centrifugation performed at 10,000 rpm (16,300xg) for 20 minutes.
After centrifugation, the enzyme, which floated on the surface
of the solution, was dissolved in a minimal amount of 0.1 X
phosphate dutfer, pH 7.4.

Step 7 - Sephadex G-200 chromatography (¥or elution patternm,
please see Pigure 3). The dissolved ammonium sulfate preeipi-
tate was placed on a Sephadex G-200 column (2.2x48 om) equili-
brated with 0,05 M phosphate duffer, pH 7.4. The enzyme was
then eluted from the golumn by means of 0,08 X phosphate
buffer, pH 7.4. Fractions were collected in a Buchler fraction
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G0lleotor by the drop method (120 drops per tube). Ais can

be seen, the activity is eluted between fraoctions 21+s40, with
maximum activity in tubes 28-308.

Step 8 -~ Vacuum dialysis of pooled fractions after Sephadex
G-200, removal of supernatant and reconstitution of enzyme with
0.08 M phoaphate buffer, pH 7.4.

Vasuum dialysis was performed on the
pooled tubes from Sephadex G-200 ohromatography, and the solution
dialyzed agains$ 0.01 M phosphate buffer, pH 7.4, with apparatus
kept in an ice water bath. As dialysis progressed, the enzyme
same out of solution and settled as a dright yellow powder at
the bottom of the dialysis bag. When the solution had been
concentrated down to 10 ml, the vacuum was discontinued, and
the solution permitted to settle in the dialysis dag in the
dialysis solution for 24 hours. The supernatant was then
carefully drawn off by means 0f a spinal needle or very fine
Tygon tubing attached to a hypo asyringe, and the yellow enzyme
powder at the bottom of the tudbe dissolved in 9 ml of 0.05 X
phosphate bduffer.

The purification procedwre is sunmarised

n Tadle I.
Method tII

Step 1 - Mitochondrial homogenate (from Case #9)

1200 grams of presumadly normal humen
liver were washed with distilled water to olean off surface
blood, ocut into small pieces with scissors, and pus through a
meat grinder bdefore homogenization with 9 volumes of 0.28 X
suorose in a Waring blender for lf minutes. The mitochondria
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108
were them isolated acoording to the method of Hogeboom and

Sohneider, washed until colorless with 0,01 X phoaphate
buffer, pE 7.4, colleoted by centrifugation (5000 rpm for 10
minutes), and resuspended in 0.1 X phosphate duffer, pH 7.4.
The suspension was homogenized in batches for 2 minutes in a
glass Potter-Elvehjem homogenizer, with a total volume after
homogenizasion of 500 ml.
Step 2 - Extraotion and first ammonium sulfate fractiommtion

To the mitochondrial homogenate (8500 ml ),
40.8 ml of 20% Triton X-100 (made up in 0.1 M buffer, pH 7.4),
and 42.3 grams of anmonium sulfate were added so that the
final concentrations were 1.8% and 15%€ saturated, respectively.
After the addition of the ammonium sulfate, she PR was adjusted
to approximately 7.4 with &N l;‘qn. The mixture was stirred
with a magnetic stirrer gently for 1.8 hrs. and then oont:itngol
for 45 minutes in a Sorvall RC-8B at 11,000 rpm or (20,000xg),
di soarding the presipitate.
Step 3 ~ 0.15-0.40 saturated ammonium sulfate

To the yellow supernatant (430 ml),
76.3 grams of solid ammonium sulfate (40% sasuration) were
added, and the solution was adjusted to pH 7.4 by the addition
of ON lliOl. After stirring for 30 minutes, the solution was
oentrifuged for 20 minutes at 11,500 rpm (20,000xg). The tan
precipitate (enzyme) floated to the surface, and was collected
by removing the liquid under the preeipitate with a syringe and
long spinal needle. The precipitate was dissolved in a minimal
amount of 0.1 M phosphate buffer, pH 7.4. The solution eontain-
ing the dissolved tan-yellow precipitate (211 ml) was turdiad
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at this stage.
Step ¢ - Seoond ammonium sulfate fraoctionmation

After adjusting the protein concen-
tration to 10 mg/ml by the addition of 0.1 M phosphate duffer,
pH 7.4, 8.1 ml of 20% sodium cholate (0.4 mg cholate per mg of
protein) were added. After determination of the ammonium
sulfate conscentration by the Nessler procedure, 35.9 grams of
ammonium sulfate were added to the solution (25% saturation).
The material was then centrifuged for 30 minutes (11,500 rpma
or 20,000xg), and the precipitate discarded.

To the filtrate, after cheoking the
concentration of ammonium sulfate, 33.6 grams of ammonium
sulfate (40X saturation) were added, and the solution stirred
for 30 minutes. Centrifugation for 30 minutes was then carried
out at 10,000 rpm (16,300xg). The reddish-drown preeipitate
(color due to oytochrome C impurity), floated to the top, md
the liquid phase was Qdiscarded. The preoipitate was dissolved
in a minimal amount of 0.1 M phosphate duffer, pE 7.4, and the
solution stirred for 30 minutes. (Total volume - 244 nl).
Step &6 - Caloium phosphate gel eluate after ammonium sulfate

The reddish-drown solution was then
dialyzed againat 6 liters of 0.01 M phosphate dbuffer, pH 7.4,
(with change at end of 2 hours, a second shange at the end of
three hours, and then overnight dialysis). %The solution was
turdbid at the beginning of dialysis, possibly due to the high
concentration of ammonium sulfate. The ensyme solution was
then adjusted to a protein concentration of 10 mg/ml by the
addition ef 0,01 M phosphate buffer, pH 7.4. A total of 8230 ml
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of ocaloium phosphate gel (33.5 mg/ml dry weigh$, with CaP gel:
protein ratio of 3:1) were added to the ensyme solution. ZThe
mixture was stirred gently for 10 minutes and then sentrifuged
for 20 minutes at 8500 rpm (11,700xg). The precipitate was
saved for further studies.

The resulting yellow supernatant was
treated with caloium phosphate gel, with CaP; protein ratio of
131, stirred for 10 minutes, and centrifuged at 9000 rpm
(13,800xg) for 15 minutes. Ilastly, the supernatant was treated
with CaP gel: protein ratio of 4:1, then stirred for 40 minutes,
and oentrifuged for 20 minutes at 10,000 rpm (16,300xg). There
was no activity in the yellow supernatant.

The gel obtained dy centrifugation was
eluted suoccessively after stirring for 15-30 minutes w th 800 ml
each of O.,1 M and 0.3 X phosphate buffer, pH 7.6, and each
centrifuged for 15 minutes at 9000 rpm (13,200xg). Approximately
400 ml of combined eluate waas obtained and oconoentrated dy the
addition of 90.4 grams of ammonium sulfate (40%€ saturation).
After ocentrifugation for 30 minutes at 10,000 rpm (16,300xg),
the floating, frothy yellow precipitate was dissolved in 60 ml
of 0.1 M phosphate dutfer, pH 7.4.

Step 6 - DEAE-cellulose chromatography after Sephadex e-zb

(For elution pattern, see Figure 8)

The enzyme solution was passed through a

Sephadex G-28 column (4.5x45 em) in order to remove excess
ammonium sulfate, eluting with 0.01 M phosphate buffer. The
oluate (100 ml) was applied t0 a DEAE-cellulose eolumm (3.8x45
on) which had deen equilidrated with 0,01 X phosphate duffer,
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PH 7.4, After the addition of ensyme %0 the column, the

column waa treated with approximately 800 ml of starting
buffer, followed dy approximately 8500 ml of 0.1 M buffer. <The
engyme was then eluted from the ocolumn, using a linear gradiens
of Triton X-100. Gradient elution (900 ml of 0.1 X phosphate
buffer, pH 7.4 in the mixing chamber, and 900 ml of 0.8%
Triton X-100 in 0.1 M phosphate dbuffer, pH 7.4 in the reservoir)
was used to elute the enzyme. Fraoctions of 8 ml were collected
in a Buchler fraction gollector at a flow rate of approximately
0.5 ml/min., The ocombined aotive fractions (aéo ml) from tubes
43-88 were concentrated by the addition of 8l.4 grams of solid
ammonium sulfate (40% saturation), and ocentrifugation performed
at 10,000 rpm (16,300xg) for 20 minutes. After ocentrifugation,
the enzyme, whioch floated to the surface, was dissolved in a
minimal amount of 0.1 X phosphate buffer, pH 7.4. The solution
was desalted on & column 0f Sephadex G-25, equilibrated with
0.01 M phosphate duffer, pH 7.4 (with eluate-75 ml).

Step 7 - Hydroxylapatite ohromatography (¥or elution pattern,

gee Figure 4).

The slightly brownish-yellow enczyme solution
(76 m1) was then absorbed onto an hydroxylapati te column
(2.9x19 om), equilidrated wish 0.01 M phosphate buffer, pE 7.4.
The columm was then washed with adous 200 ml of the same buffer.
Fractionation of the enzyme was achieved by stepwise elution
with the following duffers: ”
Fraoction 1 - 0.01 X phosphase duffer, pN 7.4
(100 m1)

This fraotion with szero ensyme
aotivity is not shown on the

figure.



(63)
Fraction & - 0.1 X phosphate durfer, pE 7.6
(100 ml)

Fraction 3 - 0.2 M phosphate buffer, DH 7.6
(100 m1)

Fraotion 4 - 0.2 X phosphate duffer, pX 7.6
plus 0.15% posassium cholate
100 ml)
Fraotions of 6.2 ml were collected at
a flow rate of 0.3 ml/min. The fractions were collested
separately. The active tubes from Fraction £ (by far the most
aotive fraction) were pooled and sudbjeoted to further study.

A summary of the steps in the

purification of human liver moncamine oxidase by Method §II is
ghown in Table I1I.
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RESULTS AND DISCUSSION
Comment on purification procedures

Human liver mitochondrial monommine
oxidase was partially purified by loluiiaot al in 1968 by
solubilizing the mitochondria with Triton X-100, sonification
and ammonium sulfate prescipitation. The final specific activity
of their preparation was 44.

. This paper describes the purification of
the enzyme by two different methods, - an original and simple
method (Method #I), and the more conventional procedure of
obtainingagho enzyme by solubilization of mitochondria as used
by Yasunobu et al for the purification of beef liver MAO (Method
#I1). In both cases, the end result is the same, namely, the
production of three active dands on polyacrylamide disc elsotro-
phoresis. The pure enzyme obtained by Method #I showel a single
peak in the analytical ultracentrifuge. 7The final specific
aotivity of the enzyme produced by Method #I was 580, with fold
purification of 42. By Method #II, the final speocific aotivisy
was 1010, with a f0ld purification of 18. On hydroxylapatite
ohromatography, the main fraotion (fracstion 2), with highest
specific aotivity of 1010, was eluted with 0.1 M phosphate duffer,
pH 7.6, whereas fractions 3 and 4 were odtained with 0.2 X
phosphate buffer, pH 7.6 and 0.2 M phosphate duffer, pH 7.6 plus
0.15% potassium cholate, respeotively. The speoifioc activity of
fraoction 3 was 600, and of fraction 4 was 177, Ne enzyme
aotivity was found in fraeotion 1, obtained by elution with 0,01 X
phosphate buffer, pH 7.4.
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. Method #I was found to be much simpler
t0 perform, and adout seven times as efficient. In this
regard, it is of interest that, using Method #II, 1200 grams
of liver have to be processed to obtain 3000 units of enzyme
(2.97 mgs protein), whereas by Method #I, 1430 units of enzyme
and 2.6 mgs of protein are obtained from only 90 grams of liver,
Furthermore, this new procedure eliminates the ocumbersome treat-
ment with caloium phosphate gel, with the attendant loss of
300,000 units of enzyme in one step.

Contrary to the usual practice of performing
Sephadex G-200 chromatography initially, followed by DEAE-
oellulose chromatography, the reverse procedure is used. The
purpose of this ig to remove most of the Triton X-100 on Sephadex
G-200 echromatography to render the enzyme as insoluble as
possidle in order to facilitate sedimentation on vacuum dialysis.

And lastly, the above new purification
procedure takes advantage of the marked insolubility of the
enzyme by using vacuum dialysie, during whioch the pure enzyme
gettles out as a yellow powler,

Properties of the eunzyme
Sedimentation Study

The results of a sedimentat ion velooity

run are presented in Figure 5. The sedimentation coeffioient

of the pure enzyme obtained by Method #I was found to be 6,78
at & temperature of 20, with protein concentration of 0,75 mg/ml
in 0.086 X phosphate buffer, pH 7.4. In order to obtain good
ultracentrifuge patterns, the protein eoncentration must de

kept below 3 mg/ml as the enzyme tends to aggregate and precipi-

tate when the conoentration is higher.
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Eleotrophoresis

Polyaorylamide~gel disc electrophoresis was
performed on the pure enzymes obtained by Methods #I and
#1I. _
One tube was stained for protein with 1£ amido
black in 7% acetic aoid, and the other tube, run conoomitantly,
stained specifically for the enzyme, using a method hitherso
only employed for the hi.tg:gcmictl denonstration of monoamine
oxidase, i.e., using tryptamine as a sudstrate and nitro-BT as
electron acceptor, with rapid produoction of purple-pink formasan.
The tubes to be stained for enzyme were insubated at 31° for 1
hour. (The reaction can be sccelerated by heating at a higher
temperature).
Method pI - Eleotrophoretic patteras

a) 7.04 standard gel at pH 9.5. Under these
conditions, 3 distinot active bands were found only in the
staocking gel, with a heavy dband at the origin, a ndxtor band
close to the origin, and a fairly heavy band at the Junotion
between the stacking and running gel. Only £ bands were seen
with the protein stain, - one at the origin, and the other at
the junotion detween the stacking and running gels. (See
Figure 6 Ia).

b) 2.5% gel at pH 9.5. Three bands were again
seen in the ensyme preparation, - a heavy one at the origin,
and at the Jjunoction between the stacking and running gel, and
a much lighter one far dowa into the running gel, almost at
she end of the tube. Only 2 bands, - one at the origin, amd
the other at the juncsion bDetween the stacking and running
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gels were acen with the protein atain. (See Pigure 6Ib)

Meshod #II - Electrophoretio patterns
a) 7.0% standard gel at pH 9.5. Three

distinot active enzyme bands were found only in the stacking
gel, with a heavy band at the origin, & band at the junction
between the stacking and running gel, and a gmaller band
halfway between these two. (See Figure 6IIa).

b) Two weeks later, using a 3.5% gel at a
running pH of 9.5, a band was seen at the origin, one at the
Junction between the staocking and running gel, and now only
a spudge in between, suggesting that perhaps aggregation
of the enzyme was taking place with time. (See Figure 61Ib).

o) 2.5% gel, at pH 9.5, Two light bands

were seen, one at the junotion between the stacking and running
gel, and the second moving 3 mm into the running gel. There
was also a large dark band at the origin in the staoking gel.
(See Figure 61l0).

There was complete denaturation of the protein
and no enzyme stain produced with a running pH of 4.2 and a
5.0% gel.

4 single component was observed when componemts
1 and 2 of beef liver MAO were anslyzed by starch zone electro-
phoresis. Component 1 showed a single band when examined by
disc eleotrophoresis at pH 9,0. Consideradle difficulty was
observed with component 2, however, when examined by the
latter two methods as it tended to aggregate rapidly, and
partially precipitated out of lolutggn.

Beef drain monoamine oxidase showed 8 componemts
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on gontinuous-rlow eleotrophoresis, - a slow-noving major
component (enzyme 1), showing a higher specific activity,
and a fast-moving, minor peak (enzyme 2), with a lower
apecific activity, with the major component having a stronger
color., The enzymes 1l and 2 4id not appear to be different
molecular weight forms, since both components had the same
moleocular weight as Jjudged by Sepharose 6B gel filtration.
178,172 A major and a minor component of pig
brain mitochondrial MAO was separated on Sephadex G-200
chromatography.

In the above study with human liver MAO,
although 3 active bands were seen on the purified enzyme
preparations obtained by both methods, as can be seen, there
were some differences in the positions of the active bands,

& finding perhaps due to the different age of the enzyme
preparations, to greater aggregation, eto. The above
results suggest that on electrophoresis the enzyme is broken
down into fragments in which it exists in different aggregated
atates. Other possibilities are that the bands represent
isozymes, or that the three components belong to the same
enzymeé protein in the mitochondria, and are derived by an
ability of the detergent to alter the structure of the protein,
2H optimwum

The effeot of pH on the reaction velooity
at 37° was investigated over the pH range of 5.45-11.80, using
3 different buffer systems (0.5 M phosphate duffer, from
pH 5.40-7.80; 0.2 XM tris (hydroxymethyl)-amino-methane from
pH 7.8-9.0; and Sorensen's 0.1 M glycine-sodium hydroxide
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juffer from DPH 9.0-12.00). The standard reaction mixture
consisted of 0.3 ml of duffer, 0.1 ml of ensyme, and 0.0 ml
of benzylamine hydrobromide (final concentration-3.23 umoles/ml)
in a total reaction mixture of 3.0 ml adjusted with water, In
shis experiment, the pH of the buffer was varied as shown in
Figure 7.

The entyme exhibited optimal activity
et pH 8,68, with no aoctivity below pH 5.40 or abeve pH 11.80.

Review of the literature reveals that
the adbove results differ considerabdbly from those reported for
MAO in varia:u organs and various species, with the exoception
of bovine kidney MAO, which exhibits optimal activity as
appronutog pH 8,6, The pH optima of components 1 and 2 of
purified deef liver MAO was found to be about pH 9.1-:;8, whieh
is in agreement with the value reported earlier dy Hare (1988),
and are different from those reported dy other workers. !hlozleo
authors also inveatigated the effect of DH on the stability
of the enszyme, with the enzyme most stable at pH 7, and least
stable at pH 8.,9. The maximal activisy of purified MAC from
rcbbi:alinr is obtained at pE 8.4, with the sudstrate kynura-
mine, and about 9?: with another substrate, n-io(o?;gzyluﬂno.
The optimum pH of rat heart MAO was reported to boaz.o, and
the pH optimum to be approximately 8.8 for bdeef brain MAO.

Michaelis constant

Using & reaction mixture consisting of
0.3 ml of 0.5 K phosphate buffer, pH 7.4, 0.1 ml of enzyme,
and an aliquot of substrate (benzylamine hydrobromide) varying
from 0.05-0.80 ml in a tetal volume of 3.0 ml adjusted with
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water, with aasay time 20 minutes, the Michaelis constant
1)4
determined by the method of Lineweaver and Burk, was found

t0 de 1,1;10’?!. The veloocity was expressed as the change in

absordbance at 250 nm during a reaction time of 20 minutes.

The results are illustrated in Figure 8.
According to Yisun%:g et al, the xi
for beef liver MAO, using bonzylaninolgg a substrate at pH 7.4
was 2.2x107%K. The K value for beef plasms MAO for
bengylamine was 1.5:10'zl at pH 7.8, with xi v:ig; varying
with pH as well as ionic strength. Oawald and Strittmatter
found the K for bonzylaminolggr rat liver to be 1.8x10 M.
MoEwen et al obtainof a K for {ggfigi
amine for human liver MAO at pH 7.4 of 4x10 Y%. these authors
found that Michaelis constants depend upon the pH value of
the determination, and that the effect of pH upon appareat
Miohaelis and inhibitor constants indicates that the non-
protonated species of these substancea interact with the enzyme
sctive center, which contains an electrophilic binding aite

for substrate and inhiditor.
In regard to the K, for natural substrates
such as tyramine, tryptamig;, ootopamine, serotonin and the

datecholamines, Oswald and Strittmatter found the K, to be

B.leo-sl for tyramine and 1,4;10'5l for serotonin for rat

3

liver; 1.6x10"°K for tyramine and £.7x10 °M for serotonin for

guinea pig liver, These authors also found the K/ to be
3.8:15fl with tyramine and 1.9:10.3 with serotonin for guinea
pig kidney.
Inhibition study
1) Cardonyl reagents. There was no
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Anhidition by oyanide, semicarbaside, hydroxylamine or amino-
guanidine,

2) Thiol inhibitors

Reaotion mixtures consisting of
0.3 ml of 0,5 M phosphate buffer, pH 7.4, 0.1 ml enzyme, 0.2 ml
inhibitor (0.08 M N-ethyl maleimide or NEM, with final conomtra-
tion of a.axlo'all or 0,03 M iodoacetic acid, with final conoentra-
tion of 3;10'%). and water-1l,9 ml were prepared. After incuba-
tion at ga° in a water bath for the periocds showm in Figure 9,
0.0 ml of benzylamine were added to each sample, and the enzyme
activity determined spectrophotometrically over a 10 minute
period. Yor each time interval, enzyme samples were inoubated
as above, with 0.2 ml water substituted for the inhibitor, and
the activity was compared with samples ocontaining inhibiter.

To determine whether there was any
reaction between either inhiditor and the sabstrate, demgylamine,
reaction mixtures oontaining 0.3 ml of 0.5 M phosphate buffer,

pHE 7.4, 0.8 Bl benzylamine, 0.2 ml inhibitor (either m—a.leo-'!’l

or iodoacetio acia leo'zl final conoentrations) and water-2 ml

were prepared, and the ochange in optical density at 250 nm
determined over a 10 minute period.

Although there was virtually no
reaction between the i10doscetioc acid and bemzylamine, there was
oonsideradle reaction between the NEM and benzylamine, as
reflected in an average change in optical dens ty of 0.050/min.

A final oonocentration of 8:10.31
1odoacetic aeid caused 48% inhibition of the enzsyme at 110
minutes. The enzyme was not inhibited at all by 4.1x10™ %M of
1odoacetio acid. (See Figure 9).
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Although a final concentration of axlo.fl
of NERI ocaused 65% inhidision at 111 minustes, the results with

this inhibitor were not considered valid because of the abore

reaction with the substrate.
The inhibition by thiol reagents suggeats
that human liver MAOC has one or more eassential SH groups.

Temperature-activity curve

After bringing a reaction mixture oonaisting
of 0.1 ml of enzyme and 2.4 ml of 0.05 M phoaphate buffer, pH 7.4
to the requisite temperature, the subatrate, 0.5 ml of denszyl-
anine hydrodromide, was added, and the enzyme activity determined
over & 10 minute period at various temperatures from 0-800.

As oan be seen from Figure 10a, there was

°
no aotivity at 0°. Maximal activity ocourred at 60 , after

which there was a progressive decline, with loass of all aotivity

above 80°- A 55°, 7o° and 15°. the activity was destroyed

after O minutes.
After assaying its activity at room tempera-

ture (880). the enzsyme was pre-incudated for 18 minutes in a
mixture consisting of 0.1 ml enzyme and 2.4 xl of 0.00 M
phosphate buffer, pH 7.4 a$ various temperatures ranging from
1o°-za°c, cooled rapidly to 830. and then assayed as adove by
adding 0.5 ml benzylamine hydrobromide. (See Figure 10b).
Human liver MAO was found to be completely inactivated as 100.

<] (4]
70% denatured at 50 , 47% at 37°, and only 5% at 23 .
This is in sharp contrast to the odservations

128
of Yagsunobu et al, who found that when beef liver MAO was pre-
inocubated at temperatures between za-so’ for 10 minutes, cooled
at 860. and then asaayed at pH 7.4, the enzyme was inaoctivated

o
at temperatures above 30 ,
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Oawald and Strittmatter found $hat whem

rat liver was inoubated for 10 minutes at 55°, then quiokly
chilled and assayed for MAO with benzylamine, there was 40.5%

o 0
of the original activity as 55 , and only 0.8% at 60 .
For an Arrhenius plo$, please refer to

Figure 10e.

Stability of ensyme (See Figure 11)

As depioted in curve A, the frozen ammonium
sulfate precipitate, dissolved in 0.1 X phosphate buffer, pH
7.4, lost 17% of activity at the end of 20 days, and about
half its activity at the end of 2 months. A 1:20 dilution of
the original liver homogenate in 0.1 M phosphate duffer, pH 7.4,
when kept at 40. lost 42% of 1ts activity at the emd of 20 days
(ourve B). 4 1:20 ailution of the original homogenate in 2M
ammonium sulfate showed a slower decline in activity than a
similar preparation in 0.1 M phosphate buffer, pH 7.4, with
30% loss at the end of 20 days (eurve C). At room temperature,
a 1:20 dilution of the original homogenate in 0.1 M phosphate
buffer, pH 7.4 showed rapidly diminishing activity, with
eventual complete loss at the end of 2 weeks (ourve D).

From the adove findings, it is clear that

human liver MAO is a atadble enzyme.

Proathetioc groups of human liver
Monoamine Oxidase

A, Pyridoxal
Since the enzyme is not inhidited by carbonyl

reagents, as one would expeos, it does not contain pyridoxal

as & ocofactor as shown by the following experimental evidenoe:
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Aocording to the method of Rabinowitzs and Snell,

1l ml of highly purified enzyme was hydrolyzed with 180 ml of
0.0566 N EC1l in an autoclave under 20 1lb. pressure for 8 hours
t0 ensure maximal release of pyridoxal, if present, from the
apoenzyme. After adjusting the pH to 7.4, 0.l ml of 0,03 X
KCN in 0.2 X sodium phosphate, pH 7.4, was added to a 3 ml
aliguot of the above solution, aceording to the method of
Bonnvitilot al in order to form the fluorescent cyanohydrin
derivative or‘pyridoxnl. After incudbating for 48 hours at
za°. and employing similarly treated reagent blanks, with

final concentration of £.5 ug/ml (8x10 M), the fluorescence
of the solution was read in an Aminoco-Bowman speotrophoto-

fluorometer with activation at 3068 nm and emission at 430 nm.

If pyridoxal was present, one would expect to
obtain the fluorescent cyanohydrin derivative., Failure to form
this compound was experimental evidenoce that human liver mono-
amine oxidase does not contain pyridoxal as a cofactor.

B. FAD

Human liver monoamine o0xidase is a flavo-enzyme,
as shown by the following experiment$al evidence:

When & highly purified enzyme preparation in
0.05 M phosphate buffer, pH 7.4 was excited at 450 nm, there
was no emission at 530 nm as there was with a standard synthetie
preparation of FAD (20 ug/ml).

When, however, the enzyme was inoubated for
10 minutes at 40° with 1% sodium dodeoyl sulfate (lauryl sulfase)
and the solution centrifuged for 3 minutes at 3000 rpm, the

fluorescence emission gpectrum of the supernatant was similar
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‘40 that of the above preparation of synthetic FAD under $he
same oxperimental conditions, showing that human liver MAO is
& flavoenzyme and possibly bound firmly to the apoenzyme.
(See Figure 12a).

When the holoenzyme was reduced with
benzylamine or sodium aithionite under anaerobic sonditioms
by flushing through with nitrogen for 20 minutes, with stirring
of the sample at z°. and the enzyme then treated as adove with
sodium dodeocyl sulfate, the fluorescence at 520 nm was depressed,
as shown in Figure l2a. The deorease in fluorescenoce produced by
bengylamine and sodium dithionite was abous 40%. Sinoe it has
been well-established that reduced flavins (FAD and FMN) do no$
fluoresce at 5620 (530 nm) when activated at 45%921, the persis-
tence of fluoresoenoe, although diminished, could have been due
to the fact that the quenching was not complete.

The fluorescence activation speoctrum of
human liver monoamine oxidase and of FAD alone were determined
by activation at 517 nm. (See Figure 12b).

To determine the number of milligrams of

FAD/milligram of protein, 1% sodium dodeoyl sulfate was added
to 1.2 ml of a highly purified enzyme preparation containimg
1.14 mgs protein, and the soiution incubdated at 40° for 10
minutes. The preparation was then centrifuged for 3 minutes

at 3000 rpm, and the supernatant carefully removed by means of
& ayringe and long spinal needle, measured, and bdrought to a
volume of 3 ml. The optical density of this solutiom was read
at 3706 nm, and the amount of FAD/ml caloulated from an FAD
calibration ourve. (See Figure 14). From this, the number of
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milligrams of FAD/mg of enzyme protein was caloulated, and

found to be ,071 mgs ILD[!‘ protein, or approximately 9 moles
of FAD/100,000 grams of protein, assuming a molesular weight

of FAD of 785.56 grams.
172,173
Pig brain mitochondrial MAO contains FAD
as ootaotoravwhioh is 4issociable from the protein. Beef
liver mitochondrial nonoanin;‘oxidnlo has firmly bound flavin
as cofactor, as well as pig kidney mitochondrial MAO,

Absorption speotrum (See Figure 13)
The absorption speotrum of a highly purified

preparation of the enzyme was determined. From Figure 13 it
ocan be seen that there is a protein peak at 280 nm, and a minor
peak at 375 nm, probadly due to FAD. The reason for the absence
of a characteristic peak at 460 nm due tgﬁFAD is unclear.

Abgorbance index, (E ) of the enzyme
lom

was ocalculated as follows:
Eol — optical density (or absorbance)
where
0 = ooncentration in grams/100 ml
1 = length of light path =1 om.
Since the 0D of a purified enzyme solution
having a protein concentration of 0.26 mg/ml {0,026 grams/100 ml)

was 323,

1%
E = ,L,383 = l1l8.4 Absorbance index
lom . UE8X1lom =

The molar abasorbdance index sould not be determined as the

molecular weight of the enzyme is no;g:nown.
The spectrum of beef liver MAO reveals a

maximum at 410 nm, a plateau at about 450 nm and a shoulder

96
around 480 nm, !toun%bu ot al found the ratio of absorbanee
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at 280/480 nm to be 1,1-1.2

Amino Aeid Composition

A 5 mg sample of the 1yoph}§fzod enLyme
was placed in a Carius combustion tube, and suspended in 1 ml
of constant boiling HCl, redistilled from reagent grade. One
orystal of phenol was added, and the solution was degassed
repeatedly until there were no more bubbles. The tube was then
sealed under vacuum, and hydrolyzed for 20 hours at 110 degrees.
After opening the tube, the solution was taken down to dryness
with nitrogen in a 40° water bath. The residue was taken up in
a known volume (1.3 ml) of 0.2 M sodium citrate buffer, pH 2.2,
and placed on the amino aocid analyzer. (0.6 ml were added to

each column).
Below is the amino acid composition of the

engyme (based upon a value of 1 for oystine)

aspartic acid----4,2 oystin@eccccancccca- «=1,0
threonine-~------ 2.6 valin@ecccccncaccccnaa 3.3
soringe-—caccea-- 2.7 methionine~ccecccecccana,76
glutamioc agid~-=---4.4 igoleucinge~cne= ccccns 2.4
prolingececccccce- 2.4 loucin@ee-cccnacccacaa 5.4
glycine-cccncaca- 4.6 tyrosine~---cececcacan =1l,7
alanin@ecevcccccas 3.8 phenylalaninge-ecccecaa2,8

lysing--vcccccc- 2,6

histidine------~ -=e9]

arginineee=--- s IL

From the above it can be seen that leusine

and glyoine are present in the greatest amount.
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C-terminal group
2 mg of the lyophilized enzyme was

uubjo:ted to hydrazinolysis in a vacuum sealed tube tgg 24 hrs.
at 80 , acoording to the procedure outlined by Fraenkel-Conrat
and C, ¥. Tsung. Following removal of the hydrazine by high
vaouum drying overnight, the hydrazinolysate was redissolved in
the appropriate buffer, and put through an amino acid anmalyzer,

using standard elution procedures. The C-terminal group was

found to be glyocine.

N-terminal group
Repeated attempts tgadoternino the N-terminal

group, using & modification of the Edman procedure on b mgs of
the lyophilized enzyme, were unsucoessful. The PTH-amino acid

(continued on next page)
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derivatives were chromatographed on speoial thin-layer siliea
gel plates with fluorescent indicator, and compared with similar
plates run with known PTH-amino acid derivatives. On at least
two ocoocasions a very faint but unmistakadle fluoresoent spot
corresponding to the position of leucine was identified. This
result ocould not, however, be confirmed by hydrolyzing the
PTH-derivatives and running them through the amino acid analysger.

Recent work by Ynlézggu on the N-terminal
group of beef liver MAO has shown that the N-terminal group is
attached to a phospholipid moiety, which must first be removed
by treatment of the enzyme with sodium dodecyl sulfate, followed
by the use of an appropriate organic solvent. BEven with the
use of this method, the results have not been definitive,

In oonoclusion, the properties of human
liver MAO as outlined above can best be compared with these
of monoamine oxidases from different species and tissues by
means of a tabular summary as shown below.

COMPARATIVE DATA ON MONOAMINE OXIDASE

FROM
VARIOUS TISSUES AND BODY FLUIDS OF DIFFERENT SPECIKS

Human Iiver Beef liver Rabbit liver
Degree of 122 67 63
iig!:!osjgon Final spec. act. Spec.aot. 270=-fola

of 44 . 6000-8000

Spec.act-1010

» - 550*

Sedimentation
eoeffiolent  6.78° 14.4 (oomp.l)

(0.056 M phosphate 20.6 (oomp.8)

buffer, pH 7.4) (0.1 M phosph.
buffer, pH 7.4

* pefors to this thesis
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Absorption
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Human Liver .

3 aotive bands

on polyaoryl.
disc electroph.

8.65*

-3
1,7x10 M*
at pH 7.4
(benzylamine)

*

.071 mgs FAD/

ng. onzyme
or

approximate

9 moles FAD
100,000 grams
protein

*x

Protein peak
at 280 nm, with
minor peak at 3706nm

1%

lom

E - 18.4‘

Beef liver Rabbit liver .

Single oomp.
when ocomp 1
& 2 analyzed
by starch zone
electroph.
Comp. l-single
band on dise
electrophor.
67
9.1-9.2

(m-iodobenzyl-
amine)

67
7.00

8.9

2.2x10 4%
(benzylamine )

X-TT

67
4 FAD's/mole
(eomp. 1)
12 FAD's/mole
(comp. 2)
Copper-0.17 ugs/
mng of protein

197
405,000 (comp.l) 260,000

1,280,000 (comp.2)

Maximum at 410 nm,
plateau at 4560 nm,
with shoulder at
480 nm 196a
Ratio of absorbance
880/“0"10 1‘1.3

Max. at
412 nm

uM (pH 7.4)
kynuramine )
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Human 1iver Beef liver
C=-terminal
group Glyeine*
N-terminal *
group Unsucocesstfully See¢ under human
determined by liver MAO
usual means, possidly
because of presence of
a phospholipid moiety
masking N=-terminal
group (Ref.196b)
Amino-acid *
anaT!!Il leucine and glyocine

in greatest abundance

Rat liver Pig brain Aspergillus Niger
Degree of 81 173 198

gan!Iotfion 180-fo0ld spec.act. orystallized
197 2760
£208-r0ld

Electrophoresis

3 bands of homogeneous

enzyme aotiv. on o6ellulose
acetate elect.
(2 bands if
enzyme kept 3
or more weeks)

Sedimentation 1
oong%anf 6.3 ok
6.7 (197)
pE optimum 81,82 173
7.8 7.2 7.6 (for n-butyl-
(aocting on amine)
tyramine) 7.2 (for benzylamine)
7.8 (for histamine)
8.5(for putrescine)
Michaelis -4 b,
Sonstant 8.5x10" ' 1.7310° X
—_— (tyramiﬁg) bcggilamino)
1,4x107 1.2x10
all at (-ero_t_sg:in) (putrescine)

(benzylamine)



Proathetio
groups
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we

Abgorption
§§§:nun

Extinotion
) clent

lom

Ratio of
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Rat liver PI‘ brain
contains
bound FAD

197
290,000 102,000

!260nnand
L

Aspergillus niger

Pyridoxal phosphate
(12.1 millimioro-
moles of Cu/mg.
protein)

273,000
(262,000 )-average

280 nm and 480-500
nm, with shoulder
at 410 nm

1l1.8

0.61 ana 0,015

Beef bdrain Bovine kidney Rat hears
Degree of BY 153
puglfioaiion 40-fold spec.aoct. 89=-fold
12,600
Fold purifioc.
4.2

Findings on
oIeofrqgﬂorogig

‘10!%011.
qons tan

pH optimum

2 ocomponents

(oontinuous

flow)

8b 54
8.6 8.5

ax10™*x
(tyramine)-pH 7.0

1563
7.0
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: Beef drain Bovine kidney  Rats heart .
Mole
TEat T 400,000
(estimated)
4 s o8 Max.at 410 10nm
(1377 4% 410nm Max-4
Apsotrie with broad
shoulder at
480-490nn
:; ) stie 1 mole, of lln/ 1 mole FAD/
oups mole o0 n
1.5x10% grams’ 100,000 grams
protein protein
8-8H gsoupl
per 10%er
protoin
Beef plasma Hog plasma Human plasms
Degree of
gigI!IOtiion 198 27 120

orystallized orystallized 5000-2014
Turnover ne.-42
(No. of substrate/
min/mole of ensyme)

pE opti Te4=T.6
=8 (benzylamine)

7.8=7.4
(kynuramine )

;; %!!%ltton 8,1-8.2 8,08 (pH 7.0)
A ed=8o . °
: (acidiec or alkal. P

pH)

9.88 (pH 7.0)

. '. -5
ref.198)~ 10 I, 3.3x10 X (ref,
fa0%a2 ; (8210 X (res. {nistangos) 120)
varies with 8,56x10°
Dgihl woll as ionie (bon:ylsninn)
strength)
Prosthetie
<1V ]] 1-8 grams of Gopper
oopper/mole of Pyridoxal phoaphate
OREYRe .

Pyridoxal phosphate

Meleeul
265,000 196,000
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. Beef plasma

Adbsorption e % 410

speeirua X, & nm
(alk, pH)

480 nm (scidie
pE)

Hog plasma

peak at 280 nm;
shoulder at 480 nm

Human placental

Degree of
.L_._____.E%H“ tion 199
spec. act,-3500

(400-L014)
Findings on
o_I_oofroiEoruil
ands of

enzyme activity
Absorption
speotrum

Rabbit serum

121
450-fola

Absorption maximum
at 470 nm
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