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IB STRICT OF THESIS _
Bo m b  liver monoamine osldas* ĵ nonoamine:Ojj

oxidoreductase (deaalnating), X.C.1.4.5.4~j was purified by
two different methods. By Method #1, an original and somewhat
shorter method, whloh doea not depend on the Isolation of
mltoohondria, and in whloh vacuum dialysis* (during ehioh the
enzyme separates out as a yellow preolpitate), is an
important step in purlf1oatlon, a final apeoiflo activity of
550 and fold purifloation of 42 was obtained. By Method #11,

67
using the procedure desoribed by Yasunobu et al for the 
purifloation of beef liver KiO, a final spoolfio activity of 
1010 and a fold purification of 12 was obtained. By both 
methods the same end result was seoured, namely, a highly 
purified preparation showing three active bands on polyacryla­
mide disc electrophoresis. By Method #1 a single peak was 
obtained in the analytical ultraoentrifuge, and a sedimentation 
constant of 6.78 was noted. The enzyme has a pH optimum at 
8.66, with no activity below pH 5.45 or above 11.80. Thing
benzylamina hydrobromide as the substrate, the Hlohaells

o -5constant at pH 7.4 and 87 was found to be 1.7x10 M. Human
liver MA.0 is not inhibited by oyanlde or by carbonyl reagents
suoh as semloarbad.de, hydroxy lamina or amlnoguanldlne, but is
sensitive to thiol-characterizing reagents, as evidenced by
the fact that the enzyme is partially inhibited by lodeaoetie
aoid, suggesting that it has one or more essential 8H-greupa.
The enzyme aotlvlty was determined over a 10 minute period at

ovarious temperatures ranging from 0-80 • There was no aotlvlty
o oat 0 • activity occurred at 60 , after which there

(YIII)



was a progressive deollne, with loss of all aotlvlty ahova
80°• After pre-inoubating the enzyme for IS minutes at
various temperatures ranging from £8°-70°, rapidly oooling 

oto 88 , end determining the aotlvlty, human livor KAO
was found to bo oompletoly inactivated at 70°, 7 0 denatured
at 00°, and 47^ at 87°* The enzyme, whloh is quite stable,
does not contain pyridoxal phosphate as a ooenzyme, and is
a flavo-protein, as shown by absorption and fluoresoenoe spectra*
It contains approximately 9 moles of FAD per 100,000 grams of
protein* The absorbance index (I ) is 12*4* The amino aoid

lorn
composition of the enzyme was determined, with leucine and
glycine present in greatest amount. The C-terminal group was
found to be glycine. Repeated attempts to determine the
H~terminal group were unsuccessful, possibly due to the fact
that the K-terminal group may be bound by a phospholipid 

196b
moiety* (On at least two occasions, a very faint but unmista­
kable fluorescent spot corresponding to that of the PTH- 
derlvatlve of leucine was identified on TIC, but this result 
could not be confirmed by the amino aoid analysis of the 
hydrolysed PTH-derivatives*)

(IX)



CHiPTXH I
isouncar in> some p S o i m r m  of h q u m   "flfJBt "w i i i  ■> —  .....

IITIOOTOSIOM

Ihilt M n o u l M  oxidase has been oryotaliisodx u  if
fro* oxtraeollular aoureaa suoh as boof and. hog plana and

195
from a spool os of fungus (asporgillus nigor), and obtained121 120 Iff
la a highly para fora froa rabbit lira, haaaa plasaa, rat,61 6T 24
rabbit aaA beef llrar, borlno kidney eartax. and haaaa 

199
plaaaata, a haaaa llrar properation showing thraa aatlra 
hands oa polyaorylaaide alaatrophorasla and a slngla paak 
In tha aaalytla ultraaaatrlfaga has aarar hafora hoan ohtalnod 
ar abaraotorisal.

Shis thssls dooorl bos tha parlfleatloa af haaaa
1—

llror aonoaalaa oxldasa jjaenoaalne* Og axllaralaatasa
(laaalnoting), I. 0. 1.4.2.lJ by two dlfforont aathods. 2y
Mothod #X, aa original and siaple aathod, whloh daas not
dopond on tha isolation of altoahoalrla, tha aaayaa saparatas
sat as a yellow powdor aa raaaaa dialysis, an laportsat stop
la purifloation. ly Msthod #11, tha aasyaa is purlflad, using•f
tha proaadura dosorlbod by Ihsuaobw at al for tha purlfloatlaa 
of hoof llrar K40.

fha raaogaltlon af tha oaatral rolo af aaaoaalao 
oxldasa la tha iaastlratlon of pharaaoologlaally Important 
hrala aaimea, suoh aa tha aataoholaalasa (dopaalna, aplaophrlaa 
and aorapinophrina), tha dlsoarery hy U&enfrlend af tha rala 
of aalao oxldasa la tha Batahollsa of sarotoala, and tha 
possible relationship botwoaa thaso aoapounds and rarlous



{*)
t l a u u  atatea haa lUmlitai a great doal of r i a m i k  la
reoent jaara. Among tha inportant praotieal raeulta of
raaaaroh on thle enayne haa boon the introduetion into
ollnloal no01 olno of the nonoanlno oxldaoo Inhibitor draco
whloh hare hat a valuable plaoo In tho troatnont of
ioproaolon, oaoontlal hyperteneion, angina pootorlo and
rhotaaatold arthrltlo.

Boforo preoeodlng to tho aetual oxporlnontal
dot alio and reaulte, a ftntral Oloouaalon of tho onsyne would
appoar to bo In or dor.

Clhoolflon'tlon (Klotorioal aopoeto)
fho flrat nan tlon of tho onsyne known

aa anlno oxldaao or nonoanlno oxldaoo: 0* exldoreduotaeeL  -n * 8T
(deanlnatlng) 1.0. l,d,8.4jwao In 1988, whon M f  dooorlbod
an enayne that oataljsed tho ozldatlTO doanlnatlon of tjrranlno.
Sho enayne lo oallod anlno oxldaao rathor than nonoanlno
oxldaao bj nanj olnoo nonoanlno oxldaoo aoto on nanj dlanlnee,
and dlanlno oxldaao aoto on nanj nonoanlno a. Anlno oxldaoo
oataljsoo tho oxidation of a prlnary or oooondary anlno to tho
eorroapondlng aldohjdo, proonnablj through a dehydrogenation
roaotlon, with tho fomatlon of tho lalno eonpound, and
aubao quant hydra ly el a of tho oonpound to aldohjdo plno annonla
plmo hydrogen peroxide, aooortlng to tho equation:

ROKgKKg +■ Og + KgO ^ ROBD ■+ Nig + KgOg
In tho prooonoo of oatalaee, IgOg ■> IgO +- |0g

801,809In 1940 Seller waa tho flrat to 
attonpt a o la eol flea tlon of anlno oxldaaoo Into two groupa.



ca)
the noneanlne oxKaaea ana the Alanine exldnaea, baaing tha ,
elaaelfleation on euppoeed aubatrate apeeifleitiea af thaaa
enayne a. The alfnlfieaaee af thia elaaalfleatlon beeame
doubtful whan It waa found that lone-ahaln allphatlo dlanlnea
vara avbatrataa of nonoanlno exldaae (MAO) and not af dlanlna 

80, IT 16$
axldaaa (MAO). In 194T steomaholt reported tha ooourrenee af
an anina exidaaa In rabbit liver that apparently oxldlsad not
only neaoaline, a tjplaal nonoanine, but alaa hiatanlna and
oadaverine, and waa lnhlbltad by typlaal M O  Inhibit or a. thia
behavior af tha rabbit liver neaealine oxidase vaa found to ba
eontrary to that of tha neeeaHne-oxidiainc nitoahondrlal
enayne af hoc kidney oartex aa wall aa of hoc liwor. Tha
latter enaynea, in thalr roaotlon pattern toward Inhibitora,810, lftf
roaonblod a nonoanlno oxldaao rather than a dlanlna azidaaa*98

In 1968 Hlroeh found in baaf and eheep 
plaana an anlno oxldaao oho wine freat affinity for apemlne 
and apornidina. Thia anayna waa alao found to ba inhibited 
by aueh typlaal M O  inhlbitera aa eyanlAe, aanlearbaslda, and
hydroanrlawl ttta 169

tabor and ae-workera, who parifiod n 
beef plaana anlno oxldaae 150»800x, found tho onsyno noat 
aotlva on apernlno, apernlAlne, bonaylanine, aa wall aa on 
varloua allphatlo nonoaninoa* Thoraaa tyranlna and naaoallna 
varo rather poor aubatrataa, tryptanine, serotonin, epinephrine 
and norepinephrine war# net attaeked at all* The anayna did 
not ahow any nativity on hiatanlna, and of tho dlanlna a, only 
tha deeaaethylenediamlxe waa exliiaed* Furthernora, tha
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(6)
thooo roolotaat to oarboayl roagonto and thooo inhibit#4 by '
oarboayl roigonto.

aroap Zt Anlno oxldaoot roolotaat to oarboayl
roagoato. 1) Olaooloal MAO, aa iatraoollular, aalnly alto-
ohondrial, laaolublo onzyao, proooat la aany rortobrato and.

SO,87inrortabrato tloauoo. Aalao ozldaooo of this group aot oa
prlaary, aoooadary, and. tortlary aalnoo, and on loag-ohala101
allphatlo dlaalaoo. S) MOaao llrar hlotaalnaao.

Oroup H i  Aalao ozidaaoo inhibltad by oarboayl
roagoato. 1) Olaooloal hlotaalnaao, propoaderantly aa latra-
oollular, probably altoohondrlal oolublo oaayao. 8) Plaoaa
oaayaoo, oztraoollalar oaoyaoo a) Baalaaat plaoaa aalao
ozldaao, opoxalno oxldaoo b) Voa-raalaaat plaoaa aalao ozldaoo,
boncylaalno oxldaoo S) Babbit llror aalao ozldaoo, aoooallao
ozldaoo d) Plant aalao ozldaoo, poa-ooodllng aalao ozldaoo
0) laotorlal aalao ozldaoo, polyanlao oadtdaaa.

Aalao ozldaooo bolonging to 0roup ZZ ozldloo
prlaary aalnoo bat do not aot oa aoooniary aalnoo.

A olnllar olaooifination of aalao ozldaooo,
aloo baood oa dlfforoaooo la Inhibitor ^oolfloltloo, waa 

811,SISpropoood by Sailor ot al. Aooordlng to Sollor, tho oaayaoo 
attaoklng allphatlo ooapoaado with tomiaal aalao groupa oaa 
bo ooparatod by atana of ooaloarbaoldo Into too groupoi 
droop Z. StaloarbaalAo-rtol■taat KAO'o, with only oao bind 
of roooptor la tholr aotlro ooator. Oroup s. Soaloarbasldo- 
ooaoltlTo BAO'o with two typoo of roooptoro la tholr aotlro 
ooator.

Oroup 1 of tho ooaloarbaaldo-roolotaat aalao



(i)80,87
ozldaooo inolwdoo tho olaooloal KtO, whloh la oharaotorlsod' 
by Ita looatloa la altoohon&rla, its oxl&atlTe aotloa oa 
aoaooalmo oabotratoo, Ita inability to Aoaalaato hiotaalao 
and ahort-ohala dlaalaoo, Ita ooaoitlTltjr to ootoaol and 
oortaln hoary aotalo, and ito roolotaaoo to oarboayl roagoato, 
to hydraoiao aad ooaioarbasido, ao wo 11 ao to earboa aon oxide.
▲ Tory oharaotorlotio property of thia ensjae ia ita aotloa 
oa prlaary aa woll aa aoooadary oalaoa.

tho rathor hoterogenooua group t of aonloar- 
baaldo-aoaaltlTo aalao ozldaooo laoladoa tho olaooloal hiota-
alaaao MO, tho boof aad ahoop plaaaa op oral no oxldaao, plaoaa811,818
boaaylaalao oxldaoo and aoaoallao oxldaao. Zollor otroaooo that 
ia hi a olaooi float Ion aohoao ooaloarbaaldo aaat aot bo roplaood 
by tho torn oarboayl reagent, olaoo aany oarboayl reagenta, aaoh 
aa aoaoonbatltatod alkyl aad aryl hydraalaoa, aot oa both 
oazyao groapa offloloatly, whoroao oaly aoaoawbatltatod aoyl 
hydraalaoa and hydraalao 1 too If aololy Inhibit eaaynea of Qroap 
8. 818Sollor boliOToa that both groapa of aalao 
oxidaooa roproooat "whole foal11oo of hoaolofoaa onsyaoo”^^oad 
aharo aany proportloa aoah aa haring aoao oubotratoo la ooaaea.

Za thia papar wo ahall, of ooarao, oaly bo 
referring to olaooloal aonoaalao oxldaoo [aoaoaalao oxldaaot 
Og oxldorodaotaao (doaal noting) I.G.1.4.8.4^], an ago at aot 
aonaltlTo to oarboayl roagoato aad not inhibited by aonl- 
oarbasido.

8) Oooarroaoo
Xoaoaalao oxldaao hao boon found la all



(-*>

alaaaaa of rartabrataa oo far axaminad: nannala, birda,
raptllaa, an phi Man a and tciooata. tha onsjna ooonra In
nany dlffarant tlaanaa^ parti aularly in glanda, plain
nnaola, and tha narrana ay a ton. In Man, tha parotid and147
anhaaxlllary glanda aaan to ba tha rlahaat aanraa af KAO.14
A high KAO aotlrity ia alwaya ahown by tha llrar, bnt tha
kldmay, intastlna, aorta, atanaah and panaraaa nay alao

2,19,14oantain rathar high oonoantrationa of tha anzyna* KAO aoanra 
119,142 112in tha htunan haart and^luag. Low KAO aotlrity haa boon

anaonntarad in akalatal anaola, bnt thia abaarratlon haa
not boon oonfimod. tha anayna haa boon anaonntarad in tha 

2,19,202 19
nala aax organa* In tha atama, KAO nativity la high, and
ralatad to tha fhnatlonal atata af tha organ* tha hnaan 

117 170
plaoanta, aa wall aa that af athar naanala, haa boon found178 9
to oantain KAO* Xrythraoytaa, blood plaana, and blead 

199platalata alao ahaw aona KAO nativity*
KAO la found wldaly and rathar aranly 

19dlatrlbntad in tha oantral norrona ay a tan, with tha 
hypothalanna ahawlng aonawhat grantor KAO aotirlty than 
athar parta af tha brain. KAO la laaatad in brain nitaahan* 
drla nainly at aynaptio narra andlnga. It la praaant la 
tha narra oalla and aaplllary walla, bnt not in glial aalla 
or in narra flbara* 19,22

In larartabrataa, Blaaahka and oa-warkara 
danonatratad a wlda aaanrraaaa af KAO, with a rary high 
aatlrlty, in tha haptapaaaraaa af two apaalaa af aaphalapida, 
Sapia afflainalia and Oatapna rnlgarla. tha finding af KAO 
in nallnaoa ia af partlaular namraphyaialagiaal in taro at, alnaa



its
JTslah haa suggsatad Shat asrotoala, ana af tha Mia 
ambatratea af S40, aota aa a neuro transmitter la thsas 
lower forma.

104.1*4.1«*
Tha enxyne alao oaoura la plaats.
▲tout T0->60j( af alaaalaal Intracellular 10.1**

KJlO la looated la mltoohoadrla, with tha easyme tightly bound
ta tha nitoehondrlal membrane fraatlaa. parti oularly tha1*1aatar altoahondrlal membrane ̂whioh la rlah la phoaphollplt. 
aad whlah, aoaordlng ta Sahaaitman, aaa ha 41aparaad preferen­
tially by digit onln. ill attampta to aaparata 140 from tha

TS
laaolahla parti aalata matter hare haan aa far anaoaooaaful.

Partially purified X40 haa bean praparad In
various laharatarloa by trsatmsnt of tha mltoahaadrlal mambraaaa
with datorgonta, or with wltraaonlo w o t o o. or by disruption af
tha mltoahoadrla by homogenlaatloa aad subsequent troataont
with Triton X-100.

Ohlike othor mltoohondrial ansymas. XA.0 la
very stable. lea ting for 10 alamtoa at 60 degrees, ho wot ar.
da a troy a 90$ af Ita aotlrity. Zta pH optima doptada oa tha

It*
parity aad tho origin af tho aasyma.

0) Praathotla troupe
1) Prrldexal

Slaaa mitochondrial MAO dooa aot
dl aerial not a la ita aotlaa botwoaa primary aainaa and tholr
V-mothylatad derivatives aa aubatrates, aad la aat inhibited
by oarboayl reagents. it haa boon geaarally folt that thia
oasyao probably dooa aot require any pyridoxal as a praathotla 
ltd greup.



(9)
1 direct indication of tho abaenoe of

pyridexal from intracellular XdO haa reoently boon prorlded 
ITS, ITS

by 91 p tom, who aubjeeted a pari flat enayne preparation of
heg brain XdO to proaaae dlgeatloa, followed bj aalt hydrolyala,
ant tatarminat tha ability af tha aalt hydrolyaate ta reaotlrato
atreptoeeeeua faaaalla I^tyroeine apodeearboxylaae la tha 

tT,160
praaaaoa of 19F. Va tataotabla amount a of pyridoxal phoaphata
vara aaaonatarat la thia parlflat praparatloa of hoc brain. 9hla
finding anpparta aarllar raporta indicating that pyridoxal18d
phoaphata la not lnrolred la XdO activity. it ahaald ba polntad
aat, hewerer, that early raporta vara baaad oa indiraat eridenoe
auah aa laofc of aanaitlTity of XdO to oarboayl raagamta or tha
abaaaaa af off aat of a pyridoxine-defioieat diet oa tha XdO
aotlrity in rat llrar*

8) TAD (flavin adenine dlaaolaotlda)
She inhibition of XdO by quinaerine, a

111,188
known inhibitor af flaraaaiymaa, aa vail aa atadiaa made aa

89.18T
rlboflarln-defleient rata anggaatad that XdO may hara a flarla 
praathotla group. 189 68,84

Sara at al aad Srvln aad sallarmaa
independently reported tha eeeurrenoe af a flarla la purified
preparation# of baaf lirer and of beef kidney altoohoadrlal
XdO, but both groupa of vorkere failed ta Identify tha flarla
fully.

prarldad further aupport 
for tha aaeuaptlon that mltoahaadrlal XdO la a flarla dlnueleetlde 
enayne by diaoererlng that purified baaf llrar mltoahaadrlal 
XdO preparatleaa aoatalaad TAD aaralantly attaahad to tha aaayma,



(10)
aad awggeated that the mitochondrial KAO ho Ida 3 mo la a of 
FAS par nolo of ensjae, baaed oa tha aaauaed molecular weight 
of KAO of 300,000. ITS

Tipton waa atla to laolata a fluoreaoaat
aatarial that prored to ha FAS from purified praparatioaa of
hog hrain mitochondrial KAO* Fluoraaoaat aatarial ooulA ha
liherataA from tha purified KAO aithar by haatiag tha aasyna
aolutlon at 100 Aagraaa for IS alnataa, or hy traataaat of
aaoh a aolution with triohloroaootio aoid. Tho flarla aoaponaat
from aaparaataata af ballad KAO aztraota waa identlflad aa FAS
in S waya, i.a. aithar hy aaaandlag ohroaatography, or hy
titration with tha FAS-apeoiflo S-amino aoid apo-oxidaae. Froa
raaotiration azparlaaata with eanplea of tha purified euper-
aatant froa hoi lad KAO, a aolaaular weight af 180,000 par
aoleoule of FAS waa oaloulated*

The ralatlra aaaa with whloh florin would
ha remored froa tha hog brain enayne waa not in agreement with
raaulta obtained with baaf llrar aad baaf kidney KAO* This189
ohaarratlon lad Kara at al to tha aaeuaptlon that tha flarln

ITS
aay ha ooralently hound to tha ensyae* Tipton found that tha
aaaa of extraotlon of tha flarln group eeeaed to dopend an tha
degree of purifloation elaee FAS would not ha extracted frea
an only partially purified preparation of hag brain KAO hy
techniques whloh ware aueoeaoful in quantltatlrely axtraotlng
It froa tha purified preparation,

ITSTipton, who appliod a teehniqme employed
168hy Swohoda, for tha renewal af FAS from glueooe oxldaao, waa 

able to opllt KAO Into apoaenoaalne oxldaao and FAS,
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Preparation* of the ipe-wdUM, whloh had no deteotable 
onsyne aotlrity, and shewed negligible fluorescence, could 
be partly roaotiTatod by Incubation with Ids, bnt not wits
nor.

Tipton** observation that ehlorproaaslas
oonpotltirely Inhibits tho roaotiration of nonoaml no ape-88
ozldaoo hy FAS agrees well with that of 0abay and Barrla, who
studied tho oonpotltlro Inhibition of tho roaotiration of
S-anlno aoid ape-oxldaso hy a nwwhor of phonothlaslnoo, and
suggested that phonothlaslnoo nay aot hy Inhibiting flare- 

•8 178
onsyneo. Tipton records tho prodnotion of tho hoy brain BAO 
apoonsyno and Ito spoolflo roaotiration hy authentic FAS ao 
a deololre proof of tho inrolronont of this oofaotor In tho 
aotlrity of BAO.

8 8
Harada, MLsutanl and Bagatsu found tho 

fluorosoonoo spootrun of hoof brain nltoohondrlal BAO to ho 
olnllar to that of FAS, Oa hoat donaturation of tho onsyno 
with sine sulphato, a yollow fluorosoent oonpound was roloaood. 
Thin-layer chromatography oonfimod that tho yollow fluorosoent 
natorial was FAS,

8) Copper
Plant, hoof plaana aad no Id anlno ozldaooo 

hare boon ohown to ho ooppor proteins.
Borlow of tho literature makes It apparent 

that there Is considerable eontroreroy as to whether ooppor is 
a prosthotlo group, Is inrolrod In tho actual structure of tho 
onsyno, or cron required for aotlrity.

In order to demonstrate that a spoolflo



(is) 08protoin ia a aotal pro tain, asoordiag to Irwin and Helloraan,
sno haa to show 1) a diroot proportionality botwosa ooppor
oontoat aad «oalflo aotlrity S) what known ohola ting agsats
inhibit tho on^ao 8) that ooppor la tho oaly aatal bound,
in aaalyaia of tho noat parifiod proparatloa 4) that ooppor
la aot loat daring parlfloatlon and dialysis.

dftor oxtsasiro investigations of boof
94,187,188,18t llror mitochondrial XdO proparatlona, ynsunobu and hi a

aollsagues ooaoladod that thia snayao oontalna ooppar, aalnly
la tho onprlo state, whloh la oaaantlal for aotlrity, and
found a dlroot proportionality botwoaa ooppor oontoat and tho
apaalflo aotlrity of tho enzyao* Thooo author* alao aada
tho 1 atorosting observation that, lr. contrast to tha BAO typa
af anlno oxldasa, whloh la olaiaod to bo ooppor-pyrldoxal
phosphate dapaadont, tho baaf llror mitochondrial XdO aeons
to ba tho only known example of aa aaayaa requiring for Ita
aotlrity both ooppor and flarln as prosthotio groups*188

Sara, Qoaas aad Yaaunobu, In tholr
electron-paraaagnotio roaoaaaao (XPR) studios on baaf llrar
nltoahoadrlal XdO, wara abla to daaonatrata that tha xnt
apaotrua of this onsyaa dlfforod oonaldarably from that of184 198
hog kldaay diaaino oxldaao aad af baaf plaana anina oxldasa*
Vharaas tho aappor bonds la tho rary similar X?ft spaatra of
tho fidO and baof plaaaa aaino oxldasa ahawad oonsldarabla
loala aharactar, tha XPR apaotrua of boaf llror nltoohondrlal
XdO la quits dlffaraat, aad roaaablaa that rapartad far
sytsahroas axldaaa ia whloh tha oepper-protein bond la 

S8 180aaralaat* dooardiag to Xara, Ooaoa aad Yasuaabu, furthor



(IS)
differences la the eopper-protein bonds of the beef liver
and beef pin ana anlne oxidases art indicated bp the fact
that ouprlaene la a ooapotltlT# Inhibitor of tho plaana
aalao oxidase, bat a alxod lahlbitor (i.e. partially ooapeti-
tlTO and partially neneonpetltive) of tho boof liver eniyne.
Shat oaprlsoao la alao a alxod inhibitor of haaaa plaaaa aalnoISO
oxldaao haa booa roportod bp Xolooa.

Sabap aad Talooturt, aha obtalaod froa 
rabbit 11 Ter a highly puified altoohoadrlal XJLO preparation, 
atadiod tho offoota of aotal ah*latin* acaata oa thla enxpnc, 
and suggested that onprlo or othar aotal loaa aap bo involved 
In tho onapao funotlon. Shoao aathora felt, however, that It 
was not aoooaaarp to aoadpt with oortaintp that a divalent 
aotal Ion la a functional ooapoaoat of tho oatalptloallp active 
cantor aiaoo tho aotal loa aap bo involved in tho aalntoaanoo 
of an effective atraotaro of tho easymo, aa la tho oaao withto, its
aanp oxidative ensynes. S£,S4

In oontraat to tho above findings, Brwla 111aad Bailsman, aa wall aa Xngnado aad Soarkoa failed to detett 
tho proaoaoo of significant oono oat rati one of aoppor la 
altoohoadrlal preparetlona of bovine kldaop aad rat liver 
KAO roapootivolp, indicating that aoppor la not required for 
KAO aotlvltp. fhaao aathora found aa obaervable oorrelation 
botwooa tho inhibition of tho onsyao aatlvltp bp appropriate 
chelating agents aad tho abllitp of thoao agents to eholate 
aoppor, aad proposed other interpretations for tho Inhibition 
produced bp aortal a of these agents. STwla aad Bailsman 
found ao oorrolatloa botwooa copper ooatoat aad tho spoolfie



(14)
nativity of tha iflijM* Aatually, tha final atop in thalr 1
purlflnation of tha anajaa raaultad In a laryn daoraaaa In

\

aappar oantont, with aonoomitant inaraaaa in apaoifia aativitj. 
fha aappar aontant of thalr purlfind praparatlon (0.10 ay/ay) 
difforad markadly from tha rain*a rnportnd by Taannabu at al 
anA Sourkao. ITS

Similarly, Tipton obtalnaA Tory lav aappar
Talon a for pnrifiaA hoy brain KAO praparatl ona, wMoh aaamaA
to auyyaat that thara vara oonaiAarably favor aoppor ataaa
in tho00 praparatlona than thorn vara molaauloa of anayma.
Karaavor, thay found that tho auprla ian failaA to raaotlTata
■AO* Tha lattor findiny, hovaver, la in aontraat to tha vork 

40
af Cat **4 Baron, vha found that inhibition of rat llvar 
mltoahondrla by prolonyod Alalyaia vaa raroraaA by tha aAAltlon 
af anprla Iona. Obrloualy mora fundaaantal vork la ragulrad to 
alualAata tha funotlon of aappar In tha aatlrity of amina 
axldaaaa. 80

SaraAa, Uautanl and Mayaton analyzod boaf
brain mltoohondrlal KAO far aappar apaatrophotomotrlaally, and
found that oeppar aonoantratlona in tha anxyma daoraaaad duriny
tha purlflnation, and that tha praparatlan aftor tha alnotra-
pharaala had aa dataatabla amount of aoppor (loan than 0*01 uy/ny
protoin). Tha lnhibltary affoata af ooppar ahalatiny ayanta
auah aa oupriaoaa ar diothyl-dithiooarbamato aa tha purlfiad
onxyma vara vary voah.

4) Proeonoo af an SB yroup 
ol

Priadanvald aad BOrmaam vara tha firat ta 
auyyaat that KAO poaaaaaad a aulfhydryl yroup oaaantial far lta



(10)
activity, aad that tha SB group Bight possibly bo involved 
in aa alaotroa transfer* Xhese aathora found that tha ansyaa 
vaa inhibltad by p-ohloronerourlbanseate, bat that a eoaplete 
rararaal af inhibition vaa obtained by adding glatathioaa ar 
ayataina in tha praaanaa of eyanlda. Later vork by Barren at 
al ahoved that oyanida had reacted vith tha p-ohlorenerouri- 
benzoate, and that thia apparently aoaonntad for tha oovplete 
reactivation* Sinaa glutathione reaotirated tha ansyaa in tha 
abaenoe of oyanida, and alnea XdO vaa alao found to be inhibited
by organoaraenioale aa vail aa by lodoaeetate, it vaa aonolndat110
that a aulfhydryl group vaa eeaential far ita aotivity. fha
inhibition af KdO activity by meraapti da-fond, ng reagent a vaa
confirmed in expert sante vith partially purified ansyaa 6,70,71,TO 
preparations* OS

Irvin and Holloman alao alalnad that tha
aulfhydryl groups vara essential for activity in K10*117,188Bara at al found that thalr purified baaf 
liver aitoohondrlal X40 preparations oontalned aulfhydryl groups 
that are not violnal* 00

Oabay and Talaourt raaantly reported that 
thalr highly purified rabbit liver nltoehoadrlal BdO prepara­
tions vara vary sensitive to tha action of p-ohlfre-sereuri- 
bansoata, obtaining an almoat 100JC inhibition of tha enspn* by 
10 tdl aanoantratians af thia aaapauad* Shis result la in narlvd 
oontraat to tha findings af Bara*51 al9 vha abaarvad an 
Inhibition af only 07.0jt by 0 aK p-ohlera-nerouribenzoate.
Oabay and Talaourt thought that this difference vaa possibly 
explainable by tha faot that thalr rabbit liver preparation



{ u > It
had been subjected to eoluaa chromatography* Sorbin also
suggested that repeated application of ooluan ohroaatography
causes a distinct increase la tho sen* tivity of highly
pari flat XAO preparations ta inhibitors*

la tha aasa of hoof liver MAO it vaa firat
ra port ad that tha aulfhydryl groups ara not esaentlal far 67
activity* Subsequent investigations, hovsver, have damoaatratad

79
that aoaa of tho aulfhydryl groups ara ossontlal for activity*

Inhibition of hoof brain aitoohoadrlal
KAO by p-ohloraerourlbcnsoate and M-othylaaleialde vaa raportad80
by Barada, Blautani and Bagatau, vith 1-ethylnaleinide found ta
ba a loaa potoat Inhibitor than p-ohloraorourlbonsoato*

9) iubatrato anoalflsltr
Priaary aad soaoadary aainoa ara roadily

oxidised by KAO jprovided that tho sabatitaont in tha aaooadary
aaiao la a aathyl group* fho ability to aot on nothylatod aaiaoa
aaa bo usod aa a oritorloa for tho prosonoo of a "true" KAO*
Tha rata of oxidation of aaooadary darivatlvoa is usually vary
high, aoaotlaoa ovaa higher than that of priaary aaiaoa* Sha84
tertiary aainoa are oxidized aoro alavly, tho oxidation rate

144being higher in aoaa apaaloa than in athora*
fho XAO substrates ooapriaa allphatls 

aaiaoa aad tho ̂aoro important naturally os our ring aaiaoa, oarry- 
iag oyolle substituonta* la tho homologous aeries of noraal 
priaary allphatls aalnss, OBg(0Bg)^ng, tho aaxiBal rates ara 
aahlevod vith aaylaadae aad hexylaalna. fho lover oxidation 
rata, af aainoa vith longer chains la prabably dua to their 
lav solubility aad their tendency ta fora nlealles* XAO does



(XT)
aat aat on aathylaalna, bot la aoaa apaaloa athylaalna la 
•lowly cotldlsad.

fharaaa tha typloal aubatrataa of MO, tha
tatra and pamtaaathylaaa 11aalnaa (putraaalna aad aadawarlna)
ara not attatkad by XdO, tha lang-ohaln dlaalnaa, froa hapta-
aa thy dona dlaalna onward, ara aaddlsad by thia anayaa. fha
dlaniaa aaat rigidly attaakad by XdO la tha aoaponnd *  th
IS aathylaaa gronpa. Caapatltlan axparlnanta haTa ahooa that
not only daas tha rata of oxidation of tha dlaninaa lnaraaaa
with tha nunbar of nathylana groupa, but alao thalr affinity
far XdO. fha raaaan far thia baharlor any ba that In tha
ahort-ahaln nanbara of thia aarlaa tha aaoond aalna group
probably Intarfaraa with tha attaahnant of tha aadna to tha
ansyaa. Vith tha Inaraaaiag Intraaolaaular dlatanaa batwaan
tha two aalna groupa, tha dlaturblng notion of tha aaaond
aalna group on tha ansyaa-anbatrata raaotlon baaoaaa la a a 
XT,18,SO 

affaotlTa.
XS9

Plataahar at al arrangad a aarlaa of aalnaa
that ara anbatrataa af XdO aaaordlng to tha daoraaalng rata af
tha anayala raaatloas dapaalna, tyraalna, S-aathaaytyraalna,
tryptaalna, 0-hydroacytryptaalna, phanylathyXaalna, nomataaa-
phrlna, aatanaphrlna, aplnaphrlna, naraplnaphrlaa, 1,4-aathyl
hlataalna, and kynnraalna. droaatla aalnaa, anoh aa anllina,
with tha aalna growp dlraatly attaahad to tha bansana ring
ara not attaakad by |SS). fha raaatlon rata Inoraaaaa with tha

1ST
nonbar af aathylaaa gronpa In tha alda ahaln.

fha ability ta aarra aa a anbatrata af XdO 
la lost whan a nathyl group la lntroduaad In tha alpha-paaltloa



(1«) £,19
to tho mlLho group of on aliphatic or oronatlo Md.no. With
on lnorooolng nunbor of mothoxy aubatltuonta in tho boasono1£,18,144,189ring tho offlnlty of ouoh oonponnda for KAO doorooaoa.

Kony proportloo of tho ootlvo oontor of onlno£09
oxLdaaoa boro boon atuAloA by Zollor and hlo eollooguoa vith
tho holp of apoolfloolly aolootoA aubatrotoa and Inhibitora.
Tho ootlro oontor of onlno oxldaao aoona to oztonA oror aororol 

£08
Angatrom unit a, ond lta atruetu natriool, poaalbly

148,£18,£14
Zollor pointot out tho oxlatonoo of o atriklng atruoturol onology 
botvoon tho moloonloa of tho optlnol oubatrotoa of XAO* for 
oxoaplo, phonylothyload.no ond of lta moat ootlro InMbltora 
(trona-£-phoayloyolopropylanlno). Aooordlngly, tho moat aultoblo 
aubatroto or InMbltor of XAO la ohoraotorlaod by o tvo-oorbon 
oholn oontolnlng on olpho-hydrogon oton ond on olpha-onlno groqp* 
and aubatltutod In tho bota-poaltlon by on oronotlo ring.

alpha-hydrogon atom In lta aldo ohaln, In tho XAO InMbltor 
nolooulo XI, tho aooond alpha-hydrogon atom la aubatltutod 
by an olhyl group.

£14Zollor auggoata that ona alpha-hydrogon la

X) - Aotlvo 81 to

booauao It oonaiata portly of L-onlno oolda.
In M a  atudloa on tho aotlro oontor of XAO

X XX
Ihorooa tho XAO aubatroto I oontalna a aooond



(X t)

asssntlal far astabllshiug U i  onsyna-substrat• aoaplax 
•r tha oasyna-lnhlbl tar ooaplox, vharaas tha sasond alpha- 
hydrogan af tha substrata partialpataa la tha praaaaa af 
dahydrogonatlaa , assorting ta tha aahaaat

X K H— C— -jaj
H—-C~lHg +  I=Y ----- A X  > j

X '

vhsta X-Y la part af tha aatlra osatsr, la vhiah X asrraa
aa aa aaaaptar far tha proton darlrsd fraa aa alpha-hydrogsa 
ltdatoa aad Y far tha alpha-oarbon. fha taa hydrsgsn atoaa X 

ara bsiag raoalrad by a hydrogsa aaaaptar.
188la aggsanaat vith Kola an* a findings

with haaaa llrar XdO, it la thought that hoof llrar XdO haa
aa alaatrophlUa alta ahlah hlada tha -IXg group of tha
auhatrato, and a hydrophobia alta vhiah hlada tha R-alda ahala
af tha auhatrato. fha aotlva alta la ballaTSd to aontala XdX
vhiah aaaapta tha alaotroaa frsa tha auhatrato, aad la radaoad
ta VdM.. Ia addition, tha ansyaa oontalna about f-fX gronpa89
if it la aaauaad that tha nolaanXar valght la 100,000.89About 98 aoapouada vara taatad raaantly 
vith baaf llrar XdO, and tha typo af Inhibition produaad vith 
vaapaat ta baaaylanlaa aad oxygon vara atudlad. Shaaa atudlaa 
dauonatratad that tha astlva alta af tha ansyaa la vary hydro­
phobia. fha ansyaa la lahlbltad by • Xarga Tasiaty af 
aronatla aoapouada, allphatla alaohola and aldahydao, aad 
athar hydrophobia aoapouada. laoludod la thia 11at ara natal 
aha la ting aganta vhiah appaar to ba inhibiting tha ansyaa



(to)
vithoat reacting with any aotoli artificial electron 
ooeeptora, which explaine tha Inability of thooo ooaponata 
to replace oxygen aa tho eleotron acceptor; oat troafulllsera.

atroag la ritr© oat la tIto inhlbition of XAO ootiTity by
tho antl-taborouloala Arne Ipronloalt la 1901, tho llat of
ooapoaata ayathoalsot oat toatot oa potoatlol XAO Inhibit ora
hoa grown oaoraonaly. totallet aapoota of both la vitro aat
la yIto inhibition of XAO activity hove booa woll-toonaoatot 

00, 181, 108, 100,100,09,016,817,SO,109,109,149 
la aaay rorlowa oat ayapoale.186Vorlo Alatlngulahoa 8 aola olaaaoa of XAO 
lahlhltoras 1) tho group of ooapotltlve lnhlbltora, ooaprlalng 
hytroaiao Aerlvatlvea, aoobora of tho B-phoayllaopropylonino 
•orloa, tho horaolo olfcololta, oat ahoUao-p*to3jl othor 
8) tho groap of noaoeapotltlvo Inhibit or a, lnoluAlng tho 
onl tinea.

1) Ooapotl tlvo XAO lnhlbltora.
o) Ipronloalt (1-1aonlootiay1*8-1aopropy1- 

hydroalao)
Z la tho boat atattet Inhibitor of XAO.

(I)
la vivo, Ipronloalt la probably flrat 

hytrolyiot to ylolt laoalootlalo oolt oat laopropylhytroalao, 
tho lottor ooapoaat bolng o atroager Inhibitor of XAO than

W) - lnhlbltora
Since Zollor oat oolloagaoa roportot oa tho

lproaioalt. Qa laoabotloa with orythrooytoa, ipronloalt



(ftl)
loaoa Its ability to inaetlvato XAO, poaalbly A«o to tho
proatnoo in tho arythrooyto aonbrano of aa lnaotlvator of 

14T IpronlaalA.
b) Xfctnlpraalnt, B-phony li aopropy1-

hydraalao (XI) inhibita XAO in vitro about AO tiaoa ao atrongly
aa IpronlaalA. Shia nay bo Aua to tho proaouoo of tho baaaono
ring la lto otruoturo olaoo 1aopropylhydraaino Aoaa not Alaplay
thia aolootlvity for tho brain XAO.

H H
I I-CH^C-jr— XHp 
CH*

(XX)

o) IaooarboiaaiA, (l*boaayl-A-
(A-aathyl-3-i aoxasolyl oarboayl)• 
hyAraalno (XXX) la,

la vitro aa wall aa in vivo, a nuoh atroagor lahlbitor thaa
IpronlaalA, and la loaa toxlo than tho lattor.

(XXX) CHp

A) Pargyllno (*-nathyl-»-*-propynyl 
boaaylaaino), (IT),

phoaolalBO (1-phoaylothylhydraaino), (T), anA tranyloyproaino
(8-phoay loyolopropylaalao), (TI), aro alao pot oat XAO
lnhlbltora.
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CHgt-CHg-Jf— BH2

(▼I)
o) Anothor croup of n r y  atroac X10 inhibitor*

io that of tho hamaXa alkaloids* aamalino, TZZ« lo tho1T6
■oot potont inhibitor of thlo sortos*

OBs

thlouroa dorlratlToo* and. di«iao thlouroa doriratiToo*

(Til)
S) Ionaoapttitiro XdO lnhlbltora*

Ihio gronp oonpri ooa aal dints, nonoloo

I M m* Om w

(mi)



CM)
Kathyloao blna,(IX), la alao a faat-aotlag 

rovoralblo XAO Inhibitor. Oatyl aloohol alao aotivoly 
Inhibit a XAO.

.ci’

(n)
0) - of Inhibition

Iron tha following dlaonaaion it will bo
OTi&ont that moro fnndanontal work la wooded for tho o Inal da*
tlon of tho problon of XAO Inhibition.

Aa provlonaly aontionod, in all anbatratoa of
XAO tho alpha-oarbon aton nuat bo nnanbatltntoA. Aalnaa la
whioh ono of tha hydrogon atoaa of tho alpha-oarbon aton la

10,119,140
axbatitntod ara lnhlbltora of amino oxldaao.

Xa hi a atndy on liver altoohoadrlal XAO,49
Savlaoa obaarrod that tho inhibition of thia onxjao by IpronlaalA
la pregreaalve, flrat ardor, and require* tha proaonoo of
oxygon. Savleoa anggoatod that tho flrat atop In tha
Inhibition roaotloa aay bo a Aohydrogoaatioa of IpronlaalA to
1-1 aopropyllAono-S-1aonlootlnyl hydraslno in a aaaaor alallar
to that poatnlatod for tho oxidation of tho anbatrate.

In tho lntorprotatloa of roaulta obtalnaA In
£15

la vitro inhibition axparlaonta with XAO, Zollor haa ontllnod 
a fow faatora of laportanoo. Thna, anbatratoa pro toot XAO
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agalnet the action of lpronioald, or of ola oa4 trana-phenyl-
oyolopropylaalne only when they aro added elnultaneeualy with
tho inhibitor. Sho higher tho oubotroto concentration, tho
Xoaa effective ia tho blookage of XAO, suggesting that ipro-
nlaait and othor hydrasino derivetlvea aro bound to tho part
of tho aotlve oontor wl th nhioh tho anbatrato naually ooabinoe.
Vhon tho inhibitor la brought into oontaet *  th XAO before tho
addition of tho anbatrato, tho inhibition offoot of tho drug
inoroaaoa about tonfold, fhia roaotlon ia independent of tho
aubatrato concentration, then tho inhibitor reaohea tho active
alto, it apparently ronalna irreversibly attached to it.
Accordingly, prolonged dlalyela of tho Ipronlasid-XiO oonploz

148,804
roatoroo only a aaall fraction of tho original XAO activity. 
Since tho ahbatratee almoat inatantanooualy f o m  a oonploz with 
tho active alto of XAO, they aro able to protoot thoao onayno 
noloouloo that have not boon inaotlvatet by iproniaaid. In 
ozporinonta on tho oonpetltlon between aubatrato and Inhibitor, 
tho affinity of tho aubatrato for XAO la tho deolalvo factor, 
fhua, trjgtanine ia known to bo noro etrongly bound by XAO 
than tyramlne, aad, accordingly, XAO waa found to bo four to 
alz tinea noro reeletaat to an inhibition by 2-phenyl oyolo- 
propylanino in tho preaenoe of tryptanlaa aa aubatrato than la 
that of tyrosine.

Oreen haa pointed out tho oziatonoo of 
aany atriking ainilaritioa botwooa tho inhibition of XAO by 
hydraaino derivatives aad tho dooonpoaitlon of tho latter, 
catalysed by auprlo Iona, loth proooaaoa require oxygon, and 
both oan bo retarded or prevented by aoapouada capable of
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chelating with or being oxidised by euprie leas.48

Dartsea was the first to aotloe a decrease 
la inhibition shea XdO aad eat of Its inhibitors, iproniasld 
or isopropylhy&rasine, were laeubatod aadsr nitrogen Instead 
ef oxygen.

74
Oorklu reoently reported that the sholatlag

agent eysteamine prevents the irreversible inhibition of )U0
by iproalasid when added before the inhibitor. Oa the basis79
of these aad aaay similar observations, Oreea advanced the
hypothesis that the inhibition of XdO by hydraslns derivatives
nay result from a eopper-oatalysed liberation of free radioals
aear the aotlve center of the ensyae, with the oopper const! tu-
ting part of the ensyme. That metal ions may be involved in
the struoture of parti oles containing mitochondrial XdO has
been suggested by Gtorkln and his colleagues.

1) - Multiple forms sf XdO
There have been many reports concerning

the multiple forms of mitoohondrial XdO. Some investigators
have reported that there is more than one ensyme with different

70,72,76,84,148,S00 
substrate specificities in the rat liver. Others have demonstrated
the presence of three separable isoensymes in rat liver alto-98,198
ohoadrla on polyaorylaalde-gol electrophoresis, and four such 
aotlve bands in the whole liver hoaogeaatc. Isosyaes ef 
aitoohondrlal monoamine oxidase have been desoribed in rat 
brain and ehiwi: brain. The latter authors suggested the posSI b3* 
existence of multiple forms (isoensymes) ef the ensyme XdO# 
and showed that XdO derived from adult chicken brain existed in 
multiple forms as measured by their gel electrophoretic
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taahnlqua, aad that thaaa aultlpla foraa ara dlffaraat fro* '
thaaa aoaa la anbryonla aad naonatal ahlak braino. Two
aatlra fraotiona of tha pig brain altoohoadrlal aoaoaalaa

IT*
ozldaaa hara haaa saparatad aa Saphadax 0-200 by Tipton,
vho poatulatad that tha flrat oaa alatad la a lipid aoaplaz
or a tatramar of tha aajor aoapoaaat.

196Yaaunobu at al, vho foaad thraa aatlra
aoapoaaata aa polyaarylamlda gal alaatrapharaala of parlflat
hoof llTar XdO hallarad that tha anzyaa was brokan dova lata
fragnanta In vhloh tha ansyaa aziata la dlffaraat polymario 

169
atataa. Raglund, vho aaparatad at laaat 9 dlffaraat XdO1 a
la rat aad rahhlt llrar hy aaana of gal flltratloa, aad at
laaat 2 In baaf 11t or, aslag Z% oat aoaa aa datargant, fait
that XdO ahoald aot ha aoaaldarad a aarlaa of laaansyaaa
vith aultlpla aubatrato spaolflalty but rathar a aarlaa of
haaologoua apaoifio aalna ozidaaaa vith oloaaly r a la tad
atruatural eoanzyaa and pnrl float ion eharaotarlatlaa. xa
hallarad that tha naaa, aonoaalna ozldaaa, la aablguoua and
ahould ba raplaaad by tha mara apaoifio taraa, tyraalna
ozldaaa, aarotonln ozldaaa, ata.89

■arada at al ahovad that baaf brain XdO 
axhlbltad tvo aoaponsuta on oontiztuoua-flav alaatrapharaala, - 
a alav-aorlng aajor obaponamt (ansyaa 1), ahoving a hlghar 
apaalflo aatlrlty, and a faat-aorlng minor paak (ansyaa 2), 
vith a lavar apaalflo aatlrlty, vith tha aajor aoapoaaat 
haring a atrongar oalor. fha ansyaaa 1 and £ did not appaar 
to ba dlffaraat aalaaular valght farva, ainaa bath aanponanta 
had tha aaaa nolaaular valght aa Judgad by Sapharaaa 6B gal
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filtration. 166

fhlh and Xldtuioa aaaayad brains, hoarto aad
llvars froa nawborn aad adult rata for 110, using gal
slsatrophoratlo taohnlquss* Thalr raaulta suggast that aaah
af tha tlasoas poaaaaaaa aultlpla faraa (laaansyaaa) af 110,
aad that thaaa foraa ara dlffarant for tha various tlsauaa*
In ordar to aaaaaa vhathar thaaa aultlpla foraa of 110 hara
dlffarant aubatrato apaoifioitlas bayard thaaa alraaly ah ova
undar tha oonditiona of tha aathod, naonatal tlsauaa (brain,
haart and llrar) vara assay ad for 110 aatlra bands, using
thraa dlffarant aubatrataa for tha ansyaa; 6-hydrosytryptaalna,
bansylanlna and tryptanlna. In tha aaaa af naonatal brain,
vhar tryptanlna vaa uaad, 8 bands appaarad* Vhaa 6-hydrony-
tryptF.alna vaa uaad as aubatrato, only ana of tha bands
appaarad* If substrata afflnltlaa of tha upper bands ara
aonparad vith thaaa af tha lovar bands appaaring In tha gal
runs. It appaara that tryptanlna aad baoLsylanina ara aara
raatlly mtlllsad aa substrata for tha slovar moving ansyaa
foraa, vharaas tha lavar bands hara littlo affinity far
bansylanlna although thay utillsa tryptanlna and 6-hydrozy-
tryptaalna aa aubatrataa* Slnoa tha taahnlqua of gal staining 84,179
aay load to artlfaats, Shlh at al lnoubatad a radloaatlra 
substrata vith sagnanta of tha gal to ohaok tha authantlalty 
of atalnad bands praauaad to ba 110*

Anothar azplanatlon far tha aultlpla foraa 
148af XIO, aaaardlng to Raglund, la that tha alutlan profilaa do 

not aatually rapraaant 8 dlffaraat IttO aatlritiaa par aa, but 
raprasant tha saparation of athar faatora dlffarantlally
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lmfluenolng activity with the 8 aubatrateo. Raglund atated 
that auoh faotora oould ba othar enzyme a noting upon tha 
apaalflo aubstrataa or produot8, apaoifio lnhlbltora, or 
apaoifio aotlvatora.

Still anothar poaaibillty ia that tha 
thraa oomponenta balong to tha aame enzyme protain in tha 
mitoohondrla, and ara derived by an ability of tha detergent 
to altar the 8truoture of tha protein,

166
And laatly, aa mentioned by Shih at al,

thalr data do not indicate whether tha multiple forma aaan in
tha varloua tl8auee ara not themaelvea artefaots of tha entire
method, Againat thia, however, ia tha faot that homogenization
of tlaaue and aolubilization of tha enzyme by different mathoda
(Triton X-100), lubrol or aonio oaoillation) raaulted in tha
eame qualitative band patterna, auggaating that thaaa multiple
forma may indeed ba real and not an artafaot of tha method,

98
Thia la aupportad by the work of Kim and h'lorlo that different 
mathoda of aolubilizing tha enzyme reault in aimilar patterna 
of KAO aotlve banda.

That KAO may ba a alngle enzyme with 
multiple aotlve altea haa alao bean oonaiderad.

Ho work on aubunita haa bean reported in 
the literature to data.

I) - Formal Roaotlon Meohaniam
Aa mentioned pravioualy, there ara two 

typaa of amine ozldaaa, whieh oan ba differentiated moat 
readily on tha baaia of tha proathetio groupa praaant in tha 
enzyme* The plaama type raquiraa eoppar and poaalbly ooavalently 
linked pyridozal phoaphata, while tha mitoohondrial enzyme 
raquiraa oovalently attached FAD, Both anzymaa, however,
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I

•itftljii th* iftM fu»nl reaction*
110 ,1S1

  KsB**n lnToatigated th* effect of pEBEBL,
oa «b4 Tb  for tho huaon ond robblt plooB* oalno oxldaaea,
and ahowed that thoro or* two typo* of onzjaoo, - tho hunaa
eaayne, which aota on tho bb1ob1m 4 aaiao, ond tho rabbit typo*
whioh ohowo a noro complicated pE dape&denoe. Zb  addition,
thoro lo a report that a Sohiff baae intermediate lo foraod M
daring tho roootion, whioh can bo trapped anaorobloally by
tho addition of oodlwa borohydrldo.

US
Bood aad Swindell reported that la th*

reaction ootalyaod by tho boaf plaaaa oain* ozidaao, 1 nolo of
bonsaldohydo la produoed onaeroMoally, and that tho for
oxygon la dopCBdont oa tho aalao oonoentrotlon. Th*** atudice
auggoat that a ping-pong aoohaalaa la at work*

Si noo ansyaa a froa difforoat aonrooa
appear to have difforont aabatroto apooifioitloa and qpeotra,
and there la no oTidonoo to indiooto that all tho oepper-pyridoxal
phoaphato oalno axtdaeoa proaaod by tho aone aoohanian, oa*
ahould, for th* tiao being, aonaldor thoao oain* eaddaaea froa
difforoat aowrooa aa aoparata oatitlea.

la regard to th* aoohaalaa of boaf plaaaa 110,181aalao oxldaao, Ifcanneha ot al propoaed tho following aoohaalaa 
oa tho bad a of ohoaloal atadloa aad initial roloolty aad
product lahibltlon patterna*

(Plaaaa refer to following page)



(80)

(1) (6)(8)

(2)
(8)

fGEO £

Propose* neohanian for reaction catalyse* by beef plaaaa
anlne onltas*

Although the reaotlon catalyze* by beef plaaaa
anlne ozi&ase la a ternary-ternary reaction aa& quit*
complicate*, the faet that thia ensyme operate* by a ping-
pong aeehanlem vaa demonstrate* by both klnetlo aat chemical
studies. Since the initial velocity atotlea yleltet a eeriee
ef parallel llnee with reepect to both enbctratcc, the author*
eonelatet that thia vac IntieatlTe ef a ping-pong aeehanlem

1,87 198
ae eri finally peimtet eat by liberty, manta ant Ihannoba
ehovet that th* pink eoler ef the native enzyme la bleaehet
by the anaerobic attltlon of the substrate, ant that the
attitlen of oxygen subsequently reeterea the pink color, m

140
agreement with the report ef Rest ant Swindell, 1 aele ef 
benaaltahyt* vaa protneet per aele ef ensyae ia the abeenee ct 
oxygen, - a verification ef the double-tlsplao*B*mt nature 
of the reaotlon. She touble-tleplaoonent character ef the 
reaction pretiete th* nonoonpetltlTe behavior of th* flrat 
pretuot, bensaltehyt*, towart the aaine aubatrato. the
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olnllar pattern obaerved with roapoot to oxygen euggeata
th* preaonee of at laaat two enayne-aubatrate eoaplexea
botwooa tha atop involving tho liberation of bensaldehyda an*
that Involving tho entry of oxygon ** aubotrate. Shi a anonnta
to aaaunlng aa laonorination atop, aa eonnonly found in enayno 99
neehanlem*. Xhla additional atop provoata oonpotition botwooa
benaaldehyde and oxygon for tho anno ensynlo apooloa, aad
would prodiot tho atrlotly nonoonpotitlvo behavior obaerved.

Tho prodnot M g  aad XgOg dononatrato
idontioal Inhibition pattoma, oonpotltlvo with roapoot to
bonsylanino and unoonpetltlve with roapoot to oxygon. Tho
pathway through 6 and d would ylold oonpotltlvo behavior for
KgOg and nonoonpotitlvo for M g  with roapoot to tho anlne;
that through atopa 7 and 8 would yield tho invorao roault.

ITS
▲ooording to Tipton, thoro ia aoounula-

ting ovidonoo that XdO froa dlffarant apooloa and tlaauoa
prooooda by dlffarant naohaniatlo rout a a auoh aa to warrant
aaparato invoetigationa on eaoh enzyno.

178Tipton publiahod ovidonoo that pig brain
XdO prooooda by a ping-pong neohanian.161Snith at al dononatratad by tho uaa of 
laotoplo oxygon that tha oxygon la oonvartad to BgOg. ^ d  
that tho oxygon in tho prodwet, aldehyde, ariaaa fron tho 
aolvont water. In addition, thaaa invoatlgatora propoaod 
that tho true fora of tha aubatrato ia tho nn-loniaod apooloa, 
RGlgllg, and auggaatod a neohanian vary alnilar to^that 
propoaod for tha anoyno P-anino aoid ozldaaa. Bolloau ahowod 
that there ia a 8-point attaehnent of aubatrato to onayno by
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tho uao of rarioua doutoriun-labollod aubatratoa.

Ia rogard to boaf llror mitoohondrial
190,191KAO, 01 rooontly ahowad that thia onayao alao prooooda by a 

ping-pong aoohanlan. Ihoa bonaylanlno vaa uaad aa tho 
aubatrato, ona nolo of bonaaldohjdo vaa prodnood anaorobi oally 
par FID prosont in tho onayao. Aooording to thia aoohanlan, 
tho hydratod onayao roaota vith bonaylanlno in a Thooroll- 
Ohaaoo aoohaalaa to prod no a bonaaldohjdo, aaaonla and I-?ADHg. 
In tho aooond atop, S-FA£Hg roaota vith 0g to giro riao to tho 
intoraodiato S-FADHgOg. In tho third atop, thia oonploz broaka 
dovn to giro riao to I-FAD and BgOg. In tha laat atop, I-FAD 
roaota vith vator to giro tho hydratod onayao, X-FAXBgO.

Sho rato aquation la:
. 1 - 1— yr

guv a«ov v̂ uai«avaa +Wi ■— t
I anino 0© H©0 I

X, /(anino) r / (OgJ+X^ /(Hg0)+1

anino 0« KoO
r. =  . v -  <&*■&> /fe —  v -  h  / U

vhora tho k raluoa aro rata oonatanta for tho rarloua atapa 
aontionod aboro.

8o far no noohanlaa haa boftn propoaod
for hunan llror XdO.

t) Mathoda for tho Moaauronont of m o  aatlrlty 
Currant lntoroat In tho funotion of 

biogonio aainoa, and in tho onzynoa inrolrod In thalr notubolian 
haa boon atlnulatod by tho rooont dorolopnont of alnplo and 
aonaltiro nothoda for tholr ohonloal dotootlon.

quantltatiro aaaay nothoda hara boon



(W) 80,46,168,186described based on tho uptake of oxygon by a variety of
techniques, including aanonotrlo, diffusion and spectrophoto*

44no trio, tho liberation of anaonla, oonoonltant analyoot of
40 168,181oxygon uptake and anaonla evolution, tho dlaappearanoe of

aubatrato, and tho produotlon of intonaoly oolorod dinitro-
phonylhydraslno derivatives in alfcalino aolutlon of tho
aldehyde produot formed in tho roaotlon betveen XdO and tho
aubatrato,

fho aanonotrlo nothod ia relatively
InaonaltlTo and ooaplloatod by aooondary roaotlona. Moaauronoat
of aaaonla 11 bora tod nay prorldo a rollablo and a on at tiro aaaay
under oortaln conditions. Both of thoao nothoda, howoror, require
a prohibitive aaount of purified onayao,

Xoat of tho nothoda mentioned above
have proved to bo too inaeneltlve for determination of XdO In
organa vith low onayao aotlvity auoh aa dog heart, or In aaall
aaounta of tlaauo. Modem radloaetrlo, fluoronetrie, speotro-
photoaotrlo and hiatoohemloal proooduroa have boon rooontly
publlahod for tho eatlaatlon of XdO, aoao of vMeh will bo
doaoribod in aoao detail,

a) Speotropho tone trie aaaay of XdO,
at1liming tho diaappoaranoo of tho aubatrato bonaylanlno,

169
fabor and aeaoolatee wore tho flrat 

lnvoatlgatora vho follovod tho notion of a plaaaa aalna oxldaao 
(speraine oxldaao) by a apootrophotoaotrio not hod, utilising 
bonay lanlno aa a aubatrato, fho prefect of tho reaotlon, 
bonaaldohydo, 41 op lay* a very high extlnotlon coefficient at 
880 an, and can easily bo dotootod apeotrephetoaetrtoally.
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1 rapid nr eatropho tone trie aethod far ■

tha determination af XdO and XdO inhibition, aeeordlnm ta 818
2#liar, Ranaehaader aad Zeller, is baaad on tha high degrada-
tloa rata af n-iodobansylanlna, aad oa tha atroag abaarbaaaa
at 863 aa of tha a-lodobensaldehyde foraad duriag tha aotloa
af XdO on a-iodobansylanlna. This primary reaotlon prodnat
doaa not appaar to undergo further oxidation by oxldereduotasea•
fha aholoa of n-iodobaaaylanina aa a aubatrata of XdO vaa816 ,
baaad on tha atudiaa of I.d. Zallar an tha eeeurrenee of eutopla 
and dyatopio oonplaxaa in tha XdO reaotlon, Vhioh indiaatad that, 
vith tha axaaptlon of fluorine, tha iatrodnotlon of any sabstl- 
tuant in tha nata position lad to nuoh batter substrates than 
bansylanlna i taa If. By far tha higheat raaotlan rataa, aa 
expressed by naxinun reloeity (T), vara ebtained vith nata- 
lodebensylaaine•

8) W.aappaaranoa of kynuraaine, or tha
118

appearanoe of 4-hydroxy quinoline. In 1966 Ha bins and hia 
eolleagues shoved that nouse lirer hanogaaatas oonTart kynuraniaa, 
tha daoarbaxylatlon praduat af kynuraaine, to 4-hydrexy-iuinollne, 
whioh thaaa authors Identified by its paper ohromatographie and 
spaotral properties.

— C— CHg-OHg-JHg

4-hydroxy qui no line
d spaatrophotonatria assay af XdO based an
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the nil of dlsappoaranoa of kynuranins waa dSYisad by

181Wsissbaoh at al. Aooordlnc to Wsissbaoh at al, XAO probably 
daaninatss kynuranins (I) to tho oorrtapondlng aldehyde (II), 
whioh nay either oondense to 4-hydrory quinoline (III) or undergo 
further oxidation to tha oorrespondlng aold (IT).

■BH,

I

✓

IT III
Intrauoleoular (nonenaynle) condensation

of tha anino aldehyde (II) prowad, however, to ba faotar than
further axLdation of tha aldehyde to tha corresponding aold (IT).

In thalr klnatlo otudiaa on tha affaot of
▼arlona Inhibitors on purified baaf liver altoohoadrlal XAO,8
Barbato and Abood aoaparad tha spaotrophotonatrlo assay of KAO 

181 litby Walaabaah at al with that of labor aad ee-workers, whioh
%

ntllisas banaylanlno as substrata. Barbato and Aboed found 
that kyanraalns was a bat tar substrata for tho spaotrophoto­
natrlo XAO astinatloa than bonny lanlno, particularly whan 
working with oarbonyl reagents, such as pot as si an oyanldo, 
whioh san raaot with tha bonnaldohydo fornad, or whan using 
tha Inhibitor phsnanthrollns, whoos extinction oosfflolont
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at 800 aa la oxtronoly high. rurthormara, oarbonyl roagonta
hara bo offoot whoa kyauramlno la uaod, orldontly booauoo tho
lntranoloaular roaotlon botwooa tho aldohydo group aad tho
•alao group of kyauraalao la auoh aoro rapid thaa tho roaotloa
of tho aldohydo group with tho oarbonyl roagonta.818

Zollor aad hia oolloaguoa hara orltlolsod
181tho apootrophotoaatrlo kjauraalao aothod of Volaabaoh ot al 

for tho followlag roaaoaa: upoa tho aotloa of XiO, kjaur aalao
la doanlnatod, aad tho roaultiag aldohjdo oondonaoa iatraaolo- 
oularly to fora 4-hydroxyqulno11no, a aubataaoo with a auoh 
lowor aolar oxtlnotioa oooffloloat at 860 aa thaa tho atartlag 
pro duet. Sinoo tho initial optloal roadiaga with 0.1 ah 
kynuraalao aro rolatlraly high, aaall dlfforeaooa la optloal 
donalty way bo of doubtful raluo.

b) fluaroaatrlo aaaay
Tho arorago fluoroaooaoo aoaaurlag laatruaaat 

will poralt tho dotoralaatlon of quaatltloa of fluoroaooat 
Baton al aa aaall aa 0.1 to 0.001 ug/nl. 11th tho aioxa 
aonaitlro laatruaoata, aad with ooapouada haring a high abaorp- 
tloa aad a high quantun ylalt of fluoroaooaoo, a allllnlorograa 
(aaaograa) of a fluorophor aaa omit auffloiont fluoroaooaoo to 
allow aoaauronont.

1) Rato of ladoloaootlo aold formation.
Thia la a aoaaltlro fluoroaotrla aaaay af 110 aatlrlty la
115ultra baaad oa tho formation of lndolaaaotaldahyda aa laoubtflaa 

of tlaaua hoaogoaatoa with tryptanlna, aad tho azLdatloh of 
ladoloaoataldohydo to ladoloaootlo aold, a fluoroaooat aoapouad, 
oa addition of aldohyda dahydrogaaaaa aad nlootiaanldo-adoalaa
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dlnuolootlde (US)* flit aotlvity of tho aldehyde dehydrogenase 
preparation It oheeked by measuring th# ratt of XiH^ formatloa 
during intubation with aoetaldehyde.

8) Hat# of formation of 4*hydroxy quinolin#107
formation* Thia la a rapid alorofluoroaatrlo determination of
X40 whioh it a fluor one trio adaptation of tho XdO aaaay of 

181Vtlatbath at al* Inataad tf determining tha 41 aappearaneo af 
kynuraaine, Krajl monitora fluorometrloally tha appaaranaa of 
4-hydroxy qui no line whiah arista from tha spontaneous oyali nation 
of tha lntsrmadiata aldehyde, formed by tha ansymla oxidative 
deamination of kynuramine. Unlike many methods for tha 
determination of XdO, whioh ara based on tha assay of tha aold 
produoad by further oxidation of tho relevant aldohydo by a 
aooond ensyme, an aldehyde dehydrogenase, this mloroflueromatrie 
assay does not dapond on tha tissue sample containing aldehyde 
dehydrogenase*

8) Xoaaursment of hydrogen peroxide formed 
in oxidase reactions by coupling it to the formation of a 88
fluorophor with homoTanillio aold in tha prssanea of peroxidase* 
Tissue preparations ara incubated with amine substrata, homo- 
▼amlllio aold, and horseradish peroxidase, and tha hydrogen 
peroxide evolved is measured fluorometrioally* This permits 
the use of a number of substrates and oontlnueus monitoring ef 
the ensyme reaotlon* fho method is comparable in senaltlTity 
to the radlometrlo methods for amine oxidaaos, and is relatively 
simple to perform*

4) Combi nod paper ohromatographie-fluoresoent 
methods. Studies on the cellular looalisatlon aad turnover of
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blogenlo amines have bitt impeded by the lack of methods for 
the adequate separation and discrimination of thooo aminos, as 
moll as of their prooursora and metabolites. fieoently, thin- 
lay or ohronatography has boon smooosofnlly applied to tho rapid 
isolation and idontifio&tion of minnto amounts of tissue biogenic 
aminos* lfcnogram amounts of those aminos oan bo do tooted by 
exposing tho thin layer to an o-phthalaldehydo spray or para­
formaldehyde gas, whereby the biogenio amines are converted

4*84into highly fluorosoent derivatives* These methods have served 
as a basis for tho development of simple radiometric assays of 
amino oxidase aotlvity.

o) Radiolsotoplo methods.
1891) Wurtman and Axelrod devised a 

simple, sensitive and speoiflo assay of KAO, utilising tho 
measurement of doamlnatod ^C-metaboli too of ^C-tryptamlno*14Tho doamlnatod radloaotlve material, O-lndoloaootlo aold is 
oxtraoted by shaking with toluene, and identified by ascending 
paper ohronatography* Tho lndoleaoetlo aold is separated from 
tryptamine in a butanols aoeite adds water (islsl) system, 
and from indoleaoetaldehyde in an isopropyl aloohols ammonias 
water (8slsl) system*

S) A radioisotopic assay for KAO 184
determination, aooording to Otsuka and Eobayashl, is based on 
tho formation of a radloaotlve anlsole-soluble end-produet from 
tho substrate 3>%»tyramino* After tho ensyme lnoubation, tho 
ond-produot is oxtraoted into anisole, tho aqueous phase is 
frosen, and the anisole, oontainlng both tho radioaotivo ond- 
produot and phosphor, is poured into a oountlng vial for assay
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1b  a liquid aolntillation apaotromatar.

d) Hlatoohamloal damonatration of KdO
Savaral taohnlquaa far tha hlato­

ohamloal damonatration of KdO aotivlty hava baan raportad.
1) Damonatratl on of aldahyda group*.131Oatar and Sohloaanan vara tha flrat to damonatrata MAO aotirlty

baaad on tha vlauallzation of aldahyda group* In tha oxidizad
amlnaa. flaauaa vara inoubatad In tha praaanoa of tyrami no and
tha raaultlng aldahyda groupa vara damonatratad hy Sohlff
raagant. Tha reaulta vara nnraliabla aa tha aldahyda prodaot
of tho roaotion, baing vatar-aolubla, tandad to dlffuaa prior

103, 108 61to tha ataining raaotion. Xoalla and Talk, in I960, and Xdar,
in 1987, attamptad to "trap" tha aldahydaa vith B-hydroxy-8-
Baphtholo aold hydrazida. Thaaa anthora traatad tiaaua aaationa
vith hydrazln* and Inoubatad thaaa in tha praaanoa of tryptamlno
and 8-hydroxy-8-naphthoio aold hydrazida la pyrophoaphata
buffar containing a high oonoontration of aodium aulfato. Tha
aldahyda fornad by tha aotion of MAO oondanaaa vith tha
hydrazida, and tha oondanaation product la than oonvartad to a
blulah-purplo pigment by ooupling vith tatrasatlzod o-dianialdlno.
Poapita lta validity, thla aathod haa not boon fraquantly uaad
baoauaa it la ao labor!oua.

8) Plgmant formations In fraah
frozan aaationa inoubatad vith tryptamina-HOl at pH 7,4,
Blaaohko and Hallmann in 1963 obaarrad tha formation of a dark

8plgmant. La tar, Arloka and Tanlnukai in 1967 modlflad thla 
taohniquo by uaing aarotonln aa tha aubatrato. tha lnitlatlva 
rola of 6iO in tha plgmant formation la aooaptad, but the rola
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and atruetural relation of other exldatlre ayateaa that aay ho 
operationally parallel or eren coupled with anlno oxtdaee la 
the pigment formation and the diffuelblllty of the pigment 
lnteraedlatea hae not been determined. The application of thla 
teohnique la therefore limited*

9) fetraaoliua aethoda: Appropriate vater-
aoluble tetraaoliua aalta oan be reduoed to water-inaoluble 
foraasaaa In oonneotlon with the KAO reaction*

^ 1 - 1 — IL 
Rj— 7 78 4

I 7  -  * H ; * -^  1 | + h ♦■oi
*C1 I - R a

Breduotion of foraaman In Urine oelle 108
waa dlaeorered by Eohn and Jerohel in 1941. fetraaollnm aalta 
are oolorleaa, water-aoluble, toxie, and are deployed aa redox 
indloatore. Boraaaana are water lnaoluble oompounda. in the 
hlatoohemloal reaction the tetraaoliua aalt aota aa a hydrogen 
acceptor* fhe p-nitro group in the Ig-phenyl ring Inereaaea 
the readlneaa with whloh the tetraaoliua aalta aoeept S from 
rarloua dehydrogenaae ayatema* Reduotion la facilitated by 
alkaline pH.

In 1988 rraaela deaonetrated the depoeltlon
of foraasan in frozen eeotione ineubated with tyramine at pH 7*4
in the preaenoe of neetetraaollua oh&orlde* By aubatitutiag
tryptaaino for tyraaine* and eaploylng litro-BT for nee*64*48
tetrasollua aa eleotroa aooepter in Tranoia' method* Gleaner* 
Burtner and Brown obtained more aatlafaotory and reproducible 
reaulta* Under theae oondltiona there waa a dlatlnet
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Idealisation of the foxaasaa at tlaano sitoo luring an hour of 
incubation*

146In huaan brain, Robinson, in 1966, uaii
Iltro-BT as slsotron aoosptor aooording to tho nstho4 of 64,66
Olenaer st al, and obtainsd an aoonrats looallsation of ths
snsyas bj rapid prodnotlon of disorsts fornasan deposits*77

4) And finally, Orahaa and Karnovsky bars 
snosssdsd in demonstratii* KAO aotivity in the liver and kidney 
of rats and guinea pigs by a coupled peroxidation-oxidation 
teohnique. In the presence of peroxidase, its substrate, 3-anlno- 
9-ethyl-earbasole has been found to be oxidised by the hydrogen 
peroxide generated during the oxidation of tryptanine, catalysed 
by KAO. The resulting Insoluble red oxidation product is 
apparently/deposited at sites of KAO activity* This hieto- 
ohemioal ooupled oxidation aethod of KAO estiaatlon nay be 
useful as aa alternative technique to the tetrasoliua aethod 
sinoe it depends on an entirely different type of oheaioal 
reaotion.

K) - Biological Iaportanoe of KAO
The aetabolio funotion of KAO in the aniaal

body is to break dean potent blogenio aalnes by oxidative
deanination* This reaotion is followed by the further oxidation
of the aldehyde foraed to the corresponding carboxylie aeid.
The Identification and quantitation of such acid urinary
constituents has helped considerably in the eluoidation of the

£6
bio logical funotion of KAO in nan and other aaaaale*

The biological role of KAO is not enl^ 
oonflned to the inactivation of biogenic aeneanlaes* Bareades



liMutrttii that many different KAO substratea and thalr
aldehyde metabolites stimulate in Titro gluooae-l-**G
oxidation to M 00g by hoof anterior pituitary siloes. Sho
of foot of tho aldehyde metabolites la not blooked hy KAO106
Inhibitors. Similarly, Bastan and Hold have reported on an
In rltro stimulation of gluoose oxidation In thyroid hy
serotonin. Xho unexplained offoota of MAO inhibitor* on

48
oarbohydrato metabolism in Tiro nay bo due to Intorferonoo byT0
tho inhlbitora with aoae yot unknown funotion of KiO*

Oxidative deamination and o-methylation
are the two enzymic pathway* of oateoholamine metabollam In8
the peripheral aympathotlo ayetem, and alao ooour in the oentral 

18
nerrona ayatom. 164Speotor and hi a oe-workera presented
erldenoe that KAO la the prineipal enzyme in the inaotiratlon
prooeao of nor-eplnephrlno and aerotonla in the brain, fheao
author* alao anggeatod different phyalologloal rolea for KAO
and OQHf. Iheroaa KAO appeara to be reeponatble for the
metabollam of tho blogenlo monoamine* la tlaeuee, Q0B9 la
lnTolrod particularly In the Inaotiratlon of exogenous, extra-94,164
neuronal, olroulatlng oateoholaminea.

She two oneymoa of major Importance In
the initial atepa of motabollo transformation of oatooholaalnoo80,100
In tho mammal are KAO and oateohol-o-methyl tranaferaee (0019 )• 
Tot It la unlikely that either of theae enzyme* la of 
importaaoe In tho torminatlom of tho offoota of adreaerglo 
lmpulaea in relation to other preoeaaea auoh aa re-uptake by 
the axonal terminal*, diffusion, temporary absorption to plaana
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proteins and rtflsx adjustments. is Blasohke has pointed out., 
the narrow spatial and tsnporal limitations of the aotion of 
the transmitter that are essential for effioient functioning 
at nest sites of ehollnerglo transmission probably do not 
applj to adrenerglo transmission at peripheral autononlo 
effeotors.

Both XdO and COMI, whieh are widely 
distributed throughout the body, including the brain, hare 
the highest oonosntratloas In the liver and the kidney, fhere 
are, however, distinct differences in their oytologloal looatlon. 
Vhereas MA.0 Is associated ohlefly with mitochondria, including 
those within the terminals of adrenerglo fibers, COHT is 
confined largely to the soluble oytoplasmie fraction and 
apparently has no selective association with adrenergic nerves,

from a variety of studies In which 
Isotoploally labelled oateoholaulnee were used. It appears that 
most of the epinephrine and norepinephrine that enter the 
circulation from the adrenal medulla or from exogenous adminis­
tration, or that Is released rapidly from adrenerglo fibers Is 
first msthylated by OQMf to metanephrlne or normstanephrlns 
respectively, the norepinephrine that Is released slowly, 
either by drugs such as reserpine or by nerve impulses of low 
frequency, Is probably Initially doamlnatod by the MAO of 
lntra-axonal mitochondria to the corresponding aldehyde, and 
then ooneertod rapidly at ortraaeuronal sites to 3,4-dlhydrexy- 
mandello add. In either oase, most of the metabolite resulting 
from attack by the Initial enayme is then oonverted by the 
ether to the common product, 8-nethoxy-4-hydroxynandelio aold.
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conerally but lnoorreotly sailed Tanillyl aaadelio aold (YEA), 
ahioh constitutes tho aajor aetabollte of catecholamines ozorotod 
im tho urine. the corresponding product of tho aetabolle 
degradation of dopaaine, whloh oontaina no hydroxyl croup la 
tho si do ohala, lo hoaoraallllo aold (ETA). Ia tho huaaa brain, 
aad throughout tho body of tho rat and oortala othor spoolos 
tho aldehyde ozldatloa produots of EAO aro rodusod rathor thaa 
oxidised, result lac in The ultlaato foraatloa of 9-aethoxy-4» 
hydroxyphenylglyool. 69

Steps la the aetabollo disposition 
  of dafiihdllalis'r 5------

norepinephrine

(CQEf)

?n* EAO
ra2  i

CHOH
O-OH JL

a,4-dihydroxy 
Handslio aoid

Epinephrine

(CQMf)
V'

(COET)

0«3< W ^ r fH°H oHj

r “ * “

HOE

H E~* CĤ
Bornetanephriae a-aethoxy-4-hydroxy  ̂' Eetanephrine

a, Handslie aold (»VE1»J
<o
N

(oonjugase) (oonjugase)

ĵ jiK TUT-
Eoraetanephrine sulfate a-nethoxy-4-hydroxy 

or gluouronlde phenyl glyool Eetanephrine 
sulfate or Cluouronlde
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The aetabollaa • f aerotonln (0-hydroxy- 

tryptaalne) rarlaa aoaewhat froa one apaalaa to another, bat 
la man, aoat of It undergoea oxidative deaainatlon by XIO to 
fora 6-hydroxy-lndole aoataldahyda, vhioh la promptly degraded, 
aalaly by further oxidation to 6-hydroxyindole aootlo aolt by 
aldohydo dehydrogenaae. 69

Motabollo degradation of 6-hydroxrtryptaalaa

HO

I 6-hydroxy tryptamlno H (6-HT)

6-hydroxy indoloaoataldohydo

HO—

6-hydroxy tryptophol6-hydroxy Indolo aootlo aold
I») - Proaoat Statua of purlfloatloa of H40 froa 

rarloua tlaauoa and oxtraoollular aourooa of rarloua apoaloa
Work on tho ohoalatry of aalao oxldaao haa 

boon haaporod by tho groat difficulty la purifying tho ensyae 
froa tlaauoa booauaa of lta laaolublllty* Although aalao
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oxilaa* has boon oryatalliaad fro® axtraoallular aouroaa 198 87
suoh aa baaf plaaaa and hog plaaaa, obtain*! in a highly121 180 
pur* fora (400-fold) froa rabbit aarua and huaan plaaaa (0000-190
fold), and oryatalliaad froa a apaoiaa of fungua (aapargillua
nigar), It baa baaa aaah loro dlffioult to purify tha anajaa
from tiaauaa baoaua* of diffleultj in aolubillaing tha anajaa.

40,44 88Ootaiaa and Sola in 1901, and Bhwklna in 1902 azplainad thla
baharlor of 110 by damonatratlng tha intiaata adharanoa of
thla anajaa in aoat organ tiaauaa to tha inaolubl* atruoturaa
of aitoohondrlal aaabranaa. It ahould ba aantionad, howay*r,

180
that Valaabaoh, Hadfitld and Udanfrland war* abla to ahow that
gulnaa-plg lirar, unlik* othar organa and othar apaoiaa, oontaina
110 in a aolubl* fora, Thla uniqua finding waa oonflraad bj 

100
Oavald and Strlttaattar.

Prooaduraa uaad to aolubl Uaa tha anajaa 
6,60,81,196

har* aohl*y*d yarying dagraaa of auoaaaa. Partially purlfiad
110 haa baan praparad by rarioua workara by traataant of tha
aitoohondrlal aaabranaa with yarioua datarganta auoh aa Trlton-X,
dlgltonln, outaoua, ohollo aald, non-lonlo datarganta, auoh aa
lonloa 18-810, and Targital-lPZ, or with ultraaonlo wayaa, or
by dlaruption of tha mltoohondrla by hoaoganlsation and aubao-
quant traataant with Triton Z-100. 1 oritarlon of aolubillty,

188
aooording to Sara, Ooaaa and Taaunobu,la that tha ansyaa proolpl-
tataa to tha botton of tha tnba aftar tha addition of aanonlua
aulfata, and that tha anajaa oan ba dlalyzad againat buffar
that doaa not oontaln any datargant.6Barbato and Ibood purl fl ad 110 only81
80-fold froa borin* llyar altoahondrla. Ouha and Irlahan lurtl
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M k i m l  an 180-fold purlfloatloa frea rat lir or altoohondrla. 

197
Youdla and Sourkea purified nitoohandrial HAO frea rat liver

188808-fold aa aonparad with tha aruda honogenate. lore, Sanaa
and Yaaunahu firat raportad a 88-fold purification af hoof•7
liver altoahaadrlal MAO. latar Yaaunobu at al, ualng tha 
nathad that la eaployed In thla papar far hunan liror altoohoa- 
drlal MAO, iaolatod three anina axldaaa aaapananta from beef 
liror, with tha thraa aotlre fraotlona haring apaoifla aotlrl- 
tlaa af 1000-8000,8000*8000, and 6000-8000, roapeotlrely. All 
oaaponanta wara bright jallaw, and ahawad a pH aptlna naar 9.8. 
Hona of tha oonponanta waa Inhibited by aldehyde roaganta, and 
all oonponanta ahawad ainllar aubatrata apeoifloltloa. Tha 
aadlnantatlon oooffiolonta wara 14*4 and 80.6, and tha noleeular 
weight about 400,000 and 1,880,000 raapaotiroly far oonponanta 
1 and 8. Conponant 1 eontalned 4, and oanponant 8 contained 
18 TAP ar FAD-Ilka aubat&nee par nala of anayna. Oanponant a 1 
and 8 oontalned 84 and 106 nalaa af phaaphallpld par mole af 
anay>a reapeotlrely. Thalr atudlea lndloatad that a part af 
tha nultlpllalty af tha anayna raportad by other worker a la due 
to tha laolatlon of tha anayna In dlffarant noleoular weight 
forna. Oonponanta 1 and 8 exhibited paaka at 410 nn and 460 an, 
and a ahouldor at 480 nn. Tha ratio of tha abaorbanoa at 
880/450 nn waa 1.1-1.8. Tha anlno aold eonpoeltlon af tha 
anayna waa deternlned.

On bey andHaloourt purified rabbit llror 
04nenaanlna axldaaa 870-fold. Irwin and Holloman outlined a

alnple praparatlto proaadura far obtaining boTina kidney aartax
168aitoohondrlal MAO. t. San at al purified MAO froa rat heart
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tissue 89-fold.

There art only a few reports dealing with 186
the purification of brain M40. Xagatsu waa tha firat to
demonstrate that XdO oan ba aztraotad froa baaf brain mltoohom-

80Aria by aonloatlon in tha praaanoa of a detergent, Ora an and 
Tan Vial praparad a partially puriflad aonoaaina ozidaaa (15 
fold) from baaf brain altoohondrla in a aolubla atabla fora by 
treating tha mitochondria with a combination of triton I-100, 
aonloatlon and oantrifugatlon at 100,OOOxg for 60 ainutaa. tha 
aolubla anayma la oonoantratad with tha Amicon ultrafiltration 
apparatus. these authors stata that further purification by 
standard techniques of Saphadaz and Bid! oalluloaa ohtsmatography, 
ammonium sulfats and organic solrant fractionation hare thus far 
boon unauooaaaful. 1.78

Tipton purified HAO from pig brain, with tha
preparation haring a specific aotlrity of 8760. Bis technique
inrolrcd a simple, if rather tedious method of repeated aonlea-
tion, free sing and thawing, and exposure to low pH mad aloohal
fraotionation in tha absence of a detergent, Tha purified anayma
appeared to ba homogeneous by oelluloso-aoetate electrophoresis,
and had a molecular weight of approximately 108,000, It was
inhibited by iproniasid, and also by p-ohlero-merouribensoate,
further studies suggested that tha anayma oontalned Ta p as a
proathetlo group, tha pi optimum was found to ba about 7,8,81,88
which compares wall with raluaa raportad by Guha for the anayma
purified from rat lirar mitochondria, but dess not agree with 

87
tha work of Bara, who found a considerably higher optimum pH 
far anayma preparations froa tha same source.



In regard to tho purification of aonoaalne 'ISOoxidase froa huaan body fluids or tissues, Moiwen purlfled
199

KAO from huaan plasaa 8000-fold* In 1998 Tontin ot al 
prepared soluble MAO froa hnaan plaoontal altoohondria bp 
subjootlng tho altoohondria to aonloatlon, follow#A by treat- 
aont with Triton Z-100, aaaonina oulfato fraotionatlon, ani 
oolnan ohronatography on Sephadox 0-800 and PXAl-Sephadex*
A produot with a opoolflo activity of 8000, ahowing a 400-fold 
purlfloatlon over tho original hoaogonato aay bo obtained by 
thlo method* Vhon subjeoted to polyaorylaaido-gol elootre­
phoresis, tho huaan plaoontal MAO ohowod two bands of onsyao 
aotirity, whoroaa oolubillxod and partly pnrlfiod MAO froa tho 
rat livor, proparoA by a alallar aothod, ohowod 8 bands of 
onsyao aotirity* 188And lastly, Molwon ot al partially purified 
huaan llrer aitoohondrlal aonoaalno oxidase by solubilising 
tho altoohondria and troataent with Triton Z-100 and aaaonina 
sulfate proolpltatlon* Thoir final preparation had a speelfle 
activity of 44, with fold purlfloatlon of 8* Those authors 
stated that neither Triton Z-100 nor sonioally disrupted 
preparations oould bo purified further by tho procedures 
Acreloped for tho boof or rat liror aitoohondrlal nonoanlae
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OHAPgP II

MATMIAL8 AMD MBtHOM
l l i w
Bornal huaan liver waa obtained fro* 

patients who had died fro* aooldent, auloide or hoaloide within 
9*84 hoara after death.

Ohtaloala and reagents
fhe oalolo* phosphate gel, hydroxylapatlte, 

tryptanlna hydroohloride, sodlo* salt of oholie aold, glyoine 
and trls buffer (hyaroxy*ethyl)-anlno*ethane, serotonin and 
hydraslne were porohased fro* Slgaa Chenloal Coapany, St. Louis, 
Ko. DBdl-oellulose was obtained fro* Bio-Bad. Sephadox 9-80 
and Sephadex 9-800 were purohased fro* Phanaasla Tins Ghe*lsals, 
Ino., PIaoataway, l.j. P-nltro-tetrasollu* blue (nltro-Bf) 
was obtained fro* General Bloohenleals. Monobaslo and tf basis 
potasslua phosphate were obtained fro* Fisher Selentlfio Co.,
Fair Lawn, V.J. The Si*an reagent (phonylthlseyanato) was 
obtained fro* laataan Organls Ghenlsals (Division of Bastaaa 
Kodak, Boshester, V.T.). PTH-aaino aold standards were purohased 
fro* Pieros Chenloal Co. Maeth/l allyl anlne (soupUng buffer 
In ld*an procedure) was obtained fro* Pfalts Bauer, Ins., 
Flushing, l.T. Irlfluorsaestls asld was purohased fro* Aldrioh 
Chenloal Co., Milwaukee, Vlsoonsln. Taeuu* dialysis bags and 
apparatus were purchased fron Sehlsioher and sehuell, Ino.,
Ksene, lew Hanpehlre. The polyaerylanlde-gel eleotrophoresls 
apparatus was supplied by Canal Industries Corp. (Bethesda, 
Maryland).
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Initrunan tatl aa
Tha anayna aaaaya and protiin datarmlna- 

tloaa win oarriad out, ualng a Baaknan modal BU apaotrophoto- 
natar. A Badlomatar pH aatar, mada in Copanhagan, waa anplayad* 
Tha Bookman modal L ultraoantri fuga waa uaad for proparatiro 
prooaduraa. Tha Sortall Modal SC-SB rafrlgaratad oantrlfuga 
waa uaad for all othar oantrlfuga ruaa* Tha apaotrofluoro- 
aatrio datarainatlona wara ohtainad In tha Aminoo-Bowman 
apaotrophotofluor omatar.

Analytloal proaaduraa
Protain aatiaatlon. Tha protain oonoantra-

116
tlon waa datarainad hy tha aathod of Lowry at al, uaing
hovina aorum albumin aa a atandard.

Xnsyaa aaaay. Tha anayma waa aaaayad
apaotrophotomatrloally with bansylamina hydrobromida aa tha 

169substrata* A unit of anayma activity la daflnad aa tha amount
of anayma oatalyslng an lnoraaaa of 0*001 abaorbanoa unit par 

omlnuta at 88 • Tha aaaay mlxturs oontalnad 0.1 ml of anayna,
0*6 ml of banaylamina hydrobromida oontalnlng 80 uM/ml (final 
oonoantratlon of 8*8 uM/ml), and 8*4 ml of 0*08 M phoaphata 
buffar, pH 7*4 in a tatal voluaa of 8 ml*

Tha protain atain raagant oontalnad 1£ 
ami do blaak in Tjf aoatla aald.

Biaoontlnuoua polyaorylamida-gal diaa 47
alaotrophoraaia waa parformad according ta tha mathod of Bavia* 
and employing apparatua and reagents from Canaloo, Bathaada, 
Maryland* A aonoantratad tris-glyolne buffar at pH 8,8 waa 
uaad* (Ixia*6*0 grama, glyolns-88.8 grama, with watar to 1 
11tar, pH 8*8).
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146The enayae ataln for tha polyaorylaalde- 

gal alaotrophoraala oontalnad tryptaalne, H E  ag| aodioa 
aulfate, 18 ag; nitro-BT, 88.0 ag; 0.1 1 phoaphata buffer, 
pH 7.4, 28.5 al, aad diatillad water to a total Toluae of 
90 al.

Ultraoentrlfugation. Sadlaantatlon aelooity 
waa parforaad la a Spiaoo aOdal X analjtloal ultraoeatrlftige 
at 09,780 rpa la a synthetic boundary oall at a taaparatara of 
80° • Photograph* wara taken at 16 aln. Intarral*. Tho 
aoaaaaat of tha aahliaraa paaka waa aaaaurad by a llkoa 
Shadowgraph Xodal 60 aloro-oonparator. Xha aadiaantatloa 149
ooaffloiaat waa oaloulatad by tha aathod daaorlbad by sohaohaaa.

▲11 buffer* uaad for tha purlfloatlon of 
tha ansyaa wara XBgPOg, XgXPOg buffers, pH 7.4 or 7.6 at tha 
lndloatad oonoantratlon*. 8afrensen*s glyoina-*odiua hydroxide 
buffar (0.1 M glyoina; 0.1 H XaCl) waa aada up aa follawa:
7.000 g glyoina plua 0.80 g IhCl to 1 11 tar with diatillad 
watar, adjuated to pHfa la tha rang# 9-18 w&th 0.1 M laOH.

TIC plate* (20x80 pre-aoated aillaa gal 
with fluoraaoaat Indicator) wara obtained froa Sana Reaeareh 
laboratoriaa, 1T0.

Hat̂ odj
Ohlaaa otharwiaa noted, all operatloaa wara 

parforaad at 4° la tha aold rooa.
Huaaa llaar XdO waa purified by two different

notho da.
Method #Ii aa original aethod hhleh doea 

net depend on the leolatlon of altoohondria, aad la dfcleh
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▼MVS* dialysis, during whioh the enzyme separates out aa *>
yellow precipitate, la an important atop in purlfloatlon*

▲XI previous method a of obtaining tha
anayma from animaX tissues, and even from human liver have
been based upon tha iaolation and subsequent aoXubiXisation
of mitoahondria. In purifying this enzyme from human tissues
suoh as liver, however, one is faoad with speoiaX problems
not anoountarad in animals, where normal tissues oan ba
obtained easily at any time after death, and where the animals'
habits, diet, eto. oan be oarefully oontrolled. It is not
generally appreeiated that one oannot isolate intaot mltoohom-162
drla by the method of Hogeboom and Sohneider more than a few 
hours after the tissue is removed from its host beoauae not 
only oellul&r debris, but the entire homogenate not infrequently 
sediments at spesds as lew as £00xg. Since autop4.es, even in 
aooident oases, are often not performed fer 12-24 hours after 
death, and alnoe some of these oases are addiots on drugs 
whioh may interfere with the prooedure of obtaining altoohondria, 
with considerable loss of enzyme, methods of obtaining the 
enzyme from human tissues by isolation and subsequent solubili­
sation of altoohondria are not praotloable*

Ze obviate this diffloulty, and to employ 
a auoh simpler method of obtaining the enzyme, a prooedure was 
devised (Method #1) of Isolating the enzyme by subjecting the 
whole liver homogenate to high speed centrifugation to effect 
complete sedimentation of all solid particles, and, at the 
same time, to get rid of the hemoglobin in the supernatant, end 
then extraotlng the sediment, whioh o on tains most of the enzyme, 
with the detergent Zrlton Z-100, followed by the usual
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techniques of ammonium sulfate preoipitation, column 
chromatography with DXAB-cellulose and Sephadox G-200. The 
final atop of purlfioatlom, namely, vaouum dialysis, la a 
moat Important prooodnro in purlfloatlon, aa tho high moleoular 
volght enzyme, or possibly tho aggregatod enzyme, oettlea 
out as a yellow powder. Tho supernatant, whioh may contain 
protein impurities, oan ho removed, and the prooosa repeated, 
if necessary, several times, after reoonstltution of the enzyme 
with phosphate buffer.

Method #11i by the olaasioal method of
obtaining the enzyme by solubilization of mitochondria, using67
the prooedure employed by Yasunobu et al for the purification 
of beef liver MAO.

By both methods, the same result waa 
obtained, namely, a preparation showing three aotivo bands on 
polyaorylamlde disc eleotrophoresis. By Method #1 a single 
peak waa obtained in the ultraoentrifuge.

Slnoe monoamine oxidase is quite insoluble, 
and requires a detergent for solubilization, a considerable 
amount of preliminary work was done, testing out the effloaey 
of various detergents used by previous Investigators, such as 
outsoum, cholic sold, digltonln, non-ionic detergents, auoh as 
Monion NS-210, Triton Z-100 and Tergltal-MPX, with the finding 
that digltonln is the most effective solubilizing agent. 
Although a great deal of preliminary work was done, using 
digltonln, this substanoe was eventually abandoned because it 
was difficult to keep in solution, and tended to settle out in 
purified preparations. Atteapta to solubilize the enzyme by
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aeana of aonloatlon reaultod la almost complete low of 
nativity. Slnoo aonoaaine oxidase lo aaaoolated with tho 
aitoohondrlal membrane, tho butyl aloohol method of oxtraotlon 
wao tried, hut waa unouoooooful aa thla auhataaoo oauaoA 
denaturatlon of tho onsyao. Sodlua pyrophoaphato huffor, with 
lta narked dlssoolatlng offoot on hydrogen bonds and aalt 
linkages, aa wall aa lta ohelatlng offoot oa aany divalent 
oationa, and proteotlve offoot, waa not found to ho superior 
to 0.1 M potaaalua phoaphato huffor.
Purlfloatlon of tho fcurao

MOthod #1
Stop 1 - Homogenisation of huaan llwor (from Case #5)

90 grama of proauaahly normal huaaa 
llror wore waahod with diatillad water to elean off aurfaoo 
blood, out Into amall ploooa with aolaaora, aad put through a 
aoat grinder hoforo homogenlaatlon id th d volume a (w/v) of 
0,11 phoaphato buffer, pH 7.4 In a faring hloador for If 
minutea.
Stop S - Centrifugation of It 4 homogenate

fhe hoaogeaato waa then oentrifuged 
In tho Model L ultraoontrifugo, ualng Rotor SO, at 24,000 rpa 
(approxlaately 60,000xg) for 1 hour. Tho aupornataat, whioh 
oontalnad very little onsyao, and aoat of tho homoglobln, waa 
dlaoardod. Thla proooduro waa repeated, waahlag tho aodlaoat 
with 500 al of 0.1 X phoaphato buffer, pH 7.4, to free It froa 
additional hemoglobin by preaalng tho partioloa againat tho 
aide of a beaker with a rubber apatula, and again oentrlfuglaf 
la a aimllar Banner, with dlaoardlag of tho aupornataat*
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Step 8 - Kztraotlon of tho eelinent with 1.6£ Triton X-100. <
Tho ensyne woo thou extracted from tho sodiaont by adding 
0.1 H phosphate buff or, pi 7.4 to o flxod volume of ZOO al, 
and thon adding 14 al of a ZOjL solution of Triton 1-100 
(aado up in 0.1 I phoaphato buffer, pH 7,4), gently and 
briefly homogenising with a luring blonder for i Minute, add 
thon by hand, in batohos, with a Potter-Ilvehjen glass 
honogenlzor for SO strokes, gently stirring tho solution widh 
a aagnotio stirrer for If hours, and thon oontrlfuging at
16,000 rpn (about 20,000xg) for 1 hour in a Beeknan Model L 
ultraoontrlfugo. The slightly opalesoont aabor supernatant 
was oarefully removed from tho sodiaont by aeons of a long 
18 gauge spinal noodle and syringe. Tho sodiaont was oxtraoted 
throe nore tines with tho Triton X-100 in a similar Banner, and 
tho supernatants from tho 2nd and 3rd extractions pooled.
Stop 4 - 40JJ anaoniua sulfate preolpltatlon of onsyao in 
Triton X-100 extract. To tho pooled Triton X extracts, solid 
saaoniua sulfate was added to 40j£ saturation, and tho pi of 
tho solution adjusted to 7.4 by tho addition of 6V n^OH* After 
stirring for 80 alnutos, tho solution was centrifuged for 20 
ainutos at 10,000 (16,S00xg) in tho Sorrell RC-2B. The tan 
precipitate (onsyao) floated to tho surfaoe, and was collected 
by remoTlng tho liquid under tho preoipltate with a syringe and 
long 18 gauge spinal needle. Tho preoipltate was dissolved la 
a minimal aaount of 0.1 X phosphate buffer, pH 7.4, producing 
a soaowhat turbid solution.

Tho onsyao solution was passed through a 
Sephadox 0-26 ooluan (4.6x46 on) in order to roaoro excess
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. ammonium aulfata, aluting vith 0*01 X phoaphata buffar.
Stap 6 - DBAI-oalluloaa chromatography. (Tar alutlon 
aattarn. aaa flzura 1).

Tha aluata vaa appliad to a PIAl- 
aallulosa column (2.3x40 aa) whioh ha& boon aquilibratad with 
0.01 X phoaphata buffar, pH 7.4. Aftar tha addition af anzyaa 
to tha aoluan, tha aoluan waa traatad with approxiaataly 600 al 
af starting buffar, followad by approxiaataly 600 al of 0.1 X 
phoaphata buffar, pH 7.4. Tha ansyua vaa than alutad froa 
tha ooluan, uaing a linaar gradiant of Triton X-100. Oradlant 
alution (900 al of 0.1 X phoaphata buffar, pH 7.4 in tha mixing 
ahambar, and 900 al of 0.2jfc Triton X-100 in 0.1 X phoaphata 
buffar, pH 7.4 in tha reservoir} waa uaad to aluta tha anajaa. 
fractions af 8 al wara aollaotad In a Buohlar fraction oollaotar 
at a flow rata of approxiaataly 0.6 ml/mln.
Stap 6 - 40jt amaonlua aulfata praaipi tatlon af enzyae in paolad 
fraotiona aftar DIAX-oellulose ohroaatography• Tha oombinad 
motive fraotiona (186 ml) froa tubaa 66-88 wara oonaantratad 
by tha addition of aolid amaonlua aulfata (40jt saturation), and 
santrifugatlon parforaad at 10,000 rpa (16,600xg) for 20 minutaa. 
Aftar oantrlfugation, tha anzyaa, whioh floatad on tha aurfaaa 
of tha solution, waa dissolved in a ainiaal amount of 0.1 X 
phoaphata buffar, pH 7.4.
Stap 7 - Saphadax 0-200 ohronatography (Tor alutlon aattarn. 
plaaaa aaa Tlgura 1). Tha dissolved amaonlua aulfata praaipi- 
tata waa plaaad on a Saphadax 0-200 aoluam (2.2x46 aa) aquili- 
bratad with 0.06 X phoaphata buffar, pH 7.4. Tha anzyaa waa 
than alutad froa tha aoluan by aaaas of 0.06 X phoaphata 
buffar, pH 7.4. fraotiona wara aallaatad in a Buohlar fraatlon
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■oollaotor toy tha drop mathod (180 dropa par tuba). Aa oan 
ba aaan, tha aotlrlty la alutad batwaan fraotiona £1*40, with 
aaxiaua aotlrlty In tubaa £8-80.
Stap 8 - Vaouua dialyaia of poolad fraotiona aftar Saphadax 
G-800, raaoval of auparaatant and raoonatltutlon of anzyaa with 
0*06 X phoaphata buffar, pH 7.4.

Yaauua dialyaia waa parforaad on tha 
poolad tubaa from Saphadax G-800 chromatography, and tha aolutlon 
dlalyaad against 0.01 X phoaphata buffar, pH 7,4, with apparatua 
leapt in an loa watar bath. Aa dialyaia prograsaad, tha anzyaa 
oama out of aolutlon and aattlad aa a bright yallow powdar at 
tha bottom of tha dialyaia bag. Whan tha aolutlon had baan 
oonoantratad down to 10 ml, tha raouum waa diaoontlnuad, and 
tha aolutlon paralttad to aattla In tha dialyaia bag In tha 
dialyaia aolutlon for 84 houra. Tha auparaatant waa than 
oarafully drawn off by maana of a apinal naadla or rary flma 
Tygon tubing attaohad to a hypo syrings, and tha yallow anzyaa 
powdar at tha bottom of tha tuba diaaolrsd In 9 ml of 0.06 X 
phoaphata buffar.

Tha purlfloatlon prooadura la aunaarlaad
In Tmbla I.

Xathod #11
Stap 1 - Xltoohondrlal homoganata (from Casa #9)

1800 grama of praauaably normal huaan 
lirar wara waahad with diatillad watar to olaan off aurfaaa 
blood, out into aaall plaoaa with aoiaaora, and put through a 
aaat grindar bafora hoaoganlzatlon with 9 to luma a of 0.80 X 
auoroaa in a Waring blandar for l-fr alnutaa. Tha mitochondria
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102were then isolated aooording to tho mo tho a of Hogebooa and » 

Sohneidsr, washed until oolorloao with 0.01 X phoaphato 
huff or, pi 7.4, oollootod by oentrifugation (0000 rpa for 10 
ainutes), and roauapondod in 0.1 H phoaphato buffer, pH 7.4.
Tho auaponalon waa homogenised In batohoa for 2 nlnutoa in a 
glasa Potter-XlTohJea hoaogenlzer, with a total voluae after 
hoaogenizatlon of 000 al.
Stop S - Ixtraotion and firat ammonium aulfata fraotionatlon

To tho mitoohondrial hoaogenate (000 al ), 
40.8 al of ZQ/fi Triton Z-100 (aado up in 0.1 M buffer, pH 7.4), 
and 42.0 grama of aaaonina aulfata wore added ao that tho 
final oonoontrationa wore 1.0£ and 10£ aaturatod, respectively. 
After tho addition of tho aaaonina aulfata, tho pH waa adjusted 
to approxiaataly 7.4 with 01 IK|0H. Tho mixture waa atirrod 
with a magnetlo atlrrer gently for 1.0 hr a. and thon oentrlfuged 
for 40 alnutoa in a Sorrall BC-8B at 11,000 rpa or (20,000xg), 
diaoarding tho prooipitato.
Stop S - 0.10-0.40 aaturatod aaaonina aulfata

To tho yellow aupornatant (420 al),
76.3 grana of aolid aaaonina aulfata (40$ aaturation) wore 
added, and tho aolutlon waa adjusted to pH 7.4 by tho addition 
of 01 1^|OH. After atirrlng for 30 alnutoa, tho aolutlon waa 
oentrlfuged for 20 alnutoa at 11,000 rpa (20,000xg). Tho tan 
prooipitato (onsyao) floated to tho aurfaoe, and waa oollootod 
by removing tho liquid under tho prooipitato with a eyrlnge and 
long aplnal noodle. Tho prooipitato waa dissolved in a minimal 
amount of 0.1 M phoaphato buffer, pH 7.4. Tho solution oontaln- 
lag tho dissolved tan-yellow prooipitato (211 al) was turbid
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at thla atage.
Stap 4 - Seeond amaonlua aulfata fraotlonation

Aftar adjusting tha protala oonoen- 
t rati on ta 10 ag/al bjr tha addition af 0.1 X phoaphata buffar* 
pH 7.4, 8.1 al of Z0% aodlua oholata (0.4 ag oholata par ag of 
protain) vara addad. After dataralnatlon of tha aaaonium 
aulfata oonoantratlon by tha Vaaalar prooedure, 88.9 grass of 
anmoniun aulfata were added to tha aolutlon (88jt aaturatlon). 
Tha material vaa than oentrlfuged for 80 alnutoa (11,800 rpa 
or 80,000xg), and tha preoipltate diaoarded.

To tha filtrate, aftar oheoklng tha 
oonoantratlon of amaonlua aulfata* 88.6 graaa of aaaonina 
aulfata (40$ aaturatlon) vera addad, and tha aolutlon atirred 
for 80 minutea. Centrifugation for 80 ninutea vaa than oarrlad 
out at 10,000 rpa (16,300xg). Tha reddlsh-brovn preoipltate 
(oolor due to oytoohrome C impurity), floated to tha top, a d  
tha liquid phaae vaa diaoarded. The preoipltate vaa dissolved 
In a ainiaal amount of 0.1 X phoaphata buffer, pH 7*4, and tha 
aolutlon atirrad for 80 ninutea. (Total volume - 844 al).
Stap 8 - Caloiun phoaphata gal eluate after amaonlua aulfata

Tha reddlah-brovn aolutlon vaa then 
dlalyaed againat 6 litere of 0.01 X phoaphata buffer, pH 7.4, 
(vith ohange at and of 8 houra, a aeoond ohange at tha and of 
three houra, and than overnight dialyaia). Tha aolutlon vaa 
turbid at tha beginning of dialyaia, poaaibly due to tha high 
oonoantratlon of aaaonlua aulfata. Tha anayma aolutlon vaa 
than adjusted to a protein oonoantratlon of 10 ng/nl by tha 
addition af 0.01 X phoaphata buffar, pH 7.4. A total of 888 al
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of oalolua phoaphato gol (80.6 ag/al dry weight, with Cap gel: 
protoin ratio of 8:1) were added to tho enayae solution. Tho 
alzturo waa otlrrod gontly for 16 alnutoa and thon oontrlfuged 
for SO alnutoa at 8600 rpa (ll,700xg). tho prooipitato waa 
saved for furthor atudioa.

tho resulting yollow auparaatant waa 
troatod with oalolua phoaphato gel, with CaP: protoin ratio of 
1:1, atirrod for 16 alnutoa, and oontrlfugod at 9000 rpa 
(18,S00xg) for 16 alnutoa. Lastly, tho supernatant waa troatod 
with CaP gol: protein ratio of 4:1, thon atirrod for 46 alnutoa, 
and oentrlfuged for 20 alnutoa at 10,000 rpa (16,300xg). There 
waa no activity in tho yollow supernatant.

Tho gel obtained by oentrifugatlon was 
olutod suoooaslTOly after stirring for 16-80 alnutoa * t h  800 al 
oaoh of 0.1 X and 0.8 X phosphate buffer, pH 7.6, and eaoh 
oentrlfuged for 16 ninutea at 9000 rpa (18,800zg). Approxinately 
400 al of oonbined eluate waa obtained and ooaoentratod by tho 
addition of 90.4 grans of amaonlua aulfata (40£ saturation).
After oentrifugatlon for 80 alnutoa at 10,000 rpa (16,800xg), 
tho floating, frothy yollow prooipitato was dissolved in 60 al 
of 0.1 X phoaphato buffer, pH 7.4.
Stop 6 - DXAX-oelluloao ohronatography after Sephadox 0-86 
(for alutlon pattern, ate figure 8)

Tho enzyme solution waa passed through a 
Sephadox 0-86 ooluan (4.6x46 an) in order to renevo oxooaa 
aaaoniua aulfata, eluting with 0.01 X phoaphato buffer. Tho 
oluato (100 al) waa applied to a DXAX-oelluloao ooluaa (8.8x46 
on) whioh had boon equilibrated with 0.01 X phoaphato buffor,
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pH 7.4. After the addition of onsyao to tho ooluan, tho 
ooluan woo troatod with approximately 200 ml of starting 
huff or, followod hj approximately 600 ml of 0.1 ■ huff or* tho 
onsyao waa thon olutod froa tho ooluan, using a llnoar grsdlont 
of frlton X-100. Oradlont olutloa (900 al of 0.1 H phoaphato 
huff or, pH 7.4 in tho mixing ohaahor, and 900 al of 0.1%
Triton X-100 In 0.1 X phoaphato huffor, pH 7.4 In tho roaorroir) 
waa usod to oluto tho onsyao. Fraotiona of 8 al woro oollootod. 
in a Buohlar fraotlon oollootor at a flow rato of approximately 
0.5 al/mln. Tho ooahinod motive fraotiona (260 al) froa tuhoa 
42-88 woro oonoentrated hy tho addition of 81.4 grams of solid 
aanonlua aulfata ( 4 0 aaturatlon), and oentrifugatlon parforaad 
at 10,000 rpa (16,200xg) for 20 alnutoa. After oentrifugatlon, 
tho ensyae, whioh floated to tho surfaoo, waa dissolved in a 
alnlaal aaount of 0.1 X phoaphato huffor, pH 7,4. Tho solution 
waa desalted on a ooluan of Sephadox 2-26, equilibrated with 
0.01 X phoaphato huffor, pH 7.4 (with eluate-75 al).
Stop 7 - Xydroaylapatlte ohronatography (For elution pattern, 
... H i m  *).

The slightly hrownlsh-yollow onsyao solution 
(72 al) waa thon ahaorhod onto an hydroxylapattto ooluan 
(2.9x19 oa), equilibrated with 0.01 X phoaphato huffor, pH 7.4. 
Tho ooluna was thon washed with about 200 al of tho aaao buffer. 
Fraotionatlon of tho onsyao waa aohieved hy stopwiao elution 
with tho following buffers:

Fraotlon 1 - 0.01 X phosphate huffor, BK 7.4(100 al)This fraotlon with soro onsyao 
aotivity ia not shown on tho 
figure.
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Traction 8 - 0.1 X phoaphata buffor, pH 7.6

(100 Bl)
Traotlon 8 - 0.8 M phoaphata buffar, pH 7.6

(100 Bl)
Traotloa 4 - 0.8 X phoaphata buffar, pH 7.6 

plua 0.16JC pataaaiua aholata
(100 Bl)

Traotiona of 6.8 ml vara oolleotad at 
a flow rata of 0.3 ml/min. Tha fraotiona vara oollaatad 
aaparataly. Tha actIt * tubaa from Traotloa 8 (by far tha Boat 
aotlra fraotloa) vara poolad and aubjaotad to furthar study*

A auBBarr of tha atapa in tha 
purification of human lirar Bonoamlna oxldaaa by Xathod #11 la 
ahowa In Tabla II.
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&18ULTS AID OTSCUSSKHT
Co— nt on purification proocdurca

Human liver mitoohondrial monomUne
128oxidaae was partially purified by MoSwen at al in 1968 by 

aolubilizlng tha mitochondria with Triton I-100, aonlfloation 
and ammonium aulfate precipitation. Tha final apacifio aotlTity 
of thalr preparation waa 44.

Thia paper daaorlbaa tha purlfloatlon of
tha enzyme by two different methode, - an original and almple
■athod (Method #1), and tha more conventional prooedure of
obtaining tha enzyme by aolnbillzatlon of mitoohondrla aa uaed 67
by Taaunobu at al for tha purifloat!on of beef liver MAO (Method 
#11). In both oaaea, tha and reault ia tha name, namely, tha 
pradaotlon of three aotive banda on polyaorylamlde dlao alaotro- 
phoraaia. The pure enzyme obtained by Method /I ahowod a aingla 
peak in tha analytioal ultraoentrlfuge. The final apeolflo 
activity of tha enzyme prodnoad by Method #1 waa 560, with fold 
purification of 42. My Method #11, tha final apaoiflo aotivity 
waa 1010, with a fold purification of 18. On hydroxylapatlte 
chromatography, tha main fraction (fraction 2), with higheat 
apeolfio aotivity of 1010, waa eluted with 0.1 M phoaphata buffar, 
pH 7.6, wharaaa fractiona 5 and 4 ware obtained with 0.2M 
phoaphata buffar, pH 7.6 and 0.2 M phoaphata buffar, pH 7.6 plua 
O.lfijt potaaaium oho lata, reapeotlvely. Tha apacifio activity of 
fraction 5 waa 600, and of fraction 4 waa 177. Me enzyme 
activity waa found in fraction 1, obtained by elution with 0.01 M 
phoaphata buffar, pH 7.4*
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Method #1 was found to bo muoh simpler 

to perform, and about seven tin#a aa efficient. In ttala 
regard, it la of intoroat that, uaing Xethod #11, ISOO grams 
of liver have to bo proooaaod to obtain 2000 units of enzyme 
(2*97 mgs protoin), whereas by Xethod #1, 1420 units of enzyme 
and 2*6 mgs of protoin are obtained from only 90 grams of liver. 
Furthermore, this new procedure eliminates the oumbersome treat­
ment with o&lolum phosphate gel, with the attendant loss of
200,000 units of enzymo in one step.

Contrary to the uaual praotioe of performing 
Sephadex 0-200 chromatography initially, followed by DK12- 
oellulos© chromatography, the reverse procedure is uaed. The 
purpose of this is to remove most of the Triton X-100 on Sephadex 
0-200 ohromatography to render the enzyme as Insoluble aa 
possible in order to faoilitate sedimentation on vaouum dialysis.

And lastly, the above new purification 
prooedure takes advantage of the marked insolubility of the 
enzyme by uaing vaouum dialysis, during whloh the pure enzyme 
settles out aa a yellow powder.
Properties of the enzyme

Sedimentation Study
The results of a sedimentation velooity 

run are presented in Figure 6. The sedimentation ooeffloient 
of the pure enzyme obtained by Xethod #1 was found to be 6.78 
at a temperature of 20, with protein oonoentratlon of 0.72 mg/ml 
in 0.06 X phosphate buffer, pH 7.4. In order to obtain good 
ultraoentrlfuge patterns, the protein oonoentratlon must be 
kept below 2 mg/ml as the enzyme tends to aggregate and precipi­
tate when the oonoentratlon is higher.
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llaotrophoraala 

Polpaorplamida^gal dlaa alaotrophoraala waa 
parfornad on tha pnra ansjnaa obtainad bp HathoAa #1 anA 
#11.

Ona tuba waa atainaA for protain with ljl aai&o 
blaak in iji aoatio add, anA tha othar tuba, run oonoomltantlp,
atainaA apaolfioallp far tha anapna, uaing a nathod hltharto

146only anplopad for tha hiatoohanioal Aanonatration of aonoaaina
oxidase, i.a. uaing trpptanina aa a aubatrata anA nitro-Bf aa
alaotron aooaptor, with rapid produotion of purple-pink foraasan.

oTha tubao to ba atainaA for enspae vara inoubatad at 8T for 1 
hour. (Tha raaotion oan ba aooalaratad bp heating at a hightr 
taaparatura).
Method #1 - lleotrophoretlo pattorna

a) 7.056 atandard gal at pH 9.6. Under thaaa 
oonditiona, 8 Aiatinot aotlre banda vara found onlp in tha 
ataoking gal, vith a haarp band at tha origin, a lightar band 
oloaa to tha origin, and a fairlp haarp band at tha Junotlon 
batvaan tha ataoking and running gal. Onlp £ banda vara aaan 
vith tha protain atain, - ona at tha origin, and tha othar at 
tha Junotlon batvaan tha ataoking and running gala. (See 
Figure 6 la).

b) £•£)( gal at pH 9.6. fhraa banda vara again 
aaan in tha enspae preparation, - a haarp ona at tha origin, 
and at tha Junction batvaan tha ataoking and running gal, and 
a auoh lightar ona far dovm into tha running gal, alaoat at 
tha and of tha tuba. Onlp £ banda, - ona at tha origin, and 
tha othar at tha Junction batvaan tha ataoking and running
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gels were seen with the protein stain, (see Figure 61b)
Method #11 - Bleotrophoretio patterns

a) 7.0# standard gel at pH 9.5. Three 
distinct aotive enzyme hands were found only in the staokixg 
gel, with a heavy hand at the origin, a hand at the junotlon 
between the stacking and running gel, and a smaller hand 
halftray between these two. (See Figure 611a).

h) Two weeks later, using a 3.6# gel at a
running pH of 9.5, a hand was seen at the origin, one at the
junotlon between the stacking and running gel, and now only 
a smudge in between, suggesting that perhaps aggregation 
of the enzyme was taking plaoe with time. (See figure 6IIb).

o) 2.5# gel, at pH 9.6. Two light hands
were seen, one at the junction between the stasking and running 
gel, and the second moving 3 mm into the running gel. There 
was also a large dark hand at the origin in the ataoking gel.
(See Figure 61Io).

There was complete denaturatlon of the protein 
and no enzyme stain produced with a running pH of 4.3 and a 
5.0# gel.

▲ single oomponent was observed when components 
671 and 2 of beef liver MdO were analyzed by starch zone electro­

phoresis. Component 1 showed a single band when examined by 
diso electrophoresis at pH 9.0. Considerable diffioulty was 
observed with oomponent 2, however, when examined by the 
latter two methods as it tended to aggregate rapidly, and
partially preoipitated out of solution.86

Beef brain monoamine oxidase shewed 8 oomponmets
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pn continuous-flow eleotrophoresls, - a slow-moving major

v

oomponent (•nays* 1), showing a higher specific aotivity, 
anA a fast-moving, minor peak (enzyme £), with a lower 
apeolflo activity, with the major oomponent haring a stronger 
oolor. The enzymes 1 and 2 did not appear to he different 
molecular weight forms, slnoe both components had the same 
moleoular weight as judged by Sepharose 6B gel filtration,

▲ major and a minor oomponont of pig172,173
brain mitochondrial 1140 was separated on Sephadex 0-200 
ohromatography.

In the above study with human liver 1U.0, 
although 3 aotive 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 aotive bands, 
a finding perhaps due to the different age of the enzyme 
preparations, to greater aggregation, etc. The above 
results suggest that on electrophoresis the enzyme is broken 
down into fragments in whioh it exists in different aggregated 
states. Other possibilities are that the bands represent 
Isozymes, or that the three components belong to the same 
enzyme protein in the mitochondria, and are derived by an 
ability of the detergent to alter the struoture of the protein,

pH optimum
The effeot of pH on the reaction veloolty 

at 27° was investigated over the pH range of 6,4&-ll*80, using 
3 different buffer systems (0,5 X phosphate buffer, from 
pH 6,40-7,80; 0,2 X tris (hydroxymethyl)-amino-methane from 
pH 7,8-9,0; and Sorensen's 0.1 X glyolne-sodlum hydroxide
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Rafter fron pH 9.0-12.00)• The standard roaotion nixture 
oonsisted of 0.8 *1 of buffer. 0.1 ml of ensyae, and 0.8 al 
of benqrlaalne hydrobronide (final oonoentration-9.8 uaoles/al) 
in a total roaotion nixture of 9.0 al adjusted with water. Ia
this experiaent, the pH of the buffer was varied as shown la
Figure 7.

She ensyae exhibited optiaal aotivity
at pH 8.6ft( with no aotivity below pH &.4fi or above pH 11.80.

Review of the literature reveals that
the above results differ considerably from those reported for
HdO in various organs and various posies, with the sxooption 

04
of bovine kidney HA.O, whloh exhibits optiaal aotivity at
approxlaately pH 8.0. The pH optiaa of ooapononts 1 and 2 of 

67
purified beef liver MiO was found to bo about pH 9.1-9.2, which

87
is in agrosaont with the value reported earlier by Haro (1928),

128and are different froa those reported by other workers. Those
authors also investigated the offset of pH on the stability
of the ensyae. with the ensyae most stable at pH 7, and least
stable at pH 8.9. The aaxiaal aotivity of purified MiO froa 

62
rabbit liver is obtained at pH 8.4, with the substrate kynura-68
nine, and about 9.2 with another substrate. B-iodobensylaalao.

169
The optlauB pH of rat heart KdO was reported to bo 7.0. aad86
the pH optlaua to ba approxlaately 8.8 for beef brain KAO.

Mlohaolia oonstaat 
Uaing a roaotion aixturo oonslsting of 

0.9 al of 0.6 H phosphate buffer. pH 7.4. 0.1 al of ensyae, 
and an aliquot of substrata (bensylaalns hydrobroaide) varying 
froa 0.06-0.80 al ia a total voluaa of 9.0 al adjusted with
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water, with aaatjr tine 80 minutes, the Kiohaells oonstant

114
determined by the method of Lineweaver and Burk, waa TounA 

-8to ba 1.7x10 X, The velooity waa azpreaaad aa tha change in
abaorbanoe at 260 nm during a reaction time of 20 minutes.
The results are illustrated in Vixure 8.    W 6

According to Tasunobu at al, the X^
for beef liver KAO, using benaylamine as a substrata at pH 7,4 . 192
waa 2,2xl0" iL, The value for beef plaasia KAO for
bensylamine was 1.6xl0”^X at pH 7,8, with K value varying

■ 123
with pH as well as ionio strength, Oswald and Strittmatter

-2found the H for benzylamine for rat liver to be 1,8x10 X,122
XoXwen et al obtained a XL for benzyl-

m A 121,122
amine for human liver KAO at pH 7,4 of 4x10 *• These authors
found that Miohaelia constants depend upon the pH value of
the determination, and that the effeot of pH upon apparent
Miohaelia and inhibitor constants indioates that tha non-
protonated species of these substances interact with the ensyne
aotive center, which contains an eleotrophilio binding site
for substrate and inhibitor.

In regard to tha X^ Tor natural substrates
such as tyramine, tryptamina, ootopamine, serotonin and the

132
Catecholamines, Oswald and Strittmatter found the X^ to be 
S.exio"^ for tyramine and l.ixio’** Tor serotonin Tor rat

a  “SSliver; 1.6x10” X for tyramine and 2.7x10 ~ X Tor serotonin Tor
guinea pig liver. These authors also Tound the X-, to ba 

-4 -3
2,8x10 X with tyramine and 1,9x10 K with serotonin Tor guinea
pig kidney.

Inhibition study
1) Carbonyl reagents. There was ne
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.Inhibition by oyanide, aemioarbaside, hydroxylanino or amino- 
guanldlne•

2) Thiol lnhlhltoro
Reaction nixturea oonoisting of 

0.2 nl of 0.6 X phosphate buffer, pH 7.4, 0.1 nl enzyme, 0.2 nl 
inhibitor (O.Ofi M H-ethyl n&leimide or 1XH, with final oonoantra- 
tion of 2.2x10* ^  or 0.02 X iodoaoetlo aoid, with final oonoentra­
tlon of 2x10 and water-1,9 ml were prepared. After incuba­
tion at 22° in * water bath for the periods shown in Figure 9,
0,5 nl of benzylanine were added to eaoh sample, and the enzyme 
aotivity determined speotrophotometrloally oxer a 10 minute 
period. For eaoh time interval, enzyme samples were inoubated 
as above, with 0.2 ml water substituted for the Inhibitor, and 
the aotivity was oompared with samples oontainixv inhibitor.

To determine whether there was any 
roaotion between either inhibitor and the substrate, bemsylamine, 
reaction mixtures oontaining 0.2 ml of 0.6 M phosphate buffer,
pH 7.4, 0.0 nl benzylanine, 0.2 ml inhibitor (either HB(-2*2xl0 i

-2or iodoaoetlo aoid 2x10 X final oonoentrations) and water-2 ml
were prepared, and the ohange in optioal density at 260 nm
determined over a 10 minute period.

Although there was virtually no
roaotion between the iodoaoetlo aoid and bemsylamine, there was
oonsiderable reaction between the IBI and benzylanine, as
refleoted in an average ohange in optioal den*ty of 0.060/min.

-2A final oonoentratlon of 2x10 X 
iodoaoetlo aeld eaused 48£ inhibition of the enzyme at 110 
minutes* The enzyme was not inhibited at all by 4*1x10 *X of 
iodoaoetlo aoid* (See Figure 9).
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•9Although a final oonoentratlon of 9x10 K

of m  caused 69Jt Inhibition at 111 minutes, tho results vith
this Inhibitor voro not oonsidered valid beoause of tho above
roaotion vith tho substrate.

Iho inhibition by thiol roagonta ouggooto
that human liver MAO has ona or aoro ooaontial SH groups*

Temperaturo*aotlvlty ourro
After bringing a roaotion mixture oonoisting

of 0*1 nl of enzyme and 2*4 ml of 0*09 H phosphate buffar, pH 7*4
to tho requisite temperature, tho substrata, 0.9 ml of benzyl*
amino hydrobromide, vas added, and tho enzyme aotivity determined

oover a 10 minute period at various temperatures from 0*80 •
As oan be seen from figure 10a. there vas

o 0no aotivity at 0 • Maximal aotivity ooourred at 60 • after 
vhloh there vas a progressive deoline, vith loss of all aotivity 
above 80°. At 68°, 70° end 79°, the aotivity vas destroyed 
after 9 minutes.

After assaying its aotivity at room tempera*
oture (29 ), the enzyme vas pre-lnoubated for 19 minutes in a 

mixture consisting of 0.1 ml enzyme and 2.4 ml of 0.09 M
phosphate buffer, pH 7.4 at various temperatures ranging from

o o  o70 “99 c, oooled rapidly to 29 , and then assayed as above ty
adding 0.9 al benzylanine hydrobromlde. (See figure 10b).

oHuman liver MAO vas found to be oompletely inaotivated at 70 ,
70% denatured at 90°, 47jt at 97°, and only 9)1 at 29°.

This is in sharp oontrast to the observations
128

of Tasunobu at al, vho found that vhen beef liver MAO vas pre- 
ineubated at temperatures betveen 29-90° for 18 minutes, oooled
at 29°, and then assayed at pH 7.4, the enzyme vas inaotivated

o
at temperatures above 90 .



Oswald and Strittmatter found that whan 
rat liTor was inoubated for 10 nlnutss at C5°, then <iuiokly 
ohillsd and aasajsd for ILLO with benzylamine, thsrs waa 40,5$ 
of tho original aotlTity at 55°* and only 0,Q$ at 60°.

Tor an Arrhenius plot, ploaso rofor to
Figure 10a.

Stability of angymo (So# Figure 11)
Aa dopioted in curve A . tho frozen annonlun 

sulfato precipitate, dissolved in 0.1 X phoaphata buffer, pH 
7.4, lost 11$ of aotlTity at tho ond of SO days, and about 
half its aotlTity at tho ond of S months. A 1:20 dilution of 
tho original liror homogonata in 0.1 M phosphato buffor, pH 7.4, 
whon kept at 4°* loot 42$ of its aotlrlty at tho sad of SO days 
(ourro B ). A 1:S0 dilution of tho original homogonato in 2X 
ammonium sulfato showed a slower doolina in aotivity than a 
similar preparation in 0.1 M phosphato buffer, pH 7.4, with 
50$ loss at tho ond of SO days (ourro C ). At room temperature, 
a 1:80 dilution of tho original hosiogonata in 0.1 X phosphate 
buffer, pH 7.4 showed rapidly diminishing aotivity, with 
eventual oonplete loss at tha and of 8 weeks (ourro X ).

From tho above findings, it is oloar that 
human liver XAO is a stable ensyme.

Proathotio groups of human liver 
Monoamine Oxidase

A. Pyrldoxal
Sinoe the enzyme is not inhibited by oar bony 1 

roagonts, as ono would ozpoot, it does not oontaln pyrldoxal 
as a oofaotor as shown by the following experimental evldenoe:



Aooordlng to tho method of Rabinowits and Siifll,
1 ml of highly purlflod enzyme was hydrolysed with 180 ml of
0.055 H HC1 In an autoolave under £0 lb. pressure for 5 hours
to ensure maximal release of pyrldozal, if present, froa the
apoensyae. After adjusting the pH to 7.4, 0.1 al of 0.05 H
XCH in 0.2 H sodlua phosphate, pH 7.4, was added to a 5 al
aliquot of the above solution, aooording to the aethod of 

51
BonaTlta et al in order to fora the fluoresoent oyanohydrln
derivative of pyrldoxal. After incubating for 48 hours at 

o25 , and employing similarly treated reagent blanks, with 
final oonoentratlon of £.5 ug/al (8xl0~®*)» the fluoresoenoe 
of the solution was read in an Aminoo-Bowman speotrophoto- 
fluoroaeter with aotlvatlon at 558 nn and emission at 450 aa.

If pyrldozal was present, one would ezpeot to 
obtain the fluoresoent oyanohydrln derivative. Failure to fora 
this compound was experimental evidenoe that huaan liver mono­
amine oxidase does not oontain pyrldozal as a oofaotor.

B. FAD

Huaan liver monoamine oxidase is a flavo-enzyme, 
as shown by the following experimental evidenoe:

Vhen a highly purified ensyae preparation in 
0.05 H phosphate buffer, pH 7.4 was excited at 460 nm, there 
was no emission at 550 nn as there was with a standard synthetic 
preparation of FAB (£0 ug/al).

Vhen, however, the ensyae was inoubated for 
10 alnutes at 40° with 1% sodlua dodeoyl sulfate (lauryl sulfate) 
and the solution oentrlfuged for 5 ainutes at 5000 rpa, the 
fluoresoenoe eaission qpeotrum of the supernatant vas similar
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to that of tho oboTO proparotion of synthetio FAB under tho 
u m  experimental oondltions, ah owing that huaan liver KAO is 
a flavoenzyme and possibly bound firmly to tho apoenzyme.
(Soo Figure K i ).

Vhon tho holoenzyme was roduood with
bonsylamino or sodium dithionito under anaoroblo oonditiom
by flushing through with nitrogen for 20 minutes, with stirring

oof tho oaaplo at 2 • and tho enzyme then treated as above with
sodium dodeoyl sulfate, the fluoresoenoe at 520 nm was depressed,
as shown in figure 12a. Tho dooroaso in fluoresoenoe produood by
bonsylamino and sodium dithionito was about 40£. Sinoo it has
been well-established that roduood flavins (IIB and IKK) do not

190
fluoresoo at 220 (520 nm) when motivated at 420 nm, tho persis­
tence of fluoresoenoe, although diminished, oould hare boon duo 
to the fact that tho quenohing was not complete.

The fluorosoonoo motivation speotrum of 
human liver monoamine oxidase and of FAB alone were determined 
by motivation at 217 nm. (Soo figure 12b).

To determine tho number of milligrams of 
FAB/milligram of protein, l£ sodium dodeoyl sulfate was added 
to 1.2 ml of a highly purified enzyme preparation oontainimg 
1*14 mgs protein, and the solution inoubated at 40° Tor 10 
minutes. The preparation was then oentrifuged for 3 minutes 
at 2000 rpm, and the supernatant carefully removed by means of 
a syringe and long spinal needle, measured, and brought to a 
volume of 3 ml. The optioal density of this solutlam was read 
at 372 nm, and the amount of fAB/ml calculated from an FAB 
calibration ourve. (See figure 14). f*om this, the number of



(T«)
Milligrams of FAB/mg of ensyae protein was calculated., and 
found to be .071 age FAP/mg protein, or approziaately 9 aolee 
of FAP/lOO.OOO grams of protein, assuming a moleoular weight 
of FAD of 785.56 grams.

172,175
Pig brain mitochondrial MAO oontains FAD

as oofaotor, which is dissociable from the protein. Beef 
67

liver mitochondrial monoamine oxidase has firmly bound flavin
54

as oofaotor, as well as pig kidney mitochondrial MAO.
Absorption spootrum (See Figure 15)
The absorption speotrum of a highly purified

preparation of the enzyme was determined. From Figure 15 it
oan be seen that there is a protein peak at 280 nm, and a minor
peak at 575 nn, probably due to FAD. The reason for the absence
of a oharaoterlstio peak at 460 nm due to FAB is unolear.

Abaorbanos index. (E ) of the enzyme
lorn

was oaloulated as follows:
Sol ss optioal density (or absorbanoe) 

where
Oss oonoentratlon in grams/100 ml 
1 =  length of light path 1 on.

Sinoe the OB of a purified enzyme solution 
having a protein oonoentratlon of 0.26 mg/ml (0.026 grams/100 ml) 
was .525,

* =  *325 =. 12.4 Absorbanoe index
lorn •UWxlom

The molar absorbanoe index could not be determined as ths
moleoular weight of the enzyme is not known.

196
The speotrum of beef liver MAO reveals a

maximum at 410 nm, a plateau at about 450 nm and a shoulder
196around 480 nm. Tasunobu et al found the ratio of absorbanoe
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at £80/460 nm to be 1.1-1.8

Amino Aoid Composition  12fi
A 5 mg sample of tho lyophillzed enzyme

was plaoed in a Carlua oombuatlon tube, and auapondtd In 1 ml
of constant boiling HC1, radlatlllod from reagent grade. One
crystal of phenol waa added, and the aolutlon waa degaaaed
repeatedly until there were no more bubble8. The tube waa then
aealed under vaouum, and hydrolyzed for 20 houra at 110 degreea.
After opening the tube, the aolutlon waa taken down to dryneae

owith nitrogen in a 40 water bath. The re8ldue waa taken up in 
a known rolume (1.8 ml) of 0.£ M sodium oitrate buffer. pH 2.2, 
and plaoed on the amino aoid analyzer. (0.6 ml were added to 
eaoh oolumn).

Below la the amino aoid oompoaltion of the 
enzyme (based upon a value of 1 for oyatine)

aspartio add-— 4.2 oyatine----------
VAli

serine-— ------ 2.T methionine— —
glut ami o aoid— — 4.4 i aoleuol ne-— ----
pro line— ------ -2.4 leuoine----------
glyoine-— — — — 4.6 tyroaine-------------1.7

alanine— — — — — 8.8 phfnylalanine— —
lysine-— — --- 2.6
hi ati dine—
arginine---

From the above it can be aeen that leuolne 
and glyoine are present in the greatest amount.
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C-terminal group
2 mg of the lyophillzed enzyme wee

subjected to hydraslnolysle In a vaouum sealed tube for 24 hr s.o 56
at 80 , aooording to the prooedure outlined by Fraenkel-Conrat
and C. II. Tsung. following removal of the hydrazine by high
vaouum drying overnight, the hydrazi no lysate was redissolved in
the appropriate buffer, and put through an amino aoid analyzer,
using standard elution prooedures. the C-termlnal group was
found to be glyoine.

H-termlnal group
Repeated attempts to determine the ff-termlnal62

group, using a modi float! on of the BOman prooedure on 6 mgs of 
the lyophillzed enzyme, were unsuooessful. the PtH-amlno aoid

(oontlnued on next page)
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AarlYatlYsa wart ohromatographad on apoolal thln-laysr ailioa 
gal plataa with fluoraaoant Indicator, and oomparad with similar 
plataa ran with known PTH-amino aoid dariYatiYoa. On at laaat 
two oooaaiona a vary faint hut unmiatakabla fluoraaoant apot 
oorraaponding to tha poaition of lauoina waa idantifiad. fhia 
raault oould not, howavar, ha oonfirmad by hydrolyzing tha
PTH-dariYatiraa and running than through tha amino aoid analyzar.196b

Raoant work by Yaaunobu on tha H-tarminal 
group of baaf lirar MIO ha a shown that tha H-tarminal group is 
attaohad to a phospholipid moiaty, whioh must first ba ramorad 
by traatmant of tha anzyma with sodium dodaoyl sulfata, followad 
by tha usa of an appropriata organio aolrant. Iran with tha 
uaa of this msthod, tha raaulta hara not haan daflnitiYO.

In oonolualon, tha propartiaa of human 
lirar MAO aa outlinad abora oan bast ba oomparad with thoaa 
of monoamina ozidasaa from dlffarant spoolaa and tiaauaa by 
naans of a tabular summary aa shown balow.

COMPARATIVE DATA OH MOHQAMIHE QXIBASE 
FROM

VARIOUS TISSUES AMP BOOT FLUIDS OF DIFFERENT SPECIES 
Human llYor Baaf livar Rabbit livar

Dagraa of lfifi 67ourifioatlon Final aoao. aot. Soao.aot.
Of 44 6000-8000a
Spao.aot-1010 
* - 660*

66
270-fold

Sadimantatlon 
ooarfioiani 6.78*(0.06 M phoaphata 

buffar, pH 7.4)
14.4 (oonp.l) 
£0.6 (oomp.fi) (0.1 M phoaph. 
buffar, pH 7.4

* rafara to this thaala
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Findings on eliotrophoresla
Hunan Liver   *

Z aotive bands 
on polyaoryl. dlao eleotroph.

pH optlnmi 8,65*

Beef liver Rabbit liver
Single oomp. 
when oomp 1 & S analysed 
by etaroh son# 
eleotroph.Comp. 1-single 
band on 41 so 
eleotrophor.67 6Z
9.1-9.8 8.4

(kynuramine) 
9.2
(m-io&obenzyl-
amine)

pH at whloh 
enzyme ia iTsiab'lem08i

67
7.00

pH at whloh 
enzyme la 
least etable 8.9

Miohaeliaoonstanf” 1.7xl0~ M* at pH 7.4 (benzylamlne)
2.2xlO"Sl H^-77 uU (pH 7.4) (benzylamlne) (kynuramine)

Proathetlo
groups

Moleoular
weight

.071 ags IIB/ 
mg. enzymeor
approximately 
9 moles FAB/ 100.000 grams 
protein

67
4 FAB'a/mole (oomp. 1)
12 FAB*s/mole (oomp. 2 )Copper-0.17 ugs/ 
mg of protein

197
405.000 (oomp.l) 260,000
1.280.000 (oomp.2 )

Abaorptlon 
speotrum Maximum at 410 nm, Max. at 

plateau at 450 nm, 412 nm
Protein peak at 280 nm, with
minor peak at 275nm ^ith shoulder at

480 nm 196aRatio of absorbanoe 
280/450-1.1-1.2

Absorption 
ooeffl olent lorn



C-torminal
group

(80)
Huaan Lirer 
Glyoine*

Baaf liver

H-terminal
££OU£

Amino-aoid 
analysis

Unsuccessfully 
determined by 
usual means, possibly baoausa of prasanoa of 
a phospholipid moiety ■asking *-terminal 
group (Ref.196b)

Lauoina and glyoina 
In greatast abundanoa

Saa under human 
liver KAO

Degree of purlfloatIon
Bat llrer

ril
180-fold197
£08-fold

Pig brain B 173 
spao.aot.£760

Aspergillus Bigar 
crystallized

Bleotrophoresis
8 bands of enzyme aotiv.

homogeneous 
on oallulosa aoatata eleot. 
(£ bands if enzyms kept 8 or more weeks)

Sedimentation
constant 6.86.7 (197) 11.4

pH optimum 81,82
7.£ 1787.8

(aoting on 
tyramine)

7.6 (for n-butyl- 
amlna)

7.2 (for benzylamlne) 7.8 (for histamine)
8.6(for putrasoina)

Miohaelia
oonstan¥~

all at pH 7.0

a.bxio"4*(tyramine) 1.4xlO"®M 
(serotonin) 

1.8xlO"Tl (benzylamlne)

1.7x10"6M(benzylamlne)l.SxlO^8*(putrasoina)
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Rat 11Y T Pig brain Aeperglllua nlger
Proathetlo
MSSJm oontaina hound FAS Pyrldozal phoaphata 

(l£.l millimioro- molea of Cu/mg. protein)

Moleoular
wolgiii

197
£90,000 10£,000 £72,000
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Abaorutlon maximum ~~ £80 am and 480-600 
nm, with ahoulder at 410 nm

Bztlnotlon 
oo ̂  plant

lorn 11.8

Ratio of 
^£60nnand Ia h o w  
iJ80nm 7S505E 0*61 and 0.016

Beef train 
Degree of 80purlfloaTlon 40-fold

BOvlna kidney Rat heart
apao.aot.12,600
Fold puriflo. 
64.£

166
89-fold

Flndlnga on 
eleotrophoreala

£ oomponenta 
(oontinuoua flow)

Miohaelia
oonatanf"

86
pH optimum 8.6

648.6

4xlO~*M(tyramine)-pH 7.0
166

7.0



Moleoular

Absorption 
— otrum

Prpsthotlo 
nr onus

(82) 
Beef brain
400,000
(estimated)

Max.at 410nm, 
with broad shoulder at 
480-490nn

1 solo.of FAD/ 1.6x10® grams pro tola

lowlno kidney Rat heart

1 mole FAD/100,000 grams protein 8-8H groups per I0®gra*o protein

Max-4lOnm

Ponroo ofpurifioali on

pH optimum

Sodi— ntation oonstant

oonstant

Prosthetic 
C2BIf

Moleoular
rfa

* • *  pi Hon plaona
27

orystalllzod 
TurnoTor no.-42 
(Vo. of oubotrato/ 
nin/nolo of onsymo)

192
orystalllsoA.

7.4-7.4 (bonsylamino) 
7.2-7.4 (kynuramine)

8.1-8.2 8.06 (pH 7.0)(aoldlo or alkal. 
pH)
9.22 (pH 7.0)

1.0x10“** (ref.l92)-8xlO H foensylamine) (histamine)
(IL warlos with 2.0x10 pIPus well as ionio (bonsylamino) 
otrongth)

Hunan plasma
120

0000-folA

8.2xl0"*H (rof.120)

1-2 grams of oopper/mole of 
onaymo.Pyridoxal phosphato

OopporPyridoxal phosphato

weTgr 260,000 190,000
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Baaf plaaaa

Abaorjgtioa
aooatma lax. at 410 nm
  (alk. pH)480 lua (aoiAla pH)

Hnaan plaoantal
Dtgrta ofpurl ii. oaTi on 199

apeo. aot.-2600 
(400-fold)

Findimca on aiaotropbortaiaE danda of anzyna aotivity
Abaorptlon
aptotrua

■Ite
paak at 280 mi; 
ahouldar at 480 nm

Rabbit aertai
121

480-fold

▲baorption aaximua 
at 470 m
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FIGURE 2
CHROMATOGRAPHY OF PARTIAU-V PURIFIED HUMAN LIVER MflO ON SEPHADEX G-200

(Method #1)
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Symbols used:
O----- O Enzyme activity (units/ml.)
•_____ • Protein concentration (mgs/ml.)
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Tube No. (drops-120/ml)
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(faqrv vnowtratlon - 0*7$ mg/ml la 0*05 M 
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Tha stody was aads at 59,7*0 rpa at a taaparatura of 20° • Fhatafrapha 
wars takaa at 16 rirwta iatarvala aftar attaining tap spaad*
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TEMPERATURE-ACTIVITY CURVE OF HUMAN LIVER MAO
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ABEHEMIUS FLQX

00

oonstantArrhenius equation .= log -S . 1,
2.303a T

If log k (velocity oonstant expression) is plotted as ordinate, and
■“ line has the value of

or -0.219B.
1/T as abscissa, the slope of-S -  -  —

2.303k
Since slope - -4 , -0.219E -100 -4 • Therefore E (Energy of activation) 

19 is .961 kilo calories or
961 calories
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ST*BILI fI OF HiKiiM UVift HUHOArilHE QUCaSE

Curve l)-Frown ammonium sulfate ^  ̂
precipitate dissolved in
0.1 M phosphate buffer, pH 7*4 ^  ̂

Curve B)-A 1:20 dilution of the original liver ^
homogenate in 0.1M phosphate buffer,
pH 7.4 kept at 4 ^Curve C) -A 1:20 dilution of the original homogenate in 31 ^
am.no niun sulfate kept at 4 

Curve D)-A 1:20 dilution of the original homogenate in 0.1 M phosphate 
buffer, pH 7.4 kept at room temperature
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FIGURE la*
FLUORESCENCE EMISSION SPECTRUM 
OF HUMAN LIVER MAO AT AN 
EXCITATION WAVELENGTH OF 450 nm
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_____ Native enzyme after

digestion with 1% 
sodium dodecyl sulfate 
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FLUORESCENCE ACTIVATION SPECTRUM 
OF HUMAN LIVER MAO 

EMISSION WAVELENGTH AT 520 nm

Symbols used: iptfltn* t n m
_____ Native enzyme after

digestion with 1% 
sodium dodecyl .sulfate 
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