
TRI IFJ'BCT OF BEAT, INHDI'l'OBS AND IDOPLAVIN 

DBFlClBBCY ON II>NOAMINI OXIDASB 

By 

Moussa B. H. Youdim 

Thesis Subaitted 
to the Paculty of Graduate Studiea in Partial 

rulfill.ant of the aequirements for the 
Degree of Master of Science 

Allan MeaGrial Iuatitute of Psychiatry 
HCGill University 
Montreal, Quebec 

Depart.ent of Biocbemistry 
August, 1964 



- i -

ACDiœtiDGBMINTS 

I would lilte to express -.y gratitude to Dr. Theodore L. 

Sourkes whose encouragement and guidance served to pilot uae along 

the course of this work. On many occasions, his tnterest and en

thusiasm were the stimulants that enabled me to overca.e situations 

which otberwise would have been discouragiag. 

I would also like to express .y appreciation to Mr. John 

F. Moran for valuable discussions during the phases of this work, 

and to Mr. Gregory Gregoriadis for providing the copper-deficient 

rats. 

I thank Mr. George Berci for looking after the riboflavin

deficieat and pyridoxine-deficient rats. 

To Misses Susan Moses and Roswitha Przestrzelski, I ex

tend my appreciation for typing this manuscript and for their 

encouragement. 



- ii -

PIBFACI 

In 1928, Bare-Bernhetm deacribed an en~e that catalyzed 

the oxidative de•:Snation of tyrudne to p•hydroxybenzaldehyde, hyd.ro· 

gen peroxide and -..onia. It waa subsequently Observed that this 

enzyme, IIIOilOaaine oxidase (MAO), deaminates mauy amines, including 

adrenaline and noradrenaline to the corresponding aldehyde. 

Vith the introduction by Zeller et al. of iproniazid, --
a potent inhibitor of MAO, new channels were opened to study the 

role of this enzyme in the aetabolisa and inactivation of the cate• 

cbolam.ines. Soae of these catecholamines have been implicated in 

mental diseases. S ince then virtually huo.dreda of inbibitors of MAO 

have been diacovered and due to theae findings a number of applica-

tions have been aade in recent yeara to the field of the chemotherapy 

of mental diseases. 

Though aauy of these inhibitors bave been very useful 

in cheaaotberapy of mental dieorders, our k:nowledge of the nature and 

aechanisa of action of this enzyme is still very U.mited. Our knc:llf-

ledge ia limited to the recognition of certain types of coapound which 

cau act as either sUbstratea or iDhibitors. Up to now no adequate 

theory haa been put forward as to the structure•activity relationahips 

amongat subatrates or inhibitors, - though many tnvestigatora bave 

made speculations. 

One of the .ost Characteriatic propertiea of this enzyme 

is that it is bound to the particulate fraction of the cella and ia 
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very stable. 'l'he enzyme bas clefied IIBDY attempts at purification 

and solubilization. lt is tbought tbat the enzyme m.ight be an integral 

part of udtoebondrial aaembrane. As a reault, we laek basie informa

tion as to the nature, co-factor requirements and composition of the 

enzyme. ln recent years many investigators have pointed out that 

there m.ight be more thau one form. of the enzyme, isoenzyœes. Bviclenee 

for this bas been aeeumulating steadily. The only positive thing 

that one eau say about the enzyme is that it bas an •Sll group. 'l'here• 

fore, it bas beeoœe neeessary, if any progress la to be macle, to take 

a new approaeh to the basic information we are lacking of the enzyae. 

Sinee it waa known that the MlO is rather stable on 

storage, it was thought wortbwhile to study the procesa of inactiva

tion of the enzyme by beat, and to do this at different pll's. The 

activity of pll curve of heat-inactivated preparations of the enzyme 

gave two peaka. This result led us to study the properties of tbese 

two peaka. Witb the use of inbibitora of MAO and chelating agents 

it bas been possible to inhibit seleetively eaeh of these two peaks. 

Studies were also earried out to eliœinate any artifact wbich might 

be responsible for the appearance of a second peak. 
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I. IHTB.ODUCTIOR 

A. l.eview of llonoaaine Oziclase 

1. Definit:IDn 

Classification of the aaine oxidase is at beat beset witb 

difficvlties and it is important to define moaoamine ozidaae in auch 

a mannar that Ddsuaderstandinga are reduced to a ad.ni.DP.a. The naae 

given to the individuel enzy.ea depends on the type of substrates 

which they ozidize, i.e., aonoamines by aonoaaine œidase, diaaines 

by diaaine oxidase, benzylamine by benzylamine oxidase, and sper.ine 

by speraine oxiclase. Stace the substrate specificity displayed. by 

each enzyae is not perfectly sharp, this classification ia unaatia• 

factory (Foute, Jlanksaa, Carbon and Zeller (1)). It has been fouad 

convenieat to ue the teru taODOaaine oxid.ase (MAO) aad diaaiae œi• 

dase (DAO), stace the distinction between the two enz,aes bas been 

supported by data on the specificity of iahibitors for the se enzymes. 

Bence it i.e taportant iD the cheracterization and identification of 

tbese enzymes to eaploy criteria in addition to substrate specificity. 

Stace in the course of uny investigations on the substrate and in· 

hibitor pattern, quantitative and qualitative differences have ap

peared among oxidases of different origin, the sy.bol MAO does not 

represent a single entity, but an tm.ensely large namber of cloaely 

related catalysts, Zeller (2,3). The ..-bers of this group of bomo

logous enzymes (2), are characterized by their inaensitivity towards 

unaubstituted acylhydrazides e.g. semicarbazide and by the aaae 

classical equation of oxidative deamination. DAO il coapletely in-



hlbited (4), as are the other aaine oxidasea (5,6,7) by sealcarbazlde. 

Many monoaubatituted alky1- and ary1hydraztRes inhibit both DAO and 

MAO (8) white moaoaubstituted acylhydrazinea and hydrazine itself, 

tnhibit DAO (9) ezclusively. Monoatne oxidase •Y therefore be 

defined as the enZJIDe whlch :18 responsib1e for the oxidatlve deaatRa• 

tion of auch amines as adrenaline, isopropylaœlne, 3,4•dihydraxypheae

thy181ltne, serotontR, and tyratne. (Kcmo .. tne oxldase, oxidoreduc• 

taae (deaminatin& 1.4.3.4)). 

2. Bistorica1 

Schaiedeberg in 1877 dlscovereè that benzyl•ine given by 

aov.th to èogs waa excreted as benzoylslycine. Be recognized that 

this tnvolved the interaediate formation of benzoic acld and thus 

furnished the first indication that saines could be degraded in vivo --
by dea.tnation. It has aince been eatabliahed that benzyla.ine oxi• 

dase ie a distinct enzyme belonsins to the aemicarbazide-senaitive 

group of oxldases. 

ln 1910 Etrilla and Laid1• (10) showed tb.at when tyramine 

ie added to the perfusion fluld of the cat or rabbit 1iver it could 

be dea.lnated to p-hydroxyphenylacetic acid ln a 701 yield. S:lx 

yeara later GuggeDheim and Loffler (11) in slmilar experiment demon-

strated transformation of phenylethylamine to phenylacetlc acid. 

Rare (12) and later Beruheim (13) described the presence of an enzyme 

called "tyraaine oxidasen (tyraad.nase) in 11111111D&lian tissues. At the 

saae time B1aacbko, Richter and Schloaamann (15) and Kohn (16) deacribed 



an enzyme whicb waa capable of oxidizing acb:enaline. lt was concluded 

indepenclently by Blaschko' s group (15) • K.obn (16), and Pugh and 

Quastel (17) tbat "tyraai.D.e ozidase", "acb:enaline ozidase", and "ali

ïbatic audne ozidase" were ideD.tical. lt was Zeller (2) who clasai

fied this enzyme as monoaœine oxidase on the basie of what was then 

known about its substrate specificity. 

At first it waa tbought that the deaa.ination process waa a 

result of hydrolytic action, 

(1) 

the alcohol forœed being furtber oxidized to the correaponding acid 

(11). It was Bernheiœ (13) who auggested the possibility of an 

oxidative pathway and formulated the reaction as 

B. - œ2 - HB2 + o2 

R- œ • NH + H20 

B. ... œ • NH + B2o2 

--+) a - œo + n 3 

(2) 

(3) 

The above equations give a true picture of the reaction when catalase 

ia absent. However in crude tissue preparations catalase is usually 

present and the hydrogen peroxide is broken clown as follows: 

H202 ) u2o + 1/2 02 (4) 

which leaves the overall reaction catalyzed by MAO to be 

a - œ2 - n 2 + 1/2 o2 -----;,. a - œo + w3 (S) 

Therefore one atoœ of oxygen is uaed fot each molecule of subatrate 

oxidized. lt bas been shown by Bernhe~ (13) that the oxygen con

suaption varies from one to four atome per mole of substrate depending 

on the pH of the Mdiu., age, and concentration of the enzyae prepara

tion. However, in the presence of cyan ide only one atoa of oxygen 



per mole of substrate is taken up. This led many tnvestigators (18, 

19,20) to add cyanide to the incubation llixture. Creasey (21) has 

shovn the difference in oxygen consuœption to be due largely to fur

ther oxidation of the aldehyde. Most of these aldehydes, undergo 

spontaneous oxidation in the presence of air. He concluded that if 

seaicarbazide and c:yanide are present in the incubation mixture this 

would eliainate the endogenous oxygen uptake of curde MlO preparations 

and thus manoaetric aeaaurement would be a truly quantitative process. 

The formation of aldehydes waa êemonstrated by &ichter (22) 

by the cheaical and crystallographic analysis of the 2, 4-dinitro

phenylhydrazonea. Using tyr amine, Richter repeated Bwins and Laidl•' s 

expertœents mentioned earlier, and recovered the aldehyde quantita

tively as the seœicarbazide. lt vas necessary to trap the aldehyde 

with seaicarbazide, since further oxidation to the correspondin& acid 

occurs apontaneoualy. Be a lao datonatrated that one 110le of aaaonia 

is liberated for each atoœ of oxyaen consuœed or, in the case of 

aecondary and tertiary amines, one mole of a volatile alkylated amine. 

3. Occurrence 

Monoamine oxidaae bas been found in all cla1aes of verte• 

brates tested and in many iavertebrates (15), includina the mollusks 

(23-25); it also occurs in aonelids e.g. the earth worm (26,27). 

Blaschko (28) recently has studied the oxidaee activity and its pre• 

eence in the cockroach Perielaneta americana. Many investigatore 

have alao studied amine oxidase 1n plants. This enzyme is senlitive 

to semicarbazide and carbonyl reagenta. 
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The enzy.e occura ta the tiaauea of many vertebratea. 

Bhagvat, Blaachko, and Bichter (29) studied MAO in many antœals. 

They fouad very high activity in the livers of oxen, pigs, rata, md 

aheep. ln all speciea the kidney levels were alao hish, with the 

exception of rats. Very hish activity bas been found also in the 

blood vessels, intestine, ancl stoaach of various speciea. The enzyme 

is also found in nervoua tiasue, in the gonade, in 81100tb muscles, 

and in amaller amounts in cardiac 111U8cle. The heart alao conta ina 

MlO activity, but here there ia a œarked species differences. Other 

organe auch as adrenala, lunga, pancreas, placenta, thyroid, spleen, 

and uterus all have MAO activity in the ....allan species studied. 

Strollblad (30) studying MAO activity in man bas sbown tbat the paro

tid and the aubmaxillary gland represent the richeat source of a.ine 

oxidaae encountered. MAO activity bas alao been foUDd in the ptneal 

gland, neurohypophysia and brain of albino rate by Barbara Smith (31). 

Walkea and Coburn (32) have demonatrated the presence of monoamine 

oxidaee in erythrocytes; the enzyme catalyzes the oxidative deaatna

tion of serotonin. Badclox and co-workera (33) atuclying MlO activity 

in erythrocytes of rheuaatica found altered MAO activity in rheumatic 

patienta. The presence of an amine oxidase, oxidiztng benzylaraine, 

in normal human serum bas been shown recently by MCEwen (34), but 

it seema to be absent from the skeletal muscle. 

The Malpighian tubule of the cockroacb bas the b::lgheat MAO 

act::lvity in that animal. Activity bas alao been d..onstrated in the 

gaatric ceca, the m::ld and hindgut, the flight muscle, whole heacl, 

and the fat bocly (28). 
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Pugh and Quastel (14) vere the first to study MlO activity 

in the nervous tissue. 'they found that the brain was very active 

in this respect but not as active as the liver. With the finding 

of MAO activity in the stellate ganglion of the dog, other iavesti• 

gators searched for the enzyme in other structures with adrenergic 

innervation. In 1952. Robinson (35) showed the presence of MAO in 

the nictitatin& membrane and tris of the cat and rabbit. The con• 

firmation of this ca.e as the result of the works of Koelle and his 

co~orkera (36). This is in agreement with the assomption that sub

stances such as tyramine and serotonin and adrenaline are protected 

froa breakdown by the blocking of MAO by iproniazld, an inhibitor 

of MAO. It is interesting to note that the earlier view on the op

tical specificity of the enzyme is in contrast to the resulte obtained 

by Belleau, Burba, Pindell and R.eiffenstein (37). They have been 

able to show a marked increaae in the potency of sympathoaiœetic a.t

nes produced by tœreospecific deuteriua substitution, an observation 

which led them to postulate that monoamine oxidase may be the enzyme 

involved in these isotope effects. They further reported (38) the 

discovery tbat Wben tyrs•ine is labeled asymmetrically with deuter

ium at the a-carbon position the enzyme exhibits sterospecificity. 

Their result indicates a three-point contact between the enz,me and 

substrate. They have further shown that MAO in the nictitating aea

brane shows the same absolute optical sterospecificity as does the 

enzyme in rat liver, tberefore suggesting s~ilarity between these 

enzymes from different tissues. 
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4. Properties 

Of all the tissues studied, in rata the liver ia the most 

active source of the enzyme. The .ost cbaracteristic propertiea of 

monoaaine oxidase ia its association witb intracellular organelles, 

the" insoluble11 fraction of the tissue and ita action on amines. In 

determining the MAO activity of various fractions of rat liver homo

genate, Hawkins (39) found tbat about two-tbirds of the enzymatic 

activity ia present in the aitochondria and about one•third is pre• 

sent in the œicrosomal fraction. In 1951, Cotziaa (40) studying the 

aa.e properties, obtained resulta tbat confiraed BawkiDB' findings. 

Blaschko (41), workin& vith bovine adrenal œedulla, bas supported 

the above findinga. Be bas observed that wben freahly prepared parti

culate fraction, i.e., the particles sediœented at 15,000 XG froa 

the supernatant of homogenate Which bad originally been centrifuged 

at about 1000 XG, is layered on a sucrose density gradient, the 

gradient bas •ine oxidaae activity only in the œitochondrial frac

tion, the layer that containa both succinic dehydrogenase and fuma

rase (41). It is generally accepted tbat the microsomes and mitochon• 

dria account for the total activity of the liver homogenates. 

With the findings of Hawkins one œay ask if monoaaine oxi

dase be considered as a single entity. Werle and Roewer (42) were 

able to separate enzyœes from animal sources capable of oxidizing 

only alipbatic moaoamines and only aromatic aatnes. They caae to 

the conclusion that there is more than one type of MAO. Alles and 
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Heegard (43) in their etudies tested a large nu.ber of aubstrates 

vith enzyme froa liver extracts of different speciea and found aaarked 

species differences as judged by the relative rate of oxidation. 

Satake (44) has suggested that MlO may be a aixture of en• 

zymes wbich have different substrate specificity and each tissue aay 

have a distinct distribution of the aixture. The etudies of Wieland 

(45)with lactic dehydrogenase are a constant reainder that MAO could 

be a mixture of enzymes which are electrophoretically distinct, aiai-

lar to the isoenzymes of lactic dehydrogenase. 

Gorkin (46), vorking vith rat liver aitochoDcJria, has beeu 

successful in partially separating two aaine oxidases attacking two 

different aaines. It seeas likely that aonoaaine oxidase aay repre• 

sent a coœplex systea of amine oxidases vith relatively narrow sub
(48) 

strate specificity (47). In another paper Severina and Gorkinfworking 

with two arall~yl aaines, tyraaine and benzylamine, have been able 

to inhibit aelectively the oxidative deaaination of the two aœines. 

The data obtained are explained by assuaing the axiatence of eitber 

two different atructure-bound amine oxidasea in rat aitochondria or 

of two catalytically active sites on the enz,ae. The presence of 

aore than one enzyme has also been suggested by Barbato and Abood 

(49). In kinetic etudies on the inhibition of the oxidation of aero-

tonin and tyramine by rat liver 111itocbondria, Hardegg and Heilbron 

(50) bave come to the conclusion that the two substrates are probably 

oxidized by two different MAO. Their resulta show tbat two enz,aes 

aight be reaponsible for the oxidation of tyraaine. The activity 
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versus pB curve of enzyme in the presence of phenylcyclopropylamine 

gave a second maxt.uœ at pH 7.0, suggesting the presence of two mono

a.ine oxidases not equally sensitive to pbenylcyclopropylamine and 

iproniazid (49). Youdim and Sourkes (51) in their etudies bave shown 

stmilar results. 

The evidence supporting the homogeueity of monoaadne oxidase 

can be quoted as (a) oxidative deamination of representative substrates 

occurs in all tissues in wbich aaine are oxidized; (b) when two sub

strates are incubated together at the seme time, the oxidation rate 

of the two substrates is intermediate between the rates of the two 

a.ines wben each is tested separately. ln order to clarify the ques• 

tion of homogeneity, purification of the enzyme or enzymes will have 

to be carried out. 

Ever since its discovery many attempts bave been made to 

pur if y the enzyme, but up to now, no one bas been snccessful. One 

of the beat purification procedures is that of Ganrot and aosengren 

(52). They have been able to purify the enzyme 600-fold 

vith the use of detergent and bile salta. Acetone•dried powders of 

organe of sosae species can be prepared and stored for many months 

without losa of activity. Also preparations in isotonie sucrose 

(0.25M) can be stored at room t•perature without too IIUCb losa in 

activity and at oo degree for several weeks. The enzyme is inacti• 

vated at pH of 5.0 and at pH of 9-10. Davison (53) bas found optilma 

pH for tyramine oxidation to be 7.4. 
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5. Cofactor &eguirements 

In spite of the three decades wbich have elapsed since the 

discovery of MAO relativel y little is known about its chem.ical con• 

stitution. At present there is no evidence of a prosthetic group on 

MAO. The fact that the enzyme is insensitive to most carbonyl reagents 

seems to eliœinate pyridoxal phosphate as a cofactor. Rats on a pyri

doxine-deficient diet showed more or lesa normal levels of MAO (54~ 

Richter (55) suggested tbat it may be a flavoprotein, due to the 

sbailarity of oxidative reactions of this enzyae to D•amino acid oxi

dase, a flavin dinucleotide containing the enzyae. Mahler (56) bas 

included this enzyae in bis classification of yellow enzymes. The 

first etudies on the cofactor of the enzyme were done by Hawkins (57). 

Ber experimenta demonstrated that there was a decrease in the MAO 

activity in the livers of riboflavin-deficient rats and postulated 

that the vitamin is iuvolved in the synthesis of the enzyae. Sourkes 

(58) bas been able to confira these resulta. Other indirect evidence 

for the role of riboflavin in the action of MAO coœes from the fact 

that atebrin, an antagoniat of f~vin enzyme, inhibits the oxidation 

of adrenaline (59) as well as isoaylaaine and tyr•ine (58) • 

In 1942, Priedenwald and Berrmann (60) suggested that MAO 

possesses a sulfbydryl group which ia essentiel for activity. The 

en&yM was inhibited by heavy metals auch as mercury, arsenic, and 

ail ver. The same iuvestigatora showed that reversal of inhibition 

by mercury can be achieved vith glutathione and cysteine in the pre• 

sence of cyanide. However, it was later shawn (61) that cyanide 

--------- ----··········--~---~ 
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reacta with the organo-aetallic reagent used in the above experimenta 

and this accounted for the reactivation. 'l'be ata.dies of Lapado aud 

Sourkes (62) have greatly actvanced the role of an •SB group necessary 

for activity. They found that a n-.ber of sulfhydryl coarpounds auch 

as dt.ercaprol, thioglycollic acià, cysteine and cystine exert inhi· 

bitory effects !!~v~it~r-o. This is in agreement with the fact that 

the sulfhydryl group functions in the oxidation of the substrate and 

that an excesa of some ·SB compound or of a diaulfide could inhibit 

MAO at one stage of the catalytic process. The studies with sulf· 

hyd.ryl compounds provide strong evidence that an •SB group ls essen-

tial in the activity of the enzyme. 

Tbere haa been some interest in deterœining whether the 

enzyme contains a heavy aetal. An extensive survey of the action 

of many aetals on the en~e (62) bas revealed that MlO is activated 

by a nœaber of ions. In high concentration the corapounds inhibited 

MAO. Gorkin (63) bas been able to inhibit reversibly MAO of rat liver 

and brain mitochondrie by various chelating agents auch as 8-hydroxy-

quinoline, eyelohexanediaaine tetraacetate and diethyldithiocarbonate. 

Keversal of inhibition eaused by 8-hydroxyquinoline and cyclohexanedi· 

amine tetraacetate 1s achieved by addition of some divalent metals, 

in particular the ion of zinc and copper. The asthor concludes that 

MAO bas the properties of a true metalloenzyae. The inhibition with 

cbelating agents can be reversed also by dialysis against distilled 

water. Green (64) studying the effect of hydrazine derivatives of 

MAO inhibitors, bas postulated that MAO 11 a copper•containing enzyme 
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and that inhibition by hydrazine derivatives resulta froa a copper-

catalyzed liberation of free radicale in the vicinity of the enzyme's 

active centre. This is by no œeans a proof that the enzyme bas copper 

as metal radical. 

There have been suggestions tbat MAO, like other oxidases, 

may consist of a dehydrogenase linked to a respiratory chain. The 

only etudies on this system have been carried out by Lagnado and 

Sourkes (65). They have shown the existence of a tetrazolium reducw 

ing system in which amines play the role of substrate. Their experi-

ments do not permit a decision as to the nature of electron transport 

system. They have also shown a requirement for a beat-stable cofac-

tor present in boiled extracts of rat brain in this system, although 

its identity remains unknown. Whether the enzyme bas flavin nucleo-

tide vhich acta as the primary electron accepter is left unansvered. 

6. Procedures for the Measureaent of MAO Activity 

Tbere are mauy methods available for the œeasurement of 

mono811line oxidase activity. The usual procedure h the manometric 

assay of Creasey. Any amiue cau be assayed by this procedure. There 

are a number of drawbacks in this method: (1) there is lack of sensi-

vity; (2) unless cyanide is added, it is difficult to determine if 
~ 

the oxygen uptake is due to the MAO-catalysed reaction alone; (3) 

Aebi (66) bas deaonstrated that relative substrate-enzyœe affinities 

can be varied by varying the oxygen tension. A more accurate method 

of assaying MAO activity is to measure aaaonia liberation but this 

is hampered by technical difficulties.· 
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Udenfriend (67,68) bas deve1oped severa1 methode for speci

fie substrates, auch as tyr .. ine and serotonin. Both of these are 

good substraaes of MAO. The method is baaed on the extractton of 

the aœine froa a1ka1ine solution and then re-extraction into d11ute 

BCl. The acidic solution can then be assayed spectrophotometrically, 

colortmetrically, or by spectrofluoroaetry dependtng on the type of 

.. ine and the sensitivity desired. 

Green and Baughton's (69) assay consista of trapping the 

aldehyde, formed by oxidation of amine, as seaicarbazone followed 

by conversion to the 2,4-dinitrophenylhydrazone which is then deter

mined quantitatively by apectrophotometric means. The procedure is 

not suitable for large-ecale incubations due to tediousness. 

One of the better assays of MAO is that of Weissbach, ~ 

!!• (70). The procedure consista of oxidizing kynuramine to the 

aldehyde, wbich undergoes non-enzyœatic intramolecular condensation 

to 4-bydroxyquinoline. The reaction can be followed in a spectrophoto

meter either by measuring the disappearance of kynuramine at 360 ~ 

and/or the appearance of the product, 4-hydroxyquinoline (315 or 

330 ~). 

Gorkin (71) has developed a simple, rapid and accurate method 

for measuring aitochondrial MAO activity. The aethod is based on 

observing benzaldehyde formation during enzymatic deamination of benzyl

aœine at 250 ~ in a spectrophotometer. 

Several authors (72,73) bave developed very sensitive methode 

suited for etudies on organe with law level of enzyme activity auch 
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aa dog'a heart, or on a .. tl aamplea of tissues, auch as ~athetic 

ganglion. The methocls depended on the meaaurement of deaainated 

metabolites of tryptaaine-indoleacetic acid. 

7. Substrate of Hono•ine Oxiclsae 

The enzyae displays a l~ited aubstrate specificity; it 

deaminatea a large variety of aminee of the general for.ula a - CH2 - NH2 

where a ca be a subatituted aryl or alltyl group or even an ainoalk.yl 

chain, and it appeara that it can even oxidize a greater variety of 

diaainea than diaaine oxidaae itaelf. 

The subatrate specificity of HlO is affected by the presence 

of a second aine group as in diaainea of the type NH2(CH2)n.&2; the 

affinity of the enzyme for the lower aembera of the series (froa n•2 

to n-6) is decreaaed. The oxidation of ..abers having methylene groups 

above 6 increases vith chain length. The maxiaum rate of oxidation 

ta reached with n•l3; beyond this, the rate of oxidation decreases 

with the increase in chain length (74,75,76). It is not well known 

what is the reason for the disturbing influence of the second aœino 

group. It bas been postulated that as the nUIIber of •thylene group 

in the chain increases, the orientation of the di .. iae at the enzyme 

surface takes a st.ilar configuration to that of the .ano .. ines. 

Tbe members of the aliphatic series, ca3.(ca2)nNR2, are 

substrates for the enzyme. The loweat .-ers are not u.aually attacked.; 

metbylaine is not attacked at all, whereas etbylaaine is oxidized. 

slowly by MAO. Cettle liver is an exception. The rate of oxidation 
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la dependent upon chain 1eagth, the reaction velocity increaaea to 

a maximum wbere n-4, n-5, thea decreaaea. The atraigbt chai.a aine 

vith n•18 ia not oxidi.zed by MAO, wbereaa :l.aouaylllllllne, a IDelllber of 

the branched chata aliphatic amine ia oxidized read11y (15,77). 

Aroauatic amines auch aa aniline and related substance are 

not oxiclized at all (15). lenzylaine and its para-sulphamide deriva

tive are oxidized very alowly (78) by MAO an4 the rate of oxidation 

riaes urkedly vith the h0110logue, ,.phenethylaaine. Zeller (79) 

bas pointed out that meta-substituted benzylamines are better aub

strates than the corresponding ortho- and para-iaoœera, regardleas 

of the effect of the substitution on the electron distribution within 

the aromatic ring. The derivatives of ,.phenethylamine include many 

"biogenic adnes", auch aa tyr88line, dopaine and noradrenaline. 

They have become clasaical aubatrates. 

B.aadall (80), atudyiag progressive R-methylation, fouad in 

a aeriès of substituted pbenylethylaataea that the prlmary amines 

vere oxidized more rapidly tban tertiary or secondary amine. lt bas 

also been shawn that if N•subatituent increases in aize, the rate 

of oxidative deamination is m.uch lower. Quaternary aaaonium coœpounds 

are not degradecl, though it bas been shown that an N•oxicle can be 

oxidized (81). 

The pbenolic derivatives include coœpounds wbich are the 

most important naturally occurdng substrates. Theae include deriva

tives of phenethylamtae, tryptam.ine, and histamine. Tyraaine, aero• 

tonin, 3-byclroxytyrami.ne (dopaine), norepinephrine, and epinephrine 
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belong to this group. Para-hydroxylation of phenethylaminea leada to 

compound& becoming more readily oxidizable thau the parent compound 

and the meta-aubatituted analogue ia better thau the ortho•aubatituted 

compound (82). The ortho-methoxy cCMapounda are not as readily oxi

dizable as the para- or the •ta-methoxy compounda. R.andall (80) 

bas auggeated that chelation vith a metal occura between the amine 

and ortho-hydroxyl groups, thu interfering with complex formation 

between the metal, and aethylation would tnhibit this interaction 

thus facilitating the formation of aubatrate•enzyme complex. On the 

other band, •thylation of the 3-hydroxy group in adrenaline or nor

adrenaline haa no affect on the oxidatiou rate of metanephrine or 

noraetanephrine produced (76). Hydroxylation of tryptamine at S posi• 

tion resulta in the formation of aerotonin wbich ia a good aubatrate. 

Substitution at 6 or 7 position producea compound& which are oxidized 

at a alower rate thau serotonin (83). Para-hydroxylation of benzyl• 

amine gives resulta opposite to thoae in the phenethylaaine series 

(84). A lower affinity for the enzyme resulta with an increase in 

the length of the aide chain of phenethyla.ine to phenylpropylaaine 

or phenylbutaaine (85). However kynuraadne il a good aubstrate but 

reduction of the keto group to an alcohol resulta in auch alower oxi

dation. 

Zeller bas publiahed many papers (85,86,87,88) on aubatrate• 

activity relationships and mechaniam. Be bas emphasized the impor

tance of a "phenethylaaine backbone" and in order for the amine to 

act as a aubstrate, the presence of two a-hydrogena are required. 
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Conaideriug tbat iso8111ylaaine and kynuramiue are good aubstratea vb.ereas 

aescaliue is a poor substrate, Zeller' a postulation of "pheaethylamiue 

backbone" seeaa unlikely as a prtmary requisite for a compound to 

act as a aubatrate. lt is also objectionable to postulate that a 

hyèrogen a to the aaf.no group of a subatrate or inhibitor can enter 

into covalent bond f~tion with an ill defined active site during 

the process of binding on to the enzyme (19). Belleau, Fang, Burba, 

and Moran (89) ustng a and s-a-d tyramine clearly bave establiahed 

that the two a-hydrogena are not equivalent for the enzyae • 'l'bey 

explain this result by asaumiag a three-point contact between substrate 

and the enzyme. 

8. lahibitora of MAO 

As already mentioned in the preface, the iahibitora of MlO 

play an important role in the chemotherapy of .antal diseasea. The 

aub ject bas been reviewed by Zeller (90) • l'be inhibi• 

tora of MAO cau be grouped in two classes: 

(a) Reversible IDhibitors. 

Alliœ s in which the a-carbon bears a aaethyl group are not 

oxidized by aonoaatne oxidaae, but may act as a COIIPetitive inhibitor 

of the enzyme and the inhibition 1s readily reversible. Such is the 

caee with P•phenylisopropylamine (a.phetamine) (91), ephedrine (92), 

and 2-aDino-4-metbyl n•butane (93) • Blascbko bas pointed out that 

411phetatne is a better tnhibitor tban ephedrtne. 'l'be general for• 

mula for the aide chain of the inhibitor is -œ
2 
-œ.~ ).œ

3 
and ia 
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valid for other aatnes e.g. 5-hydroxyindole series. As in the case 

vith the sUbstrates P·hydroxylatioa lowers the affinity for the en• 

zyme. Others in the class of reversible inhibitors tnclude auch pot-

eut inhibitors as harmaline (94), and hermine (95). 

Blaschko and Duthie (74) reported that mono and diguaaidines, 

diisothiourea derivatives, and mono and diamidines also tnhibit the 

enzyae. Octanol (96), cocaine and related anesthetics {97), and 2· 

aainocyclohexyl•p•tolyl ether (93) repreaent a variety of inhibitors. 

Another iahibitor which is of great tmportance is quinacrine (atebrin). 

Inhibition by this campouo.d cau uot rule out the presence of ribo-

flavin prosthetic group. As meutioned earlier many chelating agents 

auch as 8-hydroxyqutnoline, o-phenauthroline, diethyldithiocarba .. te 

(63), and theooyltrifluoroacetone (51) are reversible iDhibitors. 

Inhibition by 8-hydroxyquinoline has beeo shown to be competitive 

(64). Bowever it should be noted that uumy of the above coapouuds 

have l~ited or uo inhibition in vivo (98). --
(b) Irreversible Inhibitors. 

With the discovery in 1952 by Zeller and hia group (99) 

of a potent MAO inhibitor, iproniazid (l•isonicotiny•2•isopropyl• 

hydrazine) there revived a great interest in monoaaine oxidase tohi-

bitors as pharmacological agents. Pletscher' s aonograph on 11
1110110• 

aadne oxidase inbibitors" (lOO) iucludes over a thousand references. 

Zeller' a group (101) have established that MAO is inhibited by com-

pounda possessing the structure •N•NB.R, while diaœine oxidase is 

inhibited by hydrazines vith the general structure • H-NB2• A few 

hydrazines inhibit both enzymes effectively auch as phenylbydrazine. 
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The m.ecbmisa of MAO inhibition by hydrazines is not well 

understood. It was tbought tbat before ipronlazid cau act it ls con

verted into an effective compound, isopropylbydrazine. It was Seiden 

and Westly who deaonstrated the conversion of iproniazid to isonico

tinic acid (102). lsocarboxazide l·benzyl•2•(S~thyl-3-isoxazolyl

carbonyl) hydrazine; Marplau a hyd.razide iubibitor is converted to 

benzylhyd.razine. 

Hydrazine inhibitors bave aroueed the greatest interest 

in a symposium (103) on MAO; hundreds of new MAO inhibitors were 

discussed. Green (104) bas investigated benzylhydrazine .nd phenyl

ethylhydrazine aad soae of their derivatives and could not arrive 

at any generalization in the effect of structure on the inhibitory 

potency of either the arylalkylhydrazines or the bydrazide. Biel 

and his group (103) have arrived at the saœe conclusion. Making 

substitution on the molecule (104) tends to vary the inhibitory ef• 

fect. The inhibitory power vas reduced when the phenyl group 1s 

loaded with a large substituent. The substitution of one of the 

hyàrogen atoaa attached to the a-carbon bas the same effect. Sub· 

stitution on the pbenyl ring witb a single small radical group bas 

little effect and sligbtly increaees the inhibitory activity. ln 

order to get a marked inhibitory effect, it is necessary for the en• 

zyae to react vith the inhibitor for some tilDe before substrate is 

added. lt bas been shown by Davison (lOS) that there ie a decrease 

in the extent of inhibition when the enzyme and inhibitor were incu

bated in the presence of nitrogen instead of oxygen. Schwartz bas 

been able to confira this for iproniazid but not vith isopropylhydra-
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zine or isocarboxazid.e (106). Studies with other hydrazines have 

given similar resulta to tbat of Davison. It was observed that some 

of the co.pouncls studied (107) display profouad organ specificity 

which leuds support to the previous1y mentioned isoenzyœe suggestion 

(cf. page 8 ) • 

Maass and Ni.Jr.lao (107) were the first to report the !!!:. .!.!!.2 

and!!!:, vitro inhibitory action of 2-phenylcyclopropylaaine (Parnate) 

firat ayntheslzed by Burger and Yoat (108). In their etudies they 

reported a non-competitive inhibition of rat liver MAO, and a 501 

inhibition vas obtained at a concentration of 2.8 x to·~. This re-

presents an eleven hunclredfold increaae in poteucy over a.pheta.ine 

and iproniazid respectively. Since then many investigations bave 

been carried out to search for new non-hydrazine inhibitors. It was 

reported by Zeller (109) that cyclopropylaaine is inactive whereas 

N• .. thyl and R•dimethyl•2•pheuylcyc1opropylamine are active (llO). 

Pargyliae (N•benzyl-H-methyl-2-propylamine) was firat re

ported at the federation Proceedinga in 1959 by Taylor and Wykes (111) 

as an inbibitor of MAO. The autbora iDdicated a 501 inhibition of 

MAO at a concentration of 9 x l0-7M, in the seme test systea. ipro

niazid inhibited at a concentration of 7 x 10-~ wbich is several 

times lower thau usually observed. In another paper (112), theae 

authors state that their compound is seven times as potent as ipro• 

niazid wbereaa 2-phenylcyclopropylamtne is 1000 times 8s potent 8S 

determi.ned by Ozaki (95). In a recent paper Swett et al. (113) have --
studied the effect of varioua groups on the iDhibitory strength of 
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the molecule. Baloaeaation of the benzyl raclical at ortho or para 

position ia the most effective in increasiDg the iahibitory activity. 

Ortho- ancl para-hyclroxylation ancl alkoxy derivatives cause a clecrease 

in the !! !.!.:!!! iahibitory activity. 

lecently Ozaki !S!!• (95) reportecl a thorough investiga

tion of over 80 compouncla for !! ..;.v,;;;,;it;:;;;r.-.o inhibition of MAO but they 

were unable to establiah structure-activity relationships. The autbora 

clemonatratecl that aclreaaliae iahibitecl serotonin oxidation wbereas 

Blaechko previously abc:'lvecl that this compouncl 1s a aubatrate (15). 

One coulcl uacleratancl this .ore fully if one considera that a compouncl 

with hiah affinity for the enzy.e, but not oxidized at a rapicl rate, 

can nevertheless act as a substrate competitor for another compound 

whose affinity and oxiclation rate are high. 

9. Stereospecificity of MlO 

One of the .ost characteristic properties of the enzyme 

is the relative lack of optical speeificity, in aclclition to the lack 

of subatrate apeeificity. The enzyme does not clistinguiah completely 

between the iahibitora cl anet 1-aaphetaœine (114) or between cie and - - -
trans•2•phenylcyclopropylamine (109). But aoœetimea a atriking stereo-

specificity ia obaervecl as in the case of t-alanine iaopropylamine, 

a very active iahibitor of MAO, whereaa tb! ! fora ia alaost inactive. 

Bowever, with eerine derivatives stereospecificity ia mach lesa pro-

nounced and vith the leucine and the phenylalanine isorpopylbydrazine 

ia absent (90). It ahoulcl be notecl that the resulta obtained vith 
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the above hydrazicles are froa etudies in vivo; they are in contrast --
to the resulta vith ampbetaaine and pbenylcyclopropylamine wbich are 

based on ~ vitro etudies. It ie possible tbat the in vivo stereo---
specificity can be attributed to selective transport mecbanisma or 

more probably to the specifie hyclrolysis of only one optical form 

of derivatives of phenylcyclopropyla.ine and ampbetaaine prior to 

the establishment of the MAO inhibition. 

rroœ the above consideration, it is obvioua that the stereo-

specificity reported by Belleau ia not an absolute one. 

Belleau•s prel~inary !2!!!2 etudies (37) have demonstrated 

a marked increase in the potency of syœpath~tic amines produced 

by stereospecific deuterium substitution on the a-carbon of tyramtne. 

This auggested that MAO may be the enzyme reaponsible for oxidation 

of the substrate even though it is syaametric in its naturel fora. 

10. Physiological Iole of MAO 

Witb the discovery of potent inhibitors of the en~e, new 

channels were opened to investigate and gain au insight into the role 

of the enzyme in the physiological processes. It bas been atated 

tbat the enzyme plays an important role in the function of the brain. 

Biologically active compound& auch as adrenaline, noradrenaline, sero-

tonin, and dopamine are said to be neuro-hcmaoaes, formed by enzymatic 

reactions. lt bas been sbown tbat these amines are atored in inactive 

fora in the subcellular particles of nervous tissue. Such amines 

when released into the circulation cause profound pbarmacological 



- 23 -

effects which would be drastic if the excess is not metabolized. Pos• 

sibly it ie for this reaaon that an enzyme auch as HlO capable of 

metabolizing the aœines is provided. 

There have been many hypotheaea as to the role MAO plays 

in the detosification of aœines. Blaschko (93) finds fault with the 

suggestion (2) that MAO is responaible for the detoxification of hi&h 

concentration of amines of bacterial origine in the intestine. Be 

aays it is very un.likely that the amine concentration could be so 

higb as to require the amoun.t of enzyme actually present. A "hyper• 

tensive crisisu in patients due to the interaction of cbeese and cer-

Gin MAO inhibitors was first reported by Blackwell (115). This criais 

occurs only with certain inbibitors auch as tranylcypromine (Parnate) 

and substances related structurely to amphetamine. Asatoor !S!!• 

(116) deaonstrated that there is a large quantity of tyramiœ in cer-

tain cheeaes. Under normal conditions the tyramine ia oxidatively 

deamtnated either in the intestine or after absorption. In his atu• 

dies Blackwell, (117} supported by pbaraacological and chemical data, 

auggested that the substance wbich causes "hypertens:l:ve cr18is11 was 
(118) 

tyramine. Natoff/haa supported theae finding with his etudies on 

the cat. It bas been pointed out by Davison (53) that the gut also 

haa higb concentration of serotonin (5-hydroxytryptamine) and because 

of its implication in intestinal mobility, be suggests that HlO is 

responsible for regulating the concentration of this a.ine. Interest 

in the role of monoamine osidaae in the metabolfsm of the brain aero-

tonin has been 1timulated by the findings that inhibitora of this 

enzyme can increase the levet of aulne in the brain (119). It is 

known that serotonin is a good aubatrate for MAO both ~m.! and 
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~vitro (120). It is of interest to note that Bogdaaski and Udea

friend (121) bave shawn tbat the distribution of serotonia parallels 

tbat of MAO in the dog and cat brain wbereas the distribution of cate-

cb.olamiaes and MAO in bovine adrenal ._dulla is different (41). 

Cetecbolaaiues are said to be present 118inly in the lower fractions 

of sucrose deasity gradients and the enzyme in the upper fractions. 

Serotonin cau be released froa its bound fora by administration of 

reserpiae thus making the •ine available to MAO. R.ecm t etudies 

of Spector (122) have shown that MAO plays aa tm.portan.t role in re• 

gulatb.g the aoradreaaliae and serotoain conteut of subcellular par-

ticles. As serotouin is released there is rapid depletioa of the 

"active" •ine aad this bas led Brodie et al. (123) to postulate tbat, --
just as choliuesterase is responaible for inactivating acetylchol1ne, 

moaoaaine oxidase may play a similar role 1n destroyiug an excess 
a 

of/ueurobormoual transmitter auch as seroton1n. 

There bas been a great deal of Q)ntroversy as to the role 

of this euzyaae in adreaergic aaechaaism. Botb adrena11ne and noradre-

naline are good substrates for MAO!! vitro; however there bas been 

some doubt wbether moaoaatoe oxidase is the chief physiological iaac-

tivator of adreualine and noradrenaline. Evidence supporting the role 

of MAO in inactivation of tbe catecholalllines came froa the work of 

Schayer !i!!• (124,125). lt was deaonstrated that as auch as fifty 

percent of injected c14.adrenaline is aaeta bolized by MAO in rats and 

could be recovered in the urine. It wss coacluded that MAO plays a 

major role in the metabolisœ of adrenaline. Increase in the level 

of uoradrenaline by inhibitiou of MAO was sbowu by Shore !i 

.!!· (126). 
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Armstrong~ al. (127) and later Axelrod (128) and D'Iorio 

(129) showed that adrenaline, noradrenaline, and dopaaine are aeta

bolized by 0-aethylation and could precede deamination. 0-Methylation 

is nov known to be the major patbway of the metabolism of catechol

amines. Kopin (130, 131) deaonstrated that about 251 of epinephrine 

is deaminated while about 661 is 0-methylated. In a recent paper 

Kopin and Axelrod (131) have studied the role of MAO in the metabolism 

of norepinephrine. Evidence is provided to indicate that to a large 

degree MAO plays a role in the metabolism of more firmly bound stores 

of norepinephrine wbereas norepinephrine released in active fora by 

nerve stimulation is not inactivated by monoamine oxidase. Griesemer 

!! al. (133) found that inhibition of MAO by iproniazid potentiates 

the response of the nictitating membrane to tyramine but not to adre

naline. This was one of the first important pieces of evidence that 

MAO did not act directly on the catecholamines under physiological 

conductances. Belleau, !i!!• (37) using the nictitating membrane 

have demonstrated that noradrenaline is not degraded by MAO at the 

adrenergic effector cell level and they bave suggested that the role 

of the enzyme in adrenergic mecbanism cau beat be described as a pro

tective deviee for the inactivation of circulating endogenous non

transmitter substances. 

Lately Gertner (134) bas shawn that representative MAO in

bibitors block ganglionic transmission in the isolated superior cer

vical ganglion of the dog. He suggests that the blocking activity 

is directly related to the HAO-inhibitory activity of these campounds. 

The explanations put forward for this property are that an active 
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amine in accumulating at the ganglionic synapse or the normal function 

of the neuroœediator at the ganglionic synapse is interfered with. 

Implications are that otber agents beside acetylcholine are responsible 

for ganglionic transmission. 

Many inveatigators bave pointed out that in the case of 

lack or dysfunction of MAO, other patbways of amine .. tabolisa could 

lead to formation of highly active substances capable of producing 

drastic effects, auch as mental abnormalities aad otber diseases. 

The evidences for tbese are obtained from the work done using MAO 

illhibitors .. ntioned in the previous sections. 

Witb the highly active and concentrated MAO found in the 

liver, an important function is assigned to the enzyme, tbat of des• 

truction of biologically active amines in the circulation. Dawson 

and Sherlock (135) exaœining patients witb liver diseases cbaracterized 

by bigh blood 81111lonia levels found tbat ipronia&id i8 able to lover 

the blood ammonia level effectively. 

In conclusion the lack or dysfunetion of MAO bas been impli

cated in a number of mental disorders and otber diseases. Witb the 

use of inbibit~a it bas been possible to answer the role MAO playa 

in inactivation of certain pbysiologically active substances. The 

above discussion leaves mauy questions unanswered. But aome of the 

questions as to its role in the metabolism of noradrenaline in the 

brain, of 0-methylated catecholamines, and of aetabolisa of amines 

(e.g. of dietary origin) w er e answered. 
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B. Nature and ScoPe of this Investigation 

As •ntioned earlier in the preface, we lack auch basic 

information auch as the nature, cofactor requireraents and the COla• 

position of the enzyme, vhether the enzyme bas a metal aasociated 

with it and whether an -SB is neceasary for the activity. In order 

to clarify some of tbeae questions, it bas become necessary to atudy 

these propertiea froa a different point of view. 

We have taken advantage of the fact that the euzy.e is rather 

stable to heat. The enzyme etored at zero degree can be kept for 

2-3 aontbs without much losa in activity. Beat inactivation etudies 

have shown that the enzyme is irrevereibly denatured. Soae iaveeti• 

sa tors bave suggeated tbst there might be aaore thau one form of mono

aaine oxidaae. Recent etudies bave showa tbat the activity•pB curve 

bas a shonlder, auggesting tbat there aight be aaore than one mono•ine 

oxidaae. If this is so, the activity-pB curve of the partially beat 

inactivated enzyme might show different propertiea at different pB's. 

This investigation coaeiata of etudies vith cbelating agents, 

inhibitors, riboflavin deficiency, pyridoxal deficiency on the pB

activity curve. Also studied was the stabilisation of the enzyae 

to beat by inhibitors and substratea of MlO. 

Using these techniques, it ia hoped that subtle differences 

will provide an interpretation as to whether there is more thau one 

fora of monoam.ine oxidase in the llitochondria. 
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II. UPEIUMENTAL 

A. Chemicals 

1. Substrates and Non-Substrates of MAO 

Kynuraœiue dihydrobroaide was obtained froa aegis Chemical 

Company, Chicago, IlliDois. lthanolamtne was obtained froa The Bri-
was obtained from Burroughs Wel1come and Co., 

tish Drug Bouses Ltd., Poole, Eugland. EpinP hydrochloride,'histam.iue 

dihydrochloride iso-am.ylam.ine, iso-buty1am.tne, and beuzylam.ine were 

obtained from Fisher Scientific Co. Ltd., Montreal. 1,4 Diamiuobu-

tane was purchased from lCrishell Laboratories lac., Portland 2, Oregon, 

u.s.A. 

2. IDhibitors of MAO 

Harmaline and quinacrine (di) hydrobromide (Atebrin) were 

obtained from Mann &esearch Laboratories, New York 6, N. Y. Phenyl-

cyclopropylaaine sulfate (Parnate), s.K.F. 385. A (Trans) was obtained 

from Research Laboratories, Smith, Kline and French Labs., Philadelphia. 

Iproniazid (Marsilid) was obtained from Hoffmann-La aoche L~ited, 

Montreal. Cstron, 2-phenylisopropylhydrazine was purchased from. Scher• 
hydrazino analogue of a-methyl-dopa 

ing Corporation, Montreal. Mk 485fwas obtainecl froœ Merck Laboratories, 

West Point, u.s.A. Pargyline (MO 911) was obtained from Abbott Labora-

tories, North Chicago, Illinois, u.s.A. ADdnoguanidine sulfate was 

obtained from Eastman Organic Chemicals, Distillation Product Indus• 

tries, Rochester 3, N. Y. Hydrazine sulfate anet sem.icarbazide hyctro-

chloride were purcbased from Fisher Scientific Company, Montreal. 
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Isoniazid was obtained froa Delmar Cbeœicals. Bulbocapnin BCl. was 

purchased from L. Light and Co. Ltd. 

3. Chelatins Agents 

Theu.oyltrifluoroacetone, ,2•phenanthroline, a-dipyridyl, 

and sodium dietbyldithiocarbamate were obtained from Fisher Scienti

fic Company, Montreal. 2-penicilla.ine hydrochloride.l/2B2o froœ 

Californie Corporation for Biochemical R.esearch, Los Angeles, 63, 

u.s.A. 

4. B.ibofla.in-Deficient anet Pyridoxine-Deficient Diets 

Were purchased from General Biochemicala, Chagrin Falla, 

Ohio. 

B. Methode 

1. Preparation of B.at Liver MAO 

Livers were obtained fraa adult .. te rats of the Sprague

Dawley strain. the livers were Chilled over cracked ice t.mediately 

upon reaoval and forced througb a Latapie mtncer to remove connective 

tissue. The liver pulp was weighed and homogenized in a ..all volume 

of ice-cold O.lK sucrose solution in a glass homogenizer with Teflon 

pestle for S minutes at one-minute intervals to allow cooling. The 

final volume of the homogenate waa adjuated ao that 1 ,a. of tissue 

was present in 10 ml. of homogenate. This vas called a 101 homoge

nate preparation. Soae homogenate was retained for measurement of 

MAO activity. 
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(a) Centrifuaation Procedure 

The method is essentially that of Hawkina (39). The homo

genate in 0.3M sucrose was centrifuged at 2000 RPM (580X~ for 20 

minutes to sed~ent unbroken liver cella, large cell fragments, nuclei, 

and red blood cella. The sed~ent was washed once by resuspending 

it in a 0.3M sucrose solution up to the original volume and by re

centrifuging it at the same speed for 10 minutes. The final sediment 

was resuspended in the original volume and labelled "the nuclear frac-

tion N." 

The supernatant contained the soluble cell components and 

the particulate elements, .ainly mitochondria and microsa.es. This 

was labelled "the first supernatant si." Some was re ta ined for measure

aent of MAO activity, the rest was subjected to high speed centrifu

gation at 11,000 RPM (14,000X~ for one hour. The sediment was sus

pended in the original volume to give a lOZ preparation and labelled 

"the particulate fraction P," and the supernatant "the cytoplasmic 

fraction labelled sii. Il 

2. Preparation of the Specifie Gravitx Gradient 

Tubes vere prepared by carefully layering one ml. of each 

of sucrose solutions in the order of 1.71M, 1.6M, l.SM, 1.4M and 0.5 

ml. 1.3M with the most concentrated solution at the bottom of the 

tube. The tubes were prepared 12-24 hours before use and held at 0°C. 

Just before centrifugation each tube vas layered with 0.5 ml of a 

suspension of large granules, i.e., aitochondria that bad been freshly 
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prepareô anô vasheô in O.lM. sucrose. the tubes vere then centrifugea 

in the Spinco preparative ultracentrifuge, using the Sptnco swing-

out rotor SW 39L, at 40,000 BPH for 2.5 hours. At the enô of this 

t~e the position of the layera formed were noteô and fractions col-

lecteô by micro•pipettea. The collecteô fractions were then frozen 

anô kept at about -4°C until determinations vere carried out. 

3. Preparation of Biboflavin-Deficient anô Pz;iôoxine-Deficient 
Animale 

Two groupa of adult ale (Sprague•Davley) rats vere fed 

co.mercial riboflavtn-deficient and pyridoxine-deficient ôiets, res-

pectively. At the end of one week the rats of each group vere divideô 

into two groups. The control groups received JO mg. per kg. of diet 

of riboflavin•5•phosphate ôiasolved in 51 sucrose solution or a stai-

larly prepared solution of pyridoxine hydrochlortde. The experillental 

groupe in both cases receiveô aa equivalent amount of 51 sucrose solu• 

tion. At intervals rats froa each group vere killed; their livers 

vere reaoved, aitochondria vere prepareô, and MlO activity was aeasured. 

4. Prep ration of Reasenta for Protein lstiution 

B.eagent A, 2l soôiœ1 carbonate in 0.10 N soôiu. hydroxide. 

B.eagent B, 0.5 per cent copper sulfate (hydrated) in 1 per cent sodium 

or potassium tartate. B.eagent c, alkaliae copper solution vas freshly 

prepared. Mix 50 ml. of B.eagent A with 1 ml. B.eagent B. Discard 

after one day. Reagent D, carb011ate-copper solution le the saae as 

B.eagent C except for omission of soôiœ. hydroxide. B.eagent 1, diluted 

Folin reagent. Folin-Ciocalteu phenol reagent diluted 2-fold to .ake 

it 1 If tu acld. Working standard prepared froa ht1118D serum. albumin 
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400 1 per al. 

s. Preparatioa of Çopper-Deficient lats 

Young male rats on the deficient diet were divided iato 

two groups after 8 daye. The control group received a daily supple• 

ment of copper in addition to the daily diet. At periode, rats were 

ki1led, their livers removed and MAO activity was aeasured. The 

daily copper•deficient diet vas composed of evaporated ailk (Farmer's 

Wife) diluted with distilled water in a ratio of 1:1. Bach group 

also received a daily supplement of vitamine ("Ostico" drops). 0.1 ml. 

of the solution was diluted in lOO ml. disti1led water and 0.1 ml. 

of this solution was given daily to each rat. The composition of 

the daily supplement of vitamine consiated of Vit. A 10,000 i.u., 

Bit. D 1,600 i.u., Vit. C 120 ag., Vit. B6 2.5 mg., Vit. B1 4 mg., 

Vit. B2 2.4 mg., Niacinaœide 16 mg., and Na I 0.16 mgfml. In both 

the deficient and the control group, each rat received 50 ~~ MD++ 

and 400 p.g Fe+l+. The control group in addition received a supple

aent of 50 p.g cu++ each day. 

6. Assax for Measureaent of MAO Activity 

The method of Weissbach ~!!· (70) was used. The substrate, 

kynuramine (I) is oxidatively deaminated by the enzyme to the alde

hyde (II) vhich undergoes intraœolecular (non-enzymatical) condensa

tion to 4-hydroxyquinoline (4(1 B)•quinoline, III). The rate of 

activity cau be measured by the diaappearance of kynur•ine at 360 

mp. or appearance of 4-hydroxyquinoline at 315·329 mp. in a spectrophoto-

aeter. 
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m 

All incubations vere carriecl ou.t in 20 ml. beakers. 'l'be 

experiaeDta 1 mixtu.re containecl 0.2 ml. un adtochondrial enzyme pre

paration, kyauraaine 6.2 x to•Sx final concentration, 1.0 Ill. of 

phosphate buffer o.o3LM final concentration, ancl vater to a total 

volume of 3. 2 ml. A blank waa prepare cl in the aauae 8l8Dller, except 

that kyau.ramine waa Ollittecl. All beakera vere preincubatecl for S 

minu.tea ancl a fu.rther 20 ainu.tea after the aclclition of the substrate 

at 37 c. An initial reacling is made at 315 ~· 
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1. Assay for the KeasuremeDt of Activity of Partially Beat-Iuactivated 
~ 

For most of the work the enzyae preparation, contained ill 

thin uniform walled test-tubes stoppered with rubber bungs, was im· 

mersed in a constant temperature bath, using a "Bronwill" Constant 

Temperature Circulator. At suitable intervals 0.5 ml. aliquote were 

removed and ~ediately placed in 25 ml. beakers and chilled in ice 

water until activity determined. Then one added 0.5 al. kyuuramine 

1.6 x 10~ final concentration, 1.0 ml. of phosphate buffer 0.031M 

final concentration, and water to a volume of 3.2 ml. Blanka were 

prepared as mentioned previously. Incubations were carried out as 

mentioned in the previous section. 

All reactions were terminated in the beaker by adding 1.0 

ml. 51 zinc sulphate. 

8. Lowry' s Protein Keasurement 

The procedure used was a modification of that of Lowry (136). 

0.2 ml. of a solution containing 5•100 7 Œ proteiu ia added to 1.0 

ml. of Reagent C in a 10 ml. test-tube, mixed well and al1owed to 

stand for 10 minutes. 0.1 ml. of Reagent E is added very quickly 

and mixed as soon as possible. The tubes are left to stand for 30 

minutes and then read in a Coleman colorimeter at 690 q.t. A blank 

containing everything except protein is also prepared. With each 

esttmation a standard curve of human serum albuœin 400 7 per ml. is 

prepared from which the amount of protein can be calculated. 
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III. DSULTS 

1. The Thermal Inactivation of Monoa.ine Oxidase 

For the purpose of studying the ther.al inactivation of 

the enzyme as a fUDCtion of t~e the enzyme, contafned in thin wall· 

ed test•tubes, 1 in. iD diameter, were placed in a heated water•bath 

heated with a "Br011Will" Constant TeJIPerature circulator. At inter

vals 0.5 11ll., aliquote were reaoved and placed in 20 al. beakera, 

chilled in ice-water until activities were to be meaaured. Bach beak• 

er contained kynura.ine, 1.6 x to-4 K (final concentration), phosphate 

buffer, 0.031 K (final œncentration), and water to a volume of 3.2 

aü.. A preincubation lasting 5 minutes, was carried out before the 

substrate was added and then a further 20 miautea incubation with 

the kynura.ine present. Blanka were prepared st.ilarly except that 

kynuramine vas oœitted. At the end of 20 minutes the reactions were 

stopped in the beakera by adding 1.0 ml. of 51 zinc sulfate. All 

readinga in tbeae and in the subsequent experiaeat vere done at 315 ~· 

'l'he enzyme displaya a great stability towarda heating. For 

example, after 80 mins.• beating at S0°C, the enzyme had retained 

about 701 of its activity, at 53°C and 55°C, 50% and 351 reapectively 

of the activity rematned. At 60°C aoat of the activity vas loat in 

the firat ten minutes of beatiag. 

'l'he effect of beat on the inactivation of MAO b ahown. in 

Fig. 1. The fall in activity does follow a parabolic curve as illus

trated by the time course (Fig.l). 'l'he curves do not become liaear 
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Pig. 1. Tiae cour•e for the heat-inactivation of monoamine oxida•e. 
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by plottiug log. (aetivity) agaiuat tt.e (Fig.2). The time course 

iuvolvea rwo firat-order proceasea, suggesting (a) the presence of 

two eRzyaes. or (b) the formation of a second lesa active euzyaae froa 

the native enzyme botb species insctivatiug iudependently, or {c) 

the inactivation is reversible and an equilibriua is reached. Bow• 

ever the laat explaaation is ruled out by the fact that it le possible 

to inactivate monoaaine oxidase preparation completely, by prolonged 

heatlng. 

2. The Bffect of pH aad Thermal Inactivation 

Uaing kynuraaine (1.6 x 10-4 M final conceatratioa) as sub

strate, the curve of activity versus the pB of the native enzyae shawed 

a shoulder around pB 6.5-7.0 and a peak at pB 7.0 (P1g.3) (phosphate 

buffer 0.031 M final concentration) or at pB 8.1 (borate buffer 0.031 M 

final concea~ation). The effect of phosphate buffer at various pH's, 

5.8-7.9, on the UV.absorbaacy of kynuramtne was stuâied. No change 

was observed. Since a difference in activity waa obtained at pB's 

higher thau 7.4 wben borate buffer waa used, it became necessary to 

study the effect of borate buffer on the u.v. abaorbancy of kynuramine 

oxid.ative product, kynurin.e (4-hydroxyquinoline), at 315·330 III!J.• No 

change was observed at this peak or at 360 III!J.· 

To atudy the effect of thermal inactivation. of MlO at differ

ea. t pH' s, the enzyme and buffer (pho8phate buffer 0.066 M final con

centration) in a ratio of 1:2 vere beated at 53°C for 15 or 30 mins. 

The condition.a for this expertœent are described under the section 

11Methods11
• 
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Fig. 3. Acttvity•pH curve of partiallv h~~~-tnactivated 

( 53uC, 15 and 30 ain1. ) and native enzyme. 
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The activity-pB curve sboved reduced activity at all pB's, but the 

fall iD activity at pH'a 7.0-7.9 was greater tban below pH 7.0 (Fig.3). 

This resulted in the dlsappearance of the sboulder and the appearance 

of new secondary peak at pH 6.5, the prtmary peak remainiag at pH 

7.4. Table 1 and II show the effect of various pH's on the activity 

of the native and partially beat inactivated enzyme. 

The tiae course for the effect of pH and thermal inactiv

ation showed firat-order kinetica. The conditions for theae experi

menta were the aame as thoae already described in the previous sec

tion. Activity fell rapidly at all pB's but more at pH 7.0 (Fig.4). 

At the end of 30 mina. the obaerved activity at pB 7.0 was below that 

of pH 6.5 or 7.4. 
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Table 1. The Bffect of Beat (53°C) on the pH-Activity Curve. 

pH Time (minutes) 

0* 15* 30* 

5.8 0.51
1

• (41) 2• 0.42 (33) 0.34 (21) 

6.2 0.74 (62) o.53 (42) 0.40 (32) 

6.5 0.95 (75) 0.61 (48) 0.43 (34) 

6.8 1.00 (79) 0.43 (34) 0.35 (28) 

7.0 1.04 (82) 0.39 (31) 0.33 (26) 

7.2 1.19 (94) 0.43 (34) 0.38 (30) 

7.4 1.26 (lOO) 0.49 (39) 0.42 (33) 

7.6 1.13 (88) 0.35 (28) 0.32 (25) 

7.9 0.80 (63) ------ -----
1. Optical clensity far -~he first 20 aina. incubation with the 

substrate (1.6 x 10~. 

2. Figures in the bracket represent per cent of activity found 
at pH 7.4. 

* Ttœe of heating at 53oc. 

Stœilar curves were obtained wben the enzyœe-buffer pre

paration waa heated at 50° and 55°C. Table Il shows the effect of 

heating at 50°C for 30 to 60 minutee. The effect of heating at this 

temperature was not as drastic as heating at 53oc. At this tempera• 

ture the activity 1ost at pH 6.5 was 20 and 35 per cent for 30 and 

60 minutes heating. but at pH 7.4 there was a mueh greater losa in 
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activity, 44 and 56 per cent for 30 and 60 minutes hearing respective-

ly. But the greateat fall in activity occurs at pH 7.0; 

Table II. The Effect of Heating (50°C) on the pH-Activity Curve. 

TilDe (minutes) Loss ln 
pB actlvity 

Control 0 30 60 30 60 

6.2 0.521• (52) 
2

• 0.42 (42) 0.36 (36) 19 30 

.6.5 0.60 (60) 0.48 (48) 0.39 (39) 20 35 

6.8 o. 70 (70) 0.46 (46) 0.28 (28) 34 40 

7.0 o. 72 (72) 0.35 (35) 0.25 (25) 51 65 

7.2 0.84 (84) 0.50 (50) 0.40 (40) 40 52 

7.4 1.00 (lOO) 0.56 (56) 0.44 (44) 44 56 

7.9 0.85 (85) 0.56 (56) 0.36 (36) 34 58 

1• Optical denaity for fhe first 20 •ina. incubation with the 
aubstrate (1.6 x 10 ...... 

2• Figuree in the bracket repreaent per cent activity in terma 
of activity at pB 7.4. 

* Per cent activity in ter.. of the control. 

51 and 65 per cent of the activity ie loat in 30 and 60 ainutea 

respectively. 

3. The lffect of Aerobic and .Aaaerobic Thermal Inactivation of Mono
amine Oxidaee 

01l Ully occasions it bas been reported that monoaaine oxi-

daee possesse& a sulfhydryl group whlch la neceseary for the activlty. 
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If this is true thea, when the enzyme is heated in the presence of 

oxygen, it should show lesa activity than wben heated in the presence 

of nitrogen. 

The enzyae suspenaioa, contained in thin-walled test-tubes, 

waa heated at 50°C for 30 mina, One test-tube acted as the control. 

This tube was heated as it sat in the bath. Into three otber test• 

tubes, nitrogen (wbicb had beea passed tbrougb an alkaline solution 

of hydroquinone) to remove any oxygen present in the nitrogen, air 

and oxygen, respectively, were bubbled tbrough witb the use of gas 

dispersion tubes, At the end of this 30 mins. period, the test-tabea 

were reaoved and cooled t..ediately ia an ice bath. Their activitiea 

at varioua pB.1 a were then deterained, as deacribed ader "Methode" 

Section 6. 

Table III. 'l'be Bffect of Aerobic and Anaerobie Therul in Activation 
(50°C, 30 mina.) 

Gas es pB 
6,2 6.5 7.0 7,4 7,9 

Control 0.06* 0,11 0.19 0.31 0,44 

Hitrogen o.os 0,09 0.14 0.23 0.35 

Air 0.04 o.o1 o.u 0.15 0,27 

OXygen 0,04 0,06 o.o9 0.13 0.21 

* lncrease in optical denaity for the first 20 aina. incubation 
with the subatrate (k.ynuraine, 6.2 x lo-5M). 

As shown in Table Ill, the loss in activity of the enzyme heated in 

the presence of nitrogen vas not as great as the loss wben the enzyae 
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Fig. S. The effect of aerobic and anaerobie ther.al inactivation 

( 50 c. 30 mins. ) on the activity-pH curve of MAO. The 

control ( C ) is heated at the saœe teNperature and for 

the aaae period. 
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was heated in the presence of oxygen or air. Fig. S shows the acti• 

vity-pH carves of the enzyme heated in the presence of varioua gases. 

Though activity in all cases is lower than the control, the carves 

of nitrogen, oxygen, and air show the same pattern of activity as 

the control. 

At pH 7.4 the enzyme beat in the presence of nitrogen bad 

lost 25~ of its activity, while in the presence of air or oxygen it 

loat 50~ and Sst respectively. MOre than twice the activity was lost 

in the presence of oxygen than with nitrogen. 

4. The Bffect of Chelating Agents on the Native BnzY!e 

Previous investigations indicate tbat MAO activity can be 

reduced by treatment vith a chelating agent. Certain analagous en

zymes auch as plasma amine oxidase (ramada and Yasunobu (137) and 

Blaschko (l38))and dia.ine oxidase (Mann (139)) have been shawn to 

contain metal component. Gorkin (63), who studied the effect of che

latins agents on monoamine oxidase, concluded that the MAO vas a œetal 

enzyme. In this work I first studied the effect of ~-pbenantbroline 

and found tbat it inhibited the activity at pB 6.5 by 60X, and at pH 

8.1 by at, with a concentration of 9.4 x lo-~ (Table IV). A number 

of other chelating agents auch as 2,2-dipyridyl, 8-bydroxyquinoline, 

thenoyltrifluoroacetone, diethyldithocarbamate and D•penicillaœine 

were used. Of all these agents studied, 8-hydroxyquinoline was the 

most effective (as reported previoualy by Gorkin). At a concentra• 

tion of 6.2 x 10·~ it bad an inhibitory effect of 521, 331 and 41 
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at pH 1 s 6.5, 7.0, and 8.1 respectively (Fig.6). Tbeaoyltrifluoroace

tone, an iron chelator, had a siailar effect, but at a slightly higher 

concentration (Fig.7). 

The effect of other chelating agents is also shovn in Table 

IV. D•peaicillamine and diethyldithiocarba.ate gave different resulta. 

D-penicil1amine, at a concentration of 6.2 x 10·5, inhibited at pB 

8.1 by 221, this is slightly more than the lot inhibition obtained 

at pB 6.5 (Fig. 8). A nuœber of investigators have pointed out that 

the enzyme, like some other a.ine oxidases, might have copper as co

factor. For this resson we have used diethyldithiocarbaœate, a che• 

lating agent used in estimation of copper. The resulta fraœ this 

investigation vere negative. At a concentration of 1.6 x 10·~ there 

was no inhibition, while at a concentration of 3.2 x 10·~ there was 

slightly more inhibition at pB 6.5 than at 8.1 (Table IV). 
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Table IV, The Bffect of Chelating Agents oa the Activity•pH Curve 
of the Native Enzyme, 

la all the experimenta the beakers containing the enzyme 
and chelating agent preparation were preincubated for 20 mins, at 
37°Ç in a Dubnoff shaker before the addition of kynuraaine (6,2 x 
10·~. Blanka were prepared in the sim.ilar mannar except that ky
nuramine was omitted. 

Che la ting Control Experimental 
Agents pH 6.5 7.0 8,1 6,5 7.0 8,1 

8-llydroxy-
quinoline, 

6.2 x 1o·5M L 0,38 0.42 0,75 0,18(52) 2. 0.28(33) o. 72(4) 

3.1 x to-4x 0,38 0,56 0,93 0,05(87) 0,18(68) 0,56(40) 

6,2 x l0-4M 0,34 0,48 0,85 0 (lOO) 0,08(98) 0,34(58) 

Thenoy1tri-
f1uoroacetone, 

1.6 x to-4x 0,28 0,34 0,56 0,12(56) 0.12(64) 0,51(10) 

o-Phenan-
tbroliae, 

9.4 x 1o·5M 0,37 0,45 0,67 0.15(60) 0,33(27) 0,61(8) 

2,2-Dipyridyl, 

6,2 x 1o·Sx 0,38 0,53 0,62 0,29(23) 0,44(16) 0,60(2) 

1.6 x 10-'*M 0,38 0,53 0,62 0,22(43) 0,42(21) 0.53(15) 

Diethylditbio• 
carbamate, 

1,6 x 10~ 0,37 0,46 0,74 0,35(0) 0,60(0) o. 78(0) 
-4 3,2 x 10 M 0,43 0.51 o. 74 0,30(30) 0,39(24) 0,68(8) 

D•Peaicill-
amine, 

6.2 x to·Sx o,29 o,39 o.1s o126(10l o,36(6) o,S8(22) 
1, 0ptica1 denaity for the first 20 mias. incubation with the 

substrate, 
2. Figures in the bracket represent per cent i1lhibition. 
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Table v. The Bffect of Chelating Agents on the Partially Beat 
Inactivated (50°C, 30 mins.) Enzyme 

In all exper~ts the flaska containing the enzyme and 
chelating agent preparation were incUbated for 20 aina. at 37°C in 
a Dubnoff shaker before the addition of kynuramine (1.6 x 10~. 
Blanka were prepared in a atmilar manner except that kynuraaine was 
omitted. 

Che la ting 
Agents 

8-Hydroxy
qu.inoline, 

1.6 x 10-4M 

Thenoyltri
f1u.oroace
tone, 

1.6 x 10-4y 

1.6 x 10-~ 

Control 
pB 6.5 7.0 7.4 

0,40 0.26 0.34 

0.68* 0.45 0.53 

Experimental 
6.5 7.0 7.4 

0.16(5 7) 2• 0.15(21) 0.24(8) 

0.19(54) 0.19(29) 0.30(12) 

0.34(50) 0.37(19) 0.42(19) 

1. Activity per .g. protein in terœa of Optica1 Density for the 
first 20 mins. incubation with the substrate. 

2• Figures in the bracket represent per cent inhibition. 

* Optical density for the first 20 adns. tncubation with the 
substrate. 

s. The Effect of Chelatins Agents on the Partially Heat-Iaactivated 
MAO 

The relative inhibition obtained in these experfœents was 

not very large aad since (as mentioned earlier) the partially heat-

inactivated enzyme gave two peaks, fu.rther experiœents were carried 
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out vith a preparation of the eazy.e that had been heated at 50° for 

30 mias. The resulta obtained in theae series of etudies are showa 

in Table V and are ln accordaace with those obtained with the native 

enzyme, i.e., the greatest inhibitions occurred at pH 6.5. Figs. 9 

and 10 show the effect of 8-hydroxyquinoline and thenoyltrifluoro

acetone on the activity-pH curve of the partially heat•inactivated 

enzyme. The inhibitory effect of these two chelatora could be re

versed by dialysia against distilled water for 3 bours. As can be 

seen in Fige. 9 and 10 actlvity reverted to the original. 

6. The lffect of Copper Deficieacy in MAO Activity 

The procedure outlined ("Methode") for the production of 

copper•deficient rats proved satiafactory. Even after the first 8 

daye the livers showed a drop in copper content. After 15 daye the 

decreaae in copper concentration vas even more prominent. After 44 

days on the copper-deficient diet, the liver of the deficient animale 

showed a decreaae of 751 in the copper content. 

It is interesting to note that the copper deficieney did 

not impair the MAO activity as did the riboflavin deficiency. Even 

after 44 daye on the deficient diet there vas no effect. ln fact, 

there vas an increase in the activity by 551 at the end of 44 daye 

on the deficient diet as shown in the Table VI. 



ln 
\1) -::l 
c 

c E 
\1) 0 - N 0 ,_ 

""" a. 
>-. 

C'l +-

E ln 
c .... ill 

\1) 0 a. 
>-. 0 - u ·-> 

..... a. 
u 0 
<( 

c ·-
\1) 

"' 0 
\1) 
.... 
u 
c 

0·5 

0·4 

0·3 

0·2 

0·1 

6-0 

- 57 -

7·0 

pH 

• • Control 

I:J -60 1·6 x 10-4 M 

0· . {) Activity after 

dialysis 

a 1·6 x w-4 M 

c 

8·0 9·0 

Fig. 9. The effect of 8-hydroxyquinoline (Q) on the activity-pH 

curve of partially heat-inactivated ( 50°C, 30 mins. ) 

enzyme. (C) is the control. Substrate is kynuramine 

( 1.6 X 16•4 M ). 
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( 1.6 X 10-4 M ). 
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Table VI. The Effect of Copper Deflclency on MAO Actlvlty at 
Varloua pH' s 

Days on Supplemented Deficient 
dl et pH 6.5 7.0 8.1 6.5 7.0 8.1 

15 o.s71• - 1.04 0.62(110)2. - 1.18(113) 

23 0.51 0.64 1.07 0.58(113) o. 73(114) 1.21(113) 

44 0.40 0.50 0.98 0.62(155) o. 76(157) 1.40(143) 

1. Increase in optical denslty for the first 20 mina. incubation 
vith the substrate. 

2• Figures in the brackets represent per cent activity, as compared 
tD the control. 

7. The Effect of Inhibitors of Moaoamine Oxidase 

(a) !! Vitro 

As mentioned in the review of MAO, there are different classes 

of inhibitors of MAO. We have used inhibitors froa these different 

classes in order to study how they affect the activity versus pB 

curve. In order to obtain .. xt.al effect of inhibitors of monoamine 

oxidaae at any particular concentration, the inhibitors were prein-

cubated with the enzyme before addition of the subatrate. Phenylcyclo-

propylamine, a non-hydrazine inhibitor of MlO, inhibited at a11 pH's, 

but to different extents. In flet, at a concentration of 3.1 x 10·~. 

activity at pH 8.1 vas reduced by 261, but on the acid aide of pH, 

by only 151 (see Table VII) • As the concentration of inhibitors vas 
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increased, there was a rapid fall in activity at the higher pB's. 

This resulted in the appearance of a second peak at pB 6.5 and a broad 

original peak at pB 8.1 (Pig.ll). 

Another highly potent aoa-hydrazine inhibitor, pargyU.ae, 

gave resulta which were in coatraat to thoae obtained with pheaylcyclo• 

propyla.ine. ln fact, inhibition by pargyline (Fig. 12) reaulted 

in the disappearance of the shoulder at pB 6.5-7.0. This result was 

similar to that obtaiaed vith soœe of the chelating agents. Pargyline 

at 3.1 x to•S:M final concentration was a more powerful tahibitor thaa 

phenylcyclopropylaœine at 6.2 x 10·~ concentration. 

Inhibition of MAO by hydrazine derivatives waa stmilar to 

that of phenylcyclopropyla.ine. Heither iproniazid nor phenylhydrazine 

waa as effective as catron (~·phenyliaopropylhydraziae). All had 

their greatest effect on the alkaline aide of the pB-activity curve. 

The resulta of theae and other iahibitora are ahown in Table VII. 

With iproniazià, at a concentration of 1.6 x lo-7M, the pR-activity 

curve gave two peaka. A aimilar result waa obtaiaeà vith phenylhydra• 

zine (Table VIIQ but tahibition by ~-phenyliaopropylhydrazine at 

6.2 x lo-7M final coocentration resulted in the pB-activity curve 

having only one peak at pB 6.5. At this concent..:ation, near œmplete 

inhibition was obtained at pB 8.1 but oaly 25'1 inhibition waa observed 

at pH 6.5 (Fig.l3}. 

Barmaline, a reversible inhibitor of monoaaine oxidaae, 

gave resulta which were àiaa~ilar to thoae obtained with chelating 

agents or the hydrazine derivative inhibitors. The activity-pB curve 
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Table VII. The lffect of Kor&oamiae Oxidase Iuhibitors ou the Activity
pH Curve of the Native Enzyme. 

The conditions for these experimenta are siailar to those 
outlined in Table IV. 

Ia.bibitors 

Pheuycyclo• 
propylamine, 

3.1 x to·BM 
6.2 x to·s.t 
1.6 x lo-7M 

Iproniazid, 

3.2 x l0-6M 
6.2 x 1o·6M 
1.6 x 1o·SJi 
6.2 x 10-5M 

Pargyline, 

3.1 x 10-~ 
6.2 x 1o-~ 
3.1 x 10-~ 
6.2 x to-~ 
1.6 x to-7M 

2.;.Phenyliao
propylhydra
zine, 

6.2 x 10-7M 
6.2 x to-~ 
1.6 x to·~ 

Control Experim.ental 

6.5 1.0 7.4 8.1 6.5 7.0 7.4 8.1 

o.57* o.69 1.01 1.34 o.50(l5>*l>.65(7) o. 78(22) o.99(26) 
o.57 o.69 1.01 1.34 o.45(15) o.54(22) o.67(38) o.84(37) 
o.38 o.51 o.83 1.01 o.30(22) o.18(65) o.17(80) o.23(77) 

0.28 0.34 0.52 0.70 0.24(14) 0.33(3) 0.42(19) 0.52(26) 
0.23 0.39 0.50 0.66 0.19(17) 0.28(28) 0.34(32) 0.35(47) 
0.28 0.34 0.52 0.70 0.23(18) 0.15(56) 0.20(62) 0.25(64) 
0.40 0.49 0.65 0.93 0.0 (lOO) 0 0.00) 0 (100) 0 (LOO) 

0.36 0.42 0.62 0.73 0.25(31) 0.33(19) 0.42(33) 0.56(23) 
0.36 0.42 0.62 0.73 0.18(50) 0.25(40) 0.32(48) 0.43(41) 
0.31 0.36 0.55 0.66 0.05(84) 0.07(82) 0.15(73) 0.34(48) 
0.31 0.36 o.ss 0.66 0.03(91) 0.05(86) 0.14(76) 0.18(73) 
0.30 0.43 0.66 0.76 0 (~ 0.01(98) 0.02(91) 0.10(87) 

0.40 0.50 0.70 0.78 0.31(27) 0.25(50) 0.19(73) 0.14(83) 
0.38 0.45 0.60 0.70 0.11(73) 0.03(94) 0.03(96) 0 ~) 
0.38 0.45 0.60 o. 70 0 (l(Q 0 (lOJ) 0 (lOO) 0 (lOO) 

* Optical density for the first 20 mins. incubation vith the 
substrate. 

** Figures in the bracket repreaeut per cent tnbibitiou. 
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of the enzyme in the presence of haraaline (Table VIII) and was simi

lar to that of the enzyme alone. 1.6 x 10~ harœaline produced in-

hibition ranging from 36 to 601. 

Atebrin, is of interest for its inbibitory activity against 

monoamine oxidase. Inhibition by this agent is presWBtive evidence 

for the presence of a riboflavtn prosthetic group. The resulte of 

this experiment are shawn in Table VIII. A 461 inhibition was ob

tained at pH 8.1 with 1.5 x l0-5M atebrin, but at pB 6.5 and 7.0, 

apparently weaker inhibitions were obtained. The effect of aminogua-

nidine and bulbocapnine, inbibitors of diamine oxidase, were also 

studied. Neither of these inhibitors had any effect in the concen-

tration tested on the activity of MAO. 

(b) The la Vivo Effect of Parnate, Iproniazid and Pargyline 

Most of the inhibitors uaed for the in vitro experimenta 

are also effective in vivo. For these series of expertaents, male --
rats (Sprague-Dawley) weighing 150-200 gm. were injected vith the 

inhibitor four hours before sacrifice. Livers were then reaoved and 

MAO activity was determined at various pH's. The!!!!!! resulta 

confirmed the resulta obtained vith the l! vitro experimenta. 
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Table VIII. The lffect of Inhibitors on the Activity-pH Curve of 
Native Enzyme. 

The conditions for theae experimente are aimilar to those 
outlined in Table IV. 

Inhibitors 

Phenylhyd
razine, 

Control 

6.5 7.0 7.4 8.1 6.5 

Experimental 

7.0 7.4 8.1 

* ** 6.2 x lo-5M o.34 o.44 o.61 o.78 o.l8(48) o.10(78) o.17(72) o.18(76) 

Barma1ine, 

1.6 x 10~ 0.44 0.58 0.78 0.95 0.28(36) 0.35(40) 0.37(53) 0.38(60) 

Atebrin, 

1.6 x 1o·5M 0.40 0.55 1.4 0.34(15) 0.48(10) o. 72(46) 

MK 385 

6.2 x 10-~ 0.28 0.40 0.76 0.26(7) 0.35(12) 0.60(22) 

Bulbocapnine 

1.6 x lo-~ 0.33 0.43 o. 0.66 0.38(0) 0.45(0) 0.66(0) 

Aaino-
guanidine, 

1.6 x 10~ 0.46 0.62 0.74 0.46(0) 0.62(0) o. 74(0) 

* Increase in the optica1 density for the first 20 mina. incubation 
with the aubatrate. 

** Figures in the bracket represent per cent inhibition. 
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Table IX. The Iu Vivo lffect of Inhibitors ou the MlO Activity at 
Vari'Oüa pB1 s 

Iu all experiaeuts the inhibitor wae iDjected intraperitone• 
ally 4 hours before sacrifice. The control auiœals received 1u the 
saae maDUer au equivalent &'IIOUD.t of 0.97. saline solution. The dose 
of inhibitor used 1e given iD agfkg body weight. 

Control lxperiaeutal 
Iuhibitors 

pB 6.5 7.0 8.1 6.5 7.0 8.1 

Phenylcyclo• 
propylaaiue, 

0.25 mgfkg * ** 0.42 0.55 1.0 0.32(24) 0.31(44) 0.53(45) 

o.so ag/kg 0.38 0.54 0.95 0.22(43) 0.17(69) 0.26(73) 

1.0 mgfkg 

Iprouiazid, 

o.75 ma/kg 0.42 0.55 1.00 0.31(26) 0.36(35) 0.58(42) 

1.50 mgfkg 0.48 0.62 1.03 0.12(75) 0.09(86) 0.20(79) 

Pargyliue, 

0.50 -.gfkg 0.36 0.45 o. 74 0.17(51) 0.26(42) 0.66(11) 

1.00 agfkg 0.36 0.45 0.74 0.09(75) 0.16(64) 0.49(34) 

* Increase in the optical deuaity for the first 20 aiDe. incubation 
with the eubatrate. 

** Figures in the bracketa represeat per cent inhibition. 
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Fig. 14. The in vivo effect of phenylcyclopropylamine ( PCP ) 

on the acti~tty-pH curve of MAO. ( C ) is the control. 

The dose 6f lnhibitor ( mg. / kg. body weight ) was 

given 4 hours before the animal was sacrificed. 
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Phenylcyclopropyla.ine waa the .ost effective of the 1nhi· 

bitora used 1n the.!!!.!!!! experimenta, while pargyline waa the most 

effective in the .!!! vitro ones. The resulta of the above experimenta 

are given in Table IX. Phenylcyclopropylai.Be 0.25 ss/kg body weight 

iDhibited the enzyme at pB 8.1 by 451 and at pB 6.5 by 241 (Fig.l4). 

Cogplete tohibition waa produced with 2 ms/kg body weight. 1proniazid 

gave similar resulta. As in the .!!! vitro experimenta, pargyline re

duced the activity more at the lower pB's (Pig.lS). Pargyline at 

O.S mgfkg caused the shoulder arouad pB 6.5•7.0 to disappear. When 

the concentration of pargyline was increased to 1.0 mg/kg body weight, 

neadycomplete inhibition was obtained at pB 6.5 (Pig.lS). Proaa these 

resulta and those obtained in the.!!! .... vi...,t .... r.-o ex.perillents it vould appear 

that phenylcyc1opropyl .. ine and pargyline act differently to inhibit 

the enzyme. 

8. The Bffect of 1nhibitors of MAO on the Partially Beat-Inactivatei 
Enzpae 

Since the partially beat-inactivated enzyme gave two peaks 

and since we obtained considerable inhibition at pH 6.5 with a number 

of chelating agents, 1 thougbt of repeattng these experimenta using 

MlO inhibitors. Using the partially heat-inactivated (S0°c, 30 mins.) 

enzyme, 1 waa able to inhibit the activity at pH 8.1 with 1.6 x 1o•7x 

pheny1cyc1opropy1amine (Fig.l6) up to 50'1.. Pargy1ine, at a concen

tration of 6.2 x 10-~, inhibited 481 at pH 6.5 and 111 at pH 7.4. 

Thil result was very similar to that obtained vith 8-oH quino11ne 

(Pig.S). The effect of pargyline on the heated enzyme is shown in 

Pig. 17. 1 have therefore been able to inhibit selectively with two 
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different non-hydrazine tnhibitora, phenylcyclopropylamine and pargy• 

line. Attempta to reverse the tnhibitory action of these two inhi• 

bitora by dialyaia againat water failed, 

Table X, The Effect of Inhibitora of MAO on the Partially Heat
Inactivated (5ooc, 30 mins,) Enzyme 

The conditions for these experimenta are aiœilar to thoae 
in Table V. 

Inhibitora 

Phenylcyclo
propyl~e, 
1.6 x 1o· M 

Pargyline1 
6,2 x lO•GM 

Control Bxpert.ental 
pH 6.5 7,0 7,4 6,5 7,0 7.4 

0,42 0,31 0,47* 0,34(19r* 0,17(45) 0,22(53) 

0,48 0,24 0,36 0,25(48) 0,16(33) 0,32(11) 

* Increaae in optical density for the first 20 aina, tncubation 
with the aubatrate. 

** Pigures in the bracketa repreaent per cent inhibition, 

9, The Effect of &iboflavin-Deficiency 

If monoamine oxidaae is in sa.e way dependent upon adequate 

riboflavin nutrition of the antmal, it would be expected tbat the 

enzyme prepared froa the liver of ribof~vin-deficient rats would 

oxidize a saaller proportion of kynuraaine than would rata aupplemented 

with the vitamin, The resulta of one set of experimenta are shawn 

in Table XI,A. 
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Fig. 16, The effect of phenycyclo propyla•ine ( PCP ) on the activity-

pH curve of partially heat-inactivated ( 50 C, 30 •ins. ) 

enzy.e. ( C ) il the control. The substrate is kynur

••ine ( 1.6 X to·4 M ) . 
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Fig. 17. The influence of pargyltne (Par) on the 

actiY1ty-pH curve of partially heat-inactivated ( 50 C, 

30 aina. ) enzyae. ( C ) ie the control. The eubetrate 

is kynuraaine ( 1.6 X to•4 M ). 
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Table XI.A. The Effect of Riboflavin•Deficiency on the Activity-pH 
Curve of MAO 

Set I 

Da ys on Supplemented Deficient 
diet 

EH 6.5 7.0 8.1 6.5 710 8.1 

* ** 5 0.32 0.53 o. 76 0.28(88) 0.38(72) 0.60(80) 

12 0.39 0.56 0.93 0.26(78) 0.35(68) 0.58(62) 

19 0.29 0.44 0.68 0.19(64) 0.21(48) 0.35(52) 

26 0.44 0.63 1.06 0.26(60) 0.29(46) 0.53(50) 

36 0.44 0.56 0.90 0.27(59) 0.19(33) 0.34(38) 

46 0.43 0.56 0.95 0.21(48) 0.14(24) 0.32(33) 

* Increase iR optical density for the first 20 mina. of incubation 
with the subatrate. 

** Figures in the brackets represent per cent activity. 

Rats on a deficient diet showed a decrease in MlO activity even after 

five daya. The rate of fall in activity was first order and took place 

at all pH's. The loas in activity was greater at higber pH's (Fig.18). 

At about 30 days the activity at pH'a 7.0 to 9.0 dropped rapidly ao 

that the ahoulder obtained in the activity-pH curve with the native 

enzyme became more prominent. If the animal ia kept longer on the 

deficient diet most of the activity at the pH 7.0 to 8.1 is lost, 

but, at pH 6.5, 501 of the activity is retained. These resulte have 

been confirœed by experiaents on a second set of antmals (Table XI.B.). 
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Table Xl.B. The Bffect of Riboflavin-Deficieacy on the Activity-pB 
Curve of MAO 

Set Il 

Daye on Supp1emented Deficient 
di et 

ea 6.5 7.0 8.1 6.5 7:0 8.1 

21 * 0.40 0.57 1.19 0.31(78)* 0.40(70) 0.66(55) 

36 0.16 0.28 0.44 0.11(68) 0.10(35) 0.15(35) 

68 0.40 0.57 1.19 0.18(45) 0.07(12) 0.31(25) 

* Activity in terme of optica1 density for the first 20 miU8. 
incubation with the substrate. 

** Figures in the brackets represent per cent activity of control. 

Atebrin, an antimetabolite of riboflavin, was used in order 

to observe whether inhibition would be uniform across the activity-

pH curve. Inhibition by this coapound 1s presumptive evidence that 

flavin plays a role as a cofactor. Table XII shows the effect of 

atebrin on riboflavin-deficient rats and rats suppl..ented with the 

vitaain. Atebrin dld not seea to affect the MAO activity of the 

riboflavin-deficient enzyme at pH's lover than 7.0 but activities 

at pH 1 s above 7.0 were great1y reduced. Near1y 50l inhibition was 

produced at pH's 7.4 and 8.1 at a concentration of 1.6 x l0-5M. At 

the same concentration, atebrin produced an inhibition ia the enzyme 

prepared from the supplemented rats vhich close1y resembled that 

obtained with the ribof1avin-deficient enzyme (Table XII). 
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Table XII. The Bffect of AtebriD on the MAO Prepared froa aiboflavin• 
Deficient bts 

The conclitionl for tbese ezpert.entl were siailar to those 
outliaed in Table IV. The supplemeated animal• received a daily cloae 
of 30 as/kg diet of riboflavin 5-phosphate iD 51 eucroae solution. 
Tbe deficient group receiYed an equivalent a.ount of SI aucrose solu• 
ti on. 

No atebrin 

Atebrin, 
1.6 x 1o·s.t 

12 
36 

Supplementecl 

pB 6.5 7.0 8.1 

* 0.39 0.56 0.93 
0.16 0.24 0.89 

• .. .. 
0.14 0.21 0.44 

Deficient 

6.5 7.0 8.1 

o.3o(7Jr* o.3s(63) o.sa(62) 
0.11(69) 0.14(58) 0.40(45) 

0.27 
0.10(71) 

0.29 0.43 
0.12(57) 0.21(48) 

* Optical deuity for the first 20 aina. iacubation with the 
substrate. 

** Figures in the brackete repreaeat per cent of control activity. 

+ Daye on ribof1aviu-cleficient cliet. 
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10. Sucroae Gradient Studies 

The particulate fraction, freahly prepared as deacribed 

under "Methode", waa reauapended above the gradient as ahown ia 

Pig. 19a. 

Fraction N9 

0.5 ml Particulate fraction 

0.5 ml 1.3 M Suc rose solution 1 

1.0 ml 1.4 M Suer ose selution 

1.0 ml 1.5M Sucroae solution 2 

1.0 ml 1.6M Sucroae solutioo 

3 

1. 0 ml Sucroae solution 
4 

Fig. 19a Fig. 19b 

Tbe typical appearance of the tube at the end of the 2 1/2 

hour centtifugation at 40,000 HMP. (156,000xg) in a swinging bucket 

rotor is shown in Pig. 19b. Ia all experimenta, a brown sediment 

was seen but occasionally a very small a.ount of whitiah material 

had also eedtmented. Several layera had formed at the boundariee 

of the eucrose solution. One well-defined band vas alvaye seen at 

the junction of the O.lM and l.lM. Between 1.5M and 1.6M, a rather 

thick band usually appeared. Sometimea bowever, instead of one band, 

there vere two, but tbese vere not too distinct. 

Pig. 19b alao shows the positions at wbicb the fractions 

were collected. This vas done with the use of 0.5 ml. micro-pipette. 
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The fractiona vere numbered as shown in ria. 19b. ria •. 20 givea the 

resulta obtained in these expert.ents with the riboflavin-deficient 

enzyme and with the enzyme prepared froœ the rats receiving a supple• 

-.nt of riboflavia. Ia these exper~ts, the activlty was calculated 

per ag. protein. rig. 20 shows the resu1t of aa experlaeat ia wblch 

monoaaine oxidase activity vere determiaed. 

Hoaoaaine oxidase activity at all pB' s had a maximam ia 

fraction 2; this fraction contains 441 of the activity recovered in 

all fractions. Sim.ilar resulta were obtaiaed vith the riboflavin• 

deficient enzyme, except that the activities were auch lover at all 

pB's (Table XIII). 

Table XIII. The Distribution of HlO Activity on a Sucrose Density 
Gradient 

SuppleMD.ted Riboflavin-deficient (46 daye) 
pH 

rractiona 1 2-3 4 1 2-3 4 

* 0.07(41t* 0.09(33) 0.05(45) 6.5 0.170 0.270 o.u 

7.0 0.240 0.351 0.17 0.10(42) 0.12(34) 0.06(35) 

8.1 0.351 0.431 0.20 0.16(46) 0.21(49) 0.07(35) 

* Activity per ag. proteia (optical deasity for the first 20 mins. 
incubation vith the substrate). 

** Per cent activity of the suppleaeated. 
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B.ecently Gorkin has been aàle to obtain from aitochondrial 

fraction ~o fractions capable of oxidizias two different &aines. lt 

is not kaowa whether the two fractione obtained by Gorkin are as a re

ault of two differeut particulate (.ttochondrial) fractions or that 

acre thau oae euzyae exiat in the saae particulate fraction. Att.pta 

to obtaia fractions in wbich moaoamine oxidase would show different 

activity•pB curves save nesative resulte. Thougb the activities (per 

ms. proteia) for the fraction were different, the type of carves ob• 

tained were very siailar (Table XIII) (Fig.20). 
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Pig. 20. Di1tribution of Monoaaine oxida1e in a apecific den1ity 

gradient. The fraction• are numbered aa ahown in Pia. 19b, 

Ordinate: Recovery •• percentase of recovery in all frac-

tiona. 
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11. The Bffect of Pyridoxine-Deficiency 

&ata fed a pyridoxine-deficient diet showed more or lesa 

the seme aonoamine oxidase activity as that of the control, Table XIV. 

Even after 54 daya on the B
6 

deficient diet, there was virtually ao 

ebange in the activity. In so.e cases, the activity even increased. 

Theae resulte are in contraat to thoae obtained by using aerotonin 

as a subatrate. Froa unpublished va:ks in this laboratory, it bas 

been ahown that the in vivo metaboliea of aerotonia, aeasured aa --
5-hydroxyindoleacetic acid, is reduced in pyridoxine-deficient ani• 

mals, while riboflavin-deficiency did aot impair the in vivo meta---
bolis• of aerotonin. 

Table XIV. The lffect of 16 Deficiency on MAO Activity 

All aaimals vere fed pyridoxine-deficient diet. The aupple
.ented animale received a daily supplement of pyridoxine 30 m.g/kg 
diet in a 51 sucrose solution. The deficient animals received an 
equivalent amount of 51 sucrose solution. 

Day on SuppleiU!Ilted Deficient 
the diet 

211 615 7.0 7.4 6.5 7.0 7.4 

20 540* 560 780 490(90r 480(86) 720(92) 
23 420 550 670 600(143) 470(85) 600(89) 
36 365 401 612 210(56) 368(90) 542(89) 
43 280 400 550 280(100) 430(108) 590(107) 
54 425 565 1000 390(92) 560(100) 740(74) 

* Increase in optical density for the first 20 mina. incubation 
with the substrate. 

** Figures in the brackets represent per cent activity of control. 
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12. The Effect of Carboayl R.eagents on MAO Activity 

Since no auccess vas aChieved vith 16 deficiency expert• 

meats, attention waa turned to the carbonyl reagents, Inhibition 

by these reagents is regarded ae evidence for the presence of pyri-

doxal phoephate, Of the carbonyl reagents studied, aeaicarbezide 

and hydrazine sulfate were the 110st effective (Table XV), These re-

agents apparently inhibit the enzyae at pH' s lower than 7,0 and did 

not affect the activity at 7,4, Seaicarbazide, at concentrations 

of 1,4 x to•"M_ and 8,6 x l0-4tt, inhibited the activity at pH 6,5 by 

341 and 461 respectively, while at the same concentrations, virtually 

no inhibition was produced at pH 7,4 (Pig,21), The in vivo effects --
Table XV, The In Vitro Effect of Carbonyl Reagents 

The conditions for these experimente were stœilar to those 
outlined in Table IV. 

Carbonyl Control Ezperiaental 
reasents pB 6.5 7,0 7.4 6,5 7.0 7.4 

Bydrazin~ 
6.2 x 10 * 0.40 0,52 0,70 0,28(30r* 0.42(20) 0,56(20) 

Seaicarbaz14e, 
1,4 x 10-'tx 0,40 0,56 o. 72 0.26(34) 0,48(14) 0,63(10) 
8,6 x 10-4M 0,35 0.43 0,57 0,19(46) 0,34(21) 0,53(7) 

* Increase in optical denaity for the first 20 ains, of incubation 
with the substrate, 

** Figures in the bracketl represent per cent inhibition. 

of isoniazid and desoxypyridoxine on the MAO of pyridoxine-deficient 

rats were also studied, Two groups of rats, having been on a 16 
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7·0 
pH 

c 
SC 8·6 x 10-4 M 

8·0 9·0 

Fig. 21. Activity-pH curve of the native enzyme with ( SC ) and 

without ( C) semicarbazide. Kynuramine ( 6.2 X to·5 M) 

is the substrate. 
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deficient diet for 26 days, were injected intraperitoaeally daily 

with 50 mgfkg isoniazid and 25 mg/kg body weight desoxypyridoxine 

respectively for seven days. A control group was also kept. On the 

33rd day of deficiency, they were killed, their livers removed, and 

activity was deterained. 

Table XVI. The In Vivo Bffect of carbonyl Reagents on the MAO of 
Pyrldox'iile:Deficient (33 days) Rat Liver 

The control ia the 33rd day pyridoxine-deficient animale. 
The experimental 1a also 33rd day pyridoxine•ùficient aniaals wbich 
bad received the daily injection of carbonyl reagent. 

carhonyl Control (33 days deficient) Bxperi•atal 
reagents pB 6.5 7.0 8.1 6.5 7.0 8.1 

Desoxy-
o.56* o.31(45f* o.48(37) pyridoxine, o.n 1.19 0.83(30) 

Isoniazid, 0.56 0.77 1.19 0.23(55) 0.43(44) 0.56(50) 

* Increase in optical deaaity for the first 20 aina. incubation with 
the substrate. 

** Figures in the hrackets represent per cent inhibition. 

In both cases, œ ts receiving boniazid aad deaoxypyridoxine showed 

reduced activity at all pH1 a but more at pH'• lower than 7.0 (Table 

XVI) • Where isoniazid bad no iahibitory effect in vitro, it exerted 

its inhibitory property tn vivo. The in vivo effect of carhonyl re--............... -------
agents on the MAO of B

6 
suppleaented rat liver has not been studied 

due to the lack of supplemented aniaals. 

13. The Stabilization of MOao .. lne Oxidase by Substrates 1 IDhihitora 
and Possible Prosthetic Groupa 

O'Sullivan and To.aon (140) in 1890 were the firat to dea• 

crihe the effect of the atabilization of an enzyme by its substrate. 
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Delory and Ktag (141) coacluded that stabilisation of alkaltae phos

phatase by different aubstrates iacreasea with the rate of hydrolysis. 

Thorough etudies of the atabilizatioa of D•aino-acid oxidase by •ar

ioua compouada auch aa substrate, co.petiti'Ye iabibitora and flavia

adenine diauc1eotide were doae by Burton (146). 

The procedure for studyiag the stabilisatioa is siaailar 

to that described for pB aad theraa1 iaactivatioa (page 40). The 

co.pound whose effect was under study was added to the euzyme-buffer 

preparation prior to heating. Beating was cauied out at 50°C for 

15 mias. After the heatiug the mixture was cooled and dialyzed for 

three hours agaiast disti11ed water. The activity was theu aeasured 

per 118· protein. 

Varioua compouads were choseu to observe whether they would 

act to protect the enzyme froœ losa in activity or not. Substances 

which were subatrates for MAO, auch as beuzylamiue, epinine and iso

amylamine stabilized the enzyme against beat, whereas non•substrates 

auch as ethauolaaine and dia~1ike histamine and diaminobutane 

did not (Table XVII). Bach result is the result of one experiment. 

aeversible inhibitors like harmaliue and 8-hydroxyquiuoliae 

also protected the enzyme but théir stabilisation property was not 

as effective as the sub1trates of MAO. A1so studied were the effect 

of pyridoxa1 phosphate and FAD (flaviu-aeniae dinucleotide). Neither 

of theae two had any effect on the rate of inactivation of the enzyme 

(Table XVII). 
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The stabilization of MAO reseœbles that of D•aaino-acid 

oxidase, also in other respecta both enzymes act very s~ilarly, but 

this will be discussed later. 

Table XVII. Stabilization of Monoa.ine Oxidase by Subatrates and 
Inhibitors 

The eazyae-buffer (pH 7.4, 0.066 M concentration) prepara
tion was heated (50°C, 15 aine.) in the presence of the substance 
wbose protective property was to be studied. All ca.pounds were 
present at 1.6 x to-4M (final concentration) except the last two. 

Compound& Control Control heated Experimental 
(heated in presence of 

~100%l indicated coœpoundl 

Benzylamine 0.60* 0.38(63)** 0.55(91) 
Dopaaine 0.53 0.15(28) 0.27(51) 
Epinine 0.55 0.15(28) 0.26(49) 
Isobutylaaiae 0.47 0.12(25) 0.19(40) 
Isoaaylaaine 0.47 0.12(25) 0.16(34) 
Ethauolamine 0.60 0.38(63) 0.38(63) 
His taine 0.60 0.19(32) 0.20(33) 
Diaainobutane 0.60 0.38(63) 0.42(70) 
Harœaliae 0.53 0.16(30) 0.24(45) 
8-Hydroxy-
quinoline 0.53 0.16(30) 0.22(40) 
FAD, 
1.6 x lo-5M 0.40 0.15(38) 0.15(38) 
Pyridoxa1 
phosphate~ 
1.6 x to• 0.40 0.15(38) 0.13(32) 

* Increase in optica1 density, per mg. protein, for the first 20 
mins. incubation with the substrate. 

** Figures in the brackets represent per cent activity of one 
experiment. 
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IV. DISCUSSION 

The greater auaceptibility of MAO to ther.al iaacti•atioa 

at extreme pH values ia typical of most enzyaea. It may be noted 

that the pH raage of greatest ther.astability ia 6.0-8.0. Since the 

enzyme bas not been purified and the isoelectric point identified, 

one cannot say exactly where in the pH raage the enzyme exhibits its 

greatest ther.ostability. Johaaon, Byring aud Polissar (142) have 

auggested that enzymes with •• acid isoelectric point exhibit the 

greatest stability at more alkaliue pH values and vice versa. As 

indicated in the explanation of the resulta, MAO teads to be more 

sensitive to beat at the alkaliae pH. The greatest losa in activity 

occura between pH'a 1.0 and 8.1. This fall in activity givea rise 

to a second peak at pH 6.5. The fact that the inactivation of MAO 

doea not follow first-order kinetics is illustrated by the ttme 

courses (Fig.l,2), and this is confir~d by the fact that a plot of 

log. activity against tt.e is not linear. The order with respect 

to tiae is obviously not unity, and the falltng off of the first

order conataat uy be explaiud in varioua ways: 

1. The tnactivation is reversible and an equilibriua is 

reached. This explauation is ruled out by the fact 

that MAO inactivation is irreversible. 

2. Two MAO encymes .. y exist, having different theraosta

bilities and they uy differ in other respects. 

The activity-pH curve ahowed a shoulder around pH 6.5-7.0 

aad a peak at pH 7.4 using phoapaate buffer, or at pH 8.1 usiag borate 

buffer. It was thought that the borate buffer uy affect the product 
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of kyauramiae oxidatioa, 4-hydroxyquinoliae, in that it iacreasea 

the absorbaacy at 315-330 ~· This increase aight be the result of 

the reaction of borate with 4-hydroxyquiaoline causing it to enolice 

and therefore iacrease the _.sorbancy. The ultra-violet spectra of 

kyauramiae and 4•hydroxyquinoltae in borate buffer pH 8.1 were not 

different froa that in phosphate buffer pH 7.4. The shoulder obtaiaed 

at pH 6.5 has also been reported by Barbato and Abood (49). Also 

uaing kyauraaiae, tbey obtained an activity-pH curve wbich had a 

shoulder around pH 7.0. They have obtaiaed a s~ilar activity-pB 

curve with bencylamine as substrate. Horita (143), studyiag the 

iafluence of pH on the serotonin aetabolia. by rat heart homogenate, 

also obtaiaed a shoulder around pH 7.4-8.8 and a peak at pB 9.5. 

In order to eliaiaate any doubt that the ehoulder aight be an arti• 

fact, the effect of pB on the absorbancy of kynuramiae and 4-hydroxy

quiaoline were studied. No effect was observed. The effects of 

various concentrations of buffers on the activity of the native en

cyae were also studied. There was no change in activity or in the 

position of the shoulder. 

When the en~e was heated in the presence of various phos

phate buffers o.031M final coaceatration for various tiaes (Pig.3) 

two peaks, at pB 6.5 and at pH 7.4, were obtained. The fall in acti• 

vity at these pB'• was first order (Pig.4). The presence of a double 

pB optima can be explaiaed ia a auœber of ways: (1) the presence 

of 2 distinct isoen~s with different pB opt~, (2) formation of 

active encyae-substrate coaplexes by ionie supplement, of the encyme 

wbich differa by at least 2 protons, (3) the presence of an ampholyte 
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inhibitor and (4) the enzyme having .ore than one active site. Scbw~

aer (144) has been able to put the above postulate into aathematical 

fora. Bts mathematical theories are appliable for a pure preparation 

of the en&yme only, and are too complicated. Becauae our studiea 

have been done on the .ttochondria, we do not know what really happena 

wben inactivation takes place. la a pure state, the enzyme may act 

completely differently. But we have evidence that may rule out postu• 

lattons 2-4 and increase the possibility for the presence of two iso-

en.,.ea. The fact that beat inactivation at various pB's is firat 

order (lig.4), and that wben heatiag took place in buffer concentra-

tions of various streagths, the activity•pH curve did aot change, 

rule out the possible exiateaee of two ioaic sites or .ore than one 

encyme-substrate coœplex formation. The possibility that the resulta 

are due to polyaerization of .anoaaine oxidase ia diacounted because 

of the low encyme concentrations used and becauae the initial rates 

of enzyae activity were proportional to enzyme concentration at both 
s~port 

high and low substrate concentratton7for the presence of two isoea-

.,.es comes froœ etudies on beat inactivation at various pB'•· The 

time course for the inactivation of MAO, obtained at pH 6.5, 7.0 and 

7.4 are different. The losa of activity waa greateat at pB 7.0, followed 

by the losa at pB 7.4 and thea at 6.5. xa.&ryt and Zdenek (145), 

working with isoen~s of lactic acld dihydrogenase and their sua• 

ceptibility to beat inactivation, have showa that the isoenzymes of 

lactic acid dehydrogenaae differ in their ttme course for the inacti• 

vation. ladirect evidence also for the .altiplicity of MAO comes 

from the fact that the eazyae lacks substrate specificity. 
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The effect of the concentration of coenzy.e, suhstrates 

and inbibitors on the rate of en~e-catalyzed reaction is often dis-

cussed in teras of a combination of the ea.zyme and the coenzyme, sub-

strate or inbibitors. Burton (146), studying stabilization of D•amino-

acid oxidase by cofactors, substrates and competitive inhibitors, 

bas come to the conclusion that if stabilization of the enzyme by 

cofactors, substrates of competitive inhibitors were also conaected 

witb a similar coœbination, at the same site on the enzyae the pro-

tection constants sbould be related to the Micbaelis constants deter-

mined at the seme temperature and pB. Be is supported in this respect 

by Boyer, Lum, Ballos, Luck and lice (147) and Boyer, Ballou and Luck 

(148). 

The relation between the rate of inactivation and the con-

centration of the protector can be explained if the apo-eazyme P 

cOIIbines with the protector X to fora a complex PX, wbich is lees 

readily denatured than the apo•enzyme. 

Let 0X be the dissociation constant of the PX comples, 

0X • (P) (X) if (P), (X) and (PX) are equilibriua concentration. 
(PX) 

Let k0 be the rate constant of inactivation of the free 

apo-enzyae P and let k be the rate constant of inactivation of the 

co11plex PX. 

'l'he resultant rate constant of inactivation of the ea.zyme 

in an equilibrium aixture of P, X and PX 1s 
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K (P)k0 + ~PX)k 
• (P) + PX) 

when (X) • a , K • k9 + k 
x 2 

Therefore l'Ix • CX;x 

Ttx is the protection constant. 

Burton ta his etudies supported by others (148) bas fouad that the 

curve of stabilization of an enzyme by its substrate at various con-

centrations resembles the effect of substrate concentration on the 

rate of enzyme action. By analogy with the Michaelis constant, the 

protection constant II can be evaluated. 

When benzylamiœ protects the MAO, n:. should be equal to 

the expression (P) (ben!Ylaœine) • The protection constant of any 
(P•benzylaaine) 

compound can be represented by the above equation. Compounds which 

are substrates of the enzyme are fouad to protect the oxidase. With 

a better substrate, tbere is more protection. Several substances, 

not being substrates, do not protect the oxidase under the condition 

studied. Flavin-adenine dinucleotide (FAD), suggested to be the co• 

factor of MAO, does not protect the enzyme. ln this respect MAO differe 

from that of D-amino acid oxidase. Pyridoxine (B6) did not bave pro

tective properties either. Some of the inbibitors of MAO, harmaline 

and 8-hyclroxyquinoline, protected MAO from inactivation, but they 

were not as good as the substrates. During the course of inactiva-

tion, the active site is involved. The substances which protect the 

enzyme from denaturation must react with the active site of the enzyme 

and protect it. 
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It bas been reported tbat an -su group is involved in the 

active site of the oxidase. Studies with sulfbydryl compound& have 

shown that these compounds exert inhibitory effecta i:! -.v ... it_r_o. This 

is in agreement with the view that sulfbydryl group functions in the 

oxidation of the substrate and that an excess of soma •SH compound 

or of a disulfide could inhibit MAO at one phase of the catalytic 

process. If a sulfhydryl group is necessary for the activity of the 

oxidase, then the enzyme heated in the presence of oxygen aight show 

lesa activity than the ensyme heated in presence of nitrosen. As 

shown on Table III, the resulta are in agreement with the above sus• 

sestion. Oxysen would tend to oxidise the -su group which may sive 

rise to -s-s~. Substrates and inhibitors tend to protect the active 

site from such oxidationa. After heatin& the preparation in the pre-

sence of nitrosen, soœe MAO activity was lost. This might be due 

to the presence of oxygen in the nitrogen and dissolved oxygen in 

the enzyme mixture. To check against the presence of oxygen, nitro-

gen was passed through a solution of hydroquinone to remove any oxy-

gen which aisht be present. The resulta of this experilllent showed 

that the enzyme, in the presence of nitrogen whieh bad beeu passed 

tbroush a solution of hydroquinone, was not inactivated as much as 

in the previous preU.àtnary. experiaents. The naall amount of inacti• 

vation obtained with the nitrogen aight be as a result of surface 

denaturation. The resulta of these experimenta are in agreement with 

tbose of previous findings that an SH group is necessary for the acti• 

vity of the enzyme. 

The question whether the enzyme bas a metal or a cofactor 
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bas not been fully answered. But there is mucb evidence to support 

that the enzyme bas a metal and a cofactor. Other amine oxidases 

auch as plasma-amine oxidase (Yamada and Yasunobu, 13 7), benzylaine 

oxidase (138) and diaœine oxidase (pea seed plant amine oxidase) 

(Mana, 139) are kDown to bave copper and a carbonyl as prosthetic 

groups. The group of aaille oxidasea iuhibited by carbonyl reagents 

eucb as hydrazine and hydroxylamine includea the plant and animal 

diamine oxidaaes, hietamiaase, speratae oxidase (E.c.l.S.3.3.) and 

benzylaœine oxidase (Bergeret, Blaechko and Hawes (149)). This is 

in contrast to the animal monoamine oxidase which la not inhibited 

by hydrazine or by the carbonyl reagents. Gorkin, stDdying the effect 

of chelatin.g agents on the enzyae, came to the conclusion tbat the 

enzyme bad a metal as a prosthetic group. He vas able to antagonize 

the effect of inhibition produced by chelating agents vith œetal ions. 

He vas unable to reach a definite conclusion as to Wbich metal is 

involved in MAO. Lagnado and Sourkes bave studied the effects of 

various metal ions on the activity of MAO. With some œetals, at a 

higb concentœ tion, the enzyaae was inbibited and while vith other 

metals at lover concentration, MAO activity vas .anifested. They 

vere not able to activate the enzyme by a specifie .etal. Green (64), 

with his etudies on the mechanisa of inhibition of moaoamine oxidase 

vith hydrazine iDhibitora, bas outlined a theory suggesting that MAO 

is a copper-containing enzyme. Bis theory is based upon the assamp

tion that inhibition by hydrazine derivatives resulta froa a copper• 

catalysed liberation of free radicale in the vicinity of the enzyme's 

active centre. There are a number of faults with this theory: (1) 
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rata made copper deficient did not show any decrease in MAO activity 

even though the copper store in the liver ia àecreased by 751. It 

may be possible that the remainiag 25' of copper would be aufficient 

for the activity of MAO. However. vith riboflavin•deficiency there 

waa aome deterioratioa of enzy.atic activity. {2) Diethyldithiocar

bamate, a cbelator used for the estimation of copper, ahowed sipi• 

ficant inbibitory affects only wbeu a final concentration of 10-~ 

waa uaed. In coœparison to the otber chelatora, auch as 8-hyàroxy

quinoline and thenoyltrifluoroacetone (an iron reagent), diethyldi· 

thiocarbamate was weak in iDhibiting the enzyme. (3) Ho extensive 

etudies have been carried out by Green to show whether or not other 

aetal ions act in the seme manner as copper on the byàrazine•inhi• 

bited active site of the enzyme. 

Attempts to dialyze the metal vith the use of chelating 

agents have failed. The metal, if present, must be tightly bound 

to the enzyme. The bond proàuced between the chelating agent and 

the metal ion 1a not strong enough to separate it from the enzyme. 

Hitherto no prosthetic group bas been resolved from amine 

oxidase, but on many occasions, the suggestion bas been proposed that 

the enzyme poaaess a flavin nucleotide in its structure (55). No 

direct evidence bas been found to support this hypothesis. On the 

one band, it bas been shown that the livers of riboflavin-deficient 

rata have lesa activity than tbose from control antmals (57,58). 

Inhibition by atebrin further implicates a flavin, since this inbi

bitor exer~a a specifie action on eavoproteins (150) and also decreaaes 
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the oxidation of amines .!! ,!.!!2 (59) aud!!! vitro (58). Richter in 

1937 drew attention to some of the s~ilarities in the reaction cata

lyzed by this enzyme and amino acid oxidases. The parallel in reac

tion with the amino acid oxidase, which is known to be yellow enzymes 

is food for thought. Both these enzymes catalyze the conversion of 

-ca-NH2 to -CaNH; both are efficiently carried out only under high 

partial pressures of oxygen, a characteristic of flavin enzymes, and 

both result in the formation of hydrogen peroxide. 

Hawkins, in ber etudies with riboflavin-deficient rats, 

bas suggested that the vitamin may be contained in enzyme protein. 

With inositol present in the diet, riboflavin vas more effective in 

restoring .. ine oxidase activity. There was no tapid restoration 

of the enzymatic activity after the rats received riboflavin. Hawkins 

bas further suggested that inositol is required either for the syn

thesis of a proathetic group, or of a new enzyme protein. ln the 

etudies on riboflavin-deficiency uaing kynuraaine as substrate, the 

protein content of the washed mitochondria was meaaured. There was 

no decreaae in the protein content of mitochondria. This aight rule 

out Hawkin's suggestion that the vitamin is necessary for the synthesis 

of the enzyme. 

Conaidering the various functions of pyridoxal phosphate 

in the intermediary metabolism of .. ino acide and aainea, a decrease 

in action by MAO resulting froa rata deprived of this vitaain, bas 

been anticipated. Rats put on a pyridoxine-deficient diet, showed 

more or lesa normal levels of MAO activity with a decrease on a few 
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occasions. Wis~n and Sourkea (151) bave reported that riboflavin

deficient rats did not reveal any decrease in MlO activity. as mea• 

aured ~!!!2 by excretion of 5-hydroxyindoleacetic acid (5•HIAA) 

after adainiatration of a aerotonin (5-HT) load. In a recent paper 

(152) they have shawn. as they had previously deœonatrated with rats 

receiving 5-HT iatragaatrically, that riboflavin-deficiency does not 

alter the aetaboliea of intraperitoneally injected aaine, when mea

sured by the excretion of ita acid aetabolite 5HIAA. But from un

publiahed work of this laboratory, it was observed that the in vivo 

aetabolism of serotonin was impaired with rats on pyridoxine-defic

ient diet. The resulta obtained with deficiency etudies are conflic• 

ting and confusing. Some of these resulta aay be explained if one 

assumes that there are more tban one monoamine oxidaae, and that they 

are reaponaible for the œetabolisa of varioua aainea. A au.ber of 

investigators (143) have pointed out that serotonin aetabolisa may 

involve more than one enzyme. This aay answer the question raiaed 

by the above result that riboflavin-deficiency doea not ~pair the 

activity of MAO when aerotonia is uaed as aubatrate. When riboflavin• 

deficiency sets in, the nor .. l route of serotonin aetabolisa .. Y be 

upset and a new patbway involving the role of 16 comea into being. 

There ia another justification for this hypotheaia; when a load of 

serotonin is given to a rat, only about 40l of it can be accounted 

for as SBIAA. What happena to the rest of the aerotonin ie unknown. 

Aa .. ntioned earlier, tbere aight be a different patbvay of serotonin 

aetabolisa. Kapeller-Adler and Macfarlane (153) have reported that 

the prosthetic group of histaainase containe pyridbzal phosphate and 

FAD. In atudying the absorption apectrua of the enzyae, two aaxima 
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at 330 and 405 were obtained. 'l'beee can be attributed to pyridoxal 

phosphate. Froa the absorption and fluoresceace apectra reported 

by lapeller-Adler and Macfarland (154), Haan (155) bas calculated 

that 1 mole of pyridoxal phosphate ia present in 40,000 • 50,000 g. 

of the preparation and 1 mole of FAD in 1,000,000 - 2,000,000 g. 

This suggests that further evidence ia neceaaary to exclude the posai• 

bility that FAD ia present as an f.apurity. 'l'be original suggestion 

that the enzyme aight coatain pyridoxal phosphate and FAD was .ade 

by Werle and FecbaaDD. (156). When plant sapa contaiaing di•iae oxi• 

dase vere dialyzed for aeveral daya to reaove the proethetic group, 

the rates of the oxygea uptake were increaaed by adding pyridoxine 

hydrochloride to the dialyeed sapa. Goryacheakova (15 7), atudyiag 

the same eystea, reported that both the uptake of oxygen and the liber• 

atton of ... onia were increaaed vbea pyridoxal phosphate aad FAD were 

added. For the above reaaoas, and becauae rate put on a riboflavtn

deficient diet did not show a complete deterioration of MAO activity, 

both FAD and pyridoxal phosphate may act as the proathetic group of 

MAO. The presence of pyridoxal phosphate would explain wby the en

zya.e is inhibited slightly .!! vitro and by 50'%. .!.! .!.'!:!! by carbonyl 

reagenta auch as hydrazine sulfate, and aemicarbazide. 

Borita (143), atudying the influence of pB on aerotonin 

metabolism in various tissue bomogenates, bas indicated the presence 

of at least two enzyme systems in the heart tissue of rat which are 

capable of aetabolizing serotonin. In his etudies with inhibitors, 

he fouad that KCN inhibited the heart enzyme at pH 9.5 wbile phenyl• 

isopropylhydrazine (a MAO inhibitor) inhibited the enzyme at the phy

siological pH 7.4. In my own etudies, I bave fouad atmilar resulta 
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with the rat liver mitochondrial MAO usillg kynuramine as substrate. 

Phenylisopropylhydrazine inhibit1 the enzyme at pH 7.4 and 8.1 but 

tbere is little inhibition at pH 6.5. In the control, activity-pH 

curve of the enzyme shows a sboulder at pH 6.5 and a peak at pH 8.1, 

while the enzyme inhibited with pbenylisopropylbydrazine shows only 

a peak at pH 6.5. Semicarbazide (10-~, a carbonyl reagent, inhi

bited the native enzyme at the lower pH1 s. Wbatever the explanation, 

it is clear from these experimenta that at pB levels of 6.5 and 8.1, 

rat liver lllitochondria contain two system.a which cau aaetabolize 

kynur aine. 

Studiea with cbelating agents and other inhibitors of MAO 

bave revealed very interesting resulta. Hot all the chelating agents 

or MAO inhibitors bad the saœe effect on activity-pH curve. With 

the exception of phenylisopropylhydrazine, the other hydrazine inhi· 

bitors and phenycyclopropylallline seem to act the same on the activity• 

pH curve. Bowever pargyline, a non-hydrazine inhibitor, appeared 

to act differently for it inhibited the enzyme more at the lower pH's. 

In this reapect 1 pargyline is acting very silllilarly to cbelating 

agents. The possible explanation of this is that the acetylene group 

on the aide chain of phenyl group uy be reacting with a metal on 

the enzyme, tbus forming an irreversible complex. (Attempts to dia

lyze the inhibitor at pB 6.5 have failed). 

The oxidative deamination of various lllOUoairaes in the ani-

mal ia usually attributed to the action of a single enzyae, aonoamirae 

oxidase/oxidoreductase (deainatirag), BG 1.4.3.4. But in recent 
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years nuœerous data have been published to support the theory of the 

multiplicity of mitochondrial a.ine ozidasea. 

Most of tbese data have been obtained with iDhibitors. 

Using different substrates of MlO, an iDhibitor will give different 

degrees of inhibition. This bas been regarded by some workers (2, 

3,50) as evidence to support the theory of the multiplicity of MlO. 

In mJ own etudies, I have obœtned s~ilar resulta. The 

activity-pB curves show a shoulder around pB 6.5 and a peak at 7.4. 

The fact that it bas been possible to inhibit selectively the sboulder 

at pH 6.5 with some chelating agents and inbibitor and the peak at 

pH 7.4 with some other inbibitors would suggest the presence of two 

systeœa both capable of oxidizing kynuraœine, one system being more 

active thau the other. The two syst..a differ froœ eacb otber in 

many respects. 

(a) Beat-iDactivated studies bave revealed tbat the rate 

of denaturations (the fall in activity) differ at pB's 6.5 and at 

7.4, that is, the enzyme is .ore beat stable at pH 6.5. Gorkin (48), 

using tyraaine and benzyl..tne as substrates, bas sbown that tyraœine 

oxidation systeœ is considerably aore sensitive to controlled heating 

thau that of benzylaaiae. After beating the enzyme preparation at 

48°C for 45 minutes, the system that oxidizes benzylamine loses 54t 

of its activity wbile that of tyramine loses lOOt. Wben the enzyme 

is heated at 50°C for 80 minutes, using kynura.ine as substrate, it 

still bas most of its activity (Fig.l ). Here again the enzyme(&) 

is acting differently towards kynùramine. This vould tend to support 

Gorkin1 s findings. 
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In a recent paper Gorkin (158~ studying the ~ vitro effects 

of proflavine on MAO, found that proflavine acta as a co.petitive 

inhibitor in the case of serotonin o.xidation by MAO prepared froœ 

rat liver. In similar experillenta with tyr-ine as subatrate, pro

flavine causes a non-competitive inhibition. The ~UDt of inhibition 

by proflavine in the presence of each substrate was significantly 

different. The inhibition of oxidation of tyra.ine by proflavine 

could not be reveraed whereaa vith aerotonin as aubstrate, partial 

reversibility of the inhibitory effect of proflavine vas achieved. 

This would support the suggestion of Bardegg aad Beilbron (50) that 

the two enzymes oxidizing serotonin and tyraaine are different. The 

fact inhibition by proflavine was partially reversible when serotonia 

was used as substrate may also lend support to the possibility of 

more than one enzyme,none reversibly inhibited (s~ilar to the inhi

bition produced by proflavine wben tyr .. ine is uaed as subatrate) 

and the other one t'eversibly, bèing involved in the de•ination of 

serotoain. It vould be intereating to deteraine the effect of pro

flavine on the activity-pH curves of serotonin and kynura.ine and 

to see whether the inhibitioa is reversible at the different pH values. 

(b) The aitochondrial MAO is also inhibited differently 

at the varioua pH 1 s by inhibitors, che1ating agents and carbonyl re

agents. These have already been discussed. 

(c) Biboflavin-deficiency etudies have alao contributed 

to the increased evidence that whatever systeœa are involved in oxi

dizing kynuraœine at the different pH's are different. Carbonyl re-

agents inhibit the enzyme at pH's lower than 7.0. At these pH's the 
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losa in activity is lesa than at pB's above 7.0 in the MAO prepared 

from riboflavin-deficient livers of rata. 

The data obtained caa be ez:plained by assuaing (1) the exis

tence of either two different structure-bowad DKmoamine oxidaaea in 

the rat liver œitochondrial prepazation or (2) of ionization sites 

on the single enzyme molecule. 

All indications are that two toni z a ti.on sites are not in• 

volved in the case of rat ltver MAO. Gorktn (46, 159) bas been able 

to separate partially rat liver œitochondrtal amine oxtdases. Ustng 

a non-tonte detergent OP-10 be bas solubiltzed the mttochondrta. 

Applytng the solubtlized .. tertal to a "Brusbite" colœm and stepwise 

elution be bas obtained two fractions capable of attacking two differ

ent amines, D.allely, m-nitro-p-hydroxybenzylaœine (PBB) and p-nitro

phenetbylamine (PN). Ultracentrifugation of washed rat liver mito

cbondria, using kynuramine as aubstrate bas not revealed different 

MAO activity, though using other substrates may. This would readtly 

be understood if one assumes the existence in mitochondrial membranes 

of systems of multiple amine oxtdaaes differing in substrate speci

ftcity or tf one assumes that MlO may exist as a number of subunits, 

and eacb subunit acts differently with respect to beat-inactivation, 

oxidation of substrates, and ita reaction towards tnhibitora. Bach 

subunit may also differ in cofactor requireœent(s). Further investi

gations are necesaary to find out wbether the enzyme acta in this 

aanner or not. 

In summary evidence bas been provided to support the tbeory 

tbat more than one .onoamine oxidase exist, capable of oxidatively 
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deamiaating a wide variety of amiaes. This evidence is also supported 

by the works of other inveetigatore. By no means can this be counted 

as final proof since the enzyme hae not been purified. 
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V. SUliCA.KY 

In the recent years it bas become popular to speak of not 

one aonoamine oxidase but a seriel of theœ, each differing in ita 

action towarda subatratea and inhibitora. Most of the work, doue 

as evidence for the multiplicity of MAO, haa been carried out on the 

illpure enzyme prepared froa the •ltodlondrial fraction. In these 

etudies MAO vas prepared very siailar to that of Hawkins. Tbeae in-

vestigations have revealed that wben kynuraœine is used as substrate 

the activity•pB curve shows a shoulder around pB 6.5 and a peak at 

pB 7.4 (phosphate buffer) or 8.1 (borate buffer). Beat-inactivation 

etudies revealed that the rate of inactivation at pB 6.5 and 7.4 are 

different, indicatlng tbat two syst•s aay be lnvolved ln the oxlda-

tion of kynuraalne. This point bas been further strengthened with 

other etudies auch as the effect of inhibitor, chelating agents, 

carbonyl reagents and riboflavin•deficiency on the activity of MAO. 

While riboflavin•deficlency and most lnhibitors bad their greatest 

effect ln reducing the oxidation of kynuraalne at pB1 a higher than 

7.0, the chelatlng agents and carbonyl reagent lnhibited the en~ 

DlUch .ore at pB' s lover than 7.0. The data froa the riboflaviu-

deficiency exper~ents J2~v-it~r-o indicate that riboflavin may take 

part in the aetabolisœ of kynuramine, though attempta to restore MAO 

activity by adding riboflavin bas failed. Atebrln, an antimetabolite 

of riboflavin, lnhiblted the enzyae prepared fraa the suppleaented 

and rlboflavin•deficient rats. Inhibition by this reagent la regarded 

by many tavestigators as presuœtive evidence for the role of ribo-

flavin as a cofactor of MAO. Neither pyridoxine or copper-deficiency 

bad any effect on the activity•pB curve of the enzyae. The possibility 
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tbat the enzyme bas a aetal bas been increaaed by the fact tbat cbela

ting agents inhibited atrongly the activity of the enzyme. The acti

vity of the enzyme could be reatored by dialyzing the enzyme-cbelating 

preparation against water. As yet no metal bas been assigned to MAO. 

Whatever the explanation, it is clear from the resulte that 

at pB levels of 6.5 and 7.4 or 8.1 the rat liver mitocbondrial MAO 

contains two systems wbicb can oxidize kynuramtne. Tbat both tbese 

systems are active is seen by the degree of inhibition in the pres

ence of inhibitors of MAO and chelating agents. The resulta can be 

explained (a) assuœing tbat there are two or more monoamine oxidases 

or (b) that the enzyme bas more than one ionizable site capable of 

oxidation. Evidence obtained in these studies and by other workers 

in this field point strongly to the assumption that isoenzymes of 

monoamine oxidase exiat in the aitocbondria. 
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