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FOREWORD 

The present investigation 15 part of a research 

programme in progress at the Allan Memorial Institute of 

Psychiatry, under the direction of Dr. R.A. Cleghorn. In 

our laboratory" we a:'e particularly interested in the mata.,. 

boli5m of physiologically occurring pressor amines such as 

adrenalL~e .. nor-adrenaline and serotonine Oxidation by 

monoamine oxidase (MO) constitutes one of the important ways 

by which these biogenic amines are inactivated in the body. 

Little is known" however, on the natute of the MO Il system" • 

Search of theliterature indicates that virtually 

no investigation has b~en done on the effects of ions, 

particularly the metals, on MO. In view of the requirement 

for metals by many enzymes, a study of the effects of ions 

on MO has been undertaken in our laboratory and the results 

of this investigation are reported in this thesis. Further ... 

more, there is evidence reported in the literature indicating 

that amine oxidation is catalysed by a riboflavin-enzyme • 

It has recently been found that a large proportion of the yellew 

enzymes also bear a metal (iron, copper or mol)"bdenum) in their 

prosthetic group. The possibility that the ox1d&t-ion of mono ... 

amines i8 catalysed by a met~lo-flavoprotein en~e has been 

'riefly investigated. 

Concurrently with this work, other studies bearing 

on the mechanism of action and on the nature of the MO system 

have been carried out. 

, 
"; . " .,:,~ . ' j . 
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INTRODUCTION 

A. HISTORICAL 

The first indications that ~mine8 are broken down in 

the body by deamination are to be found in a paper published by 

Schmiedeberg in 1877 (1). Schmiedeberg demonstrated that in 

the dog, benzylamine given orally was excreted as hippuric aCid, 

and he ' assumed thaf~ free benzoic acid wa.:,: first formed prior to 

conjugat ion. A little later, Schmiedeberg and Minkowski (2, 3) 

were both able ~ o isolate benzoic acid fram minced rabbit liver in-

cubated with benzylamine. This demonstrated the deamination re-

action in vitro. Other amines were later shcwn to be deaminCed 

in perfusion experiments as well as in ~ (4-6). Ewins and 

Laidlaw, in 1910, were able to show that a numberof amines, when 

added to the perfusion fluid of intact organs or given to intact 

animals, wer e broken down to give co~responding acid (4, 5). 

These authors found, for example, that tyramine was metabolized 

t~hydroXYPhenylacetic acid. It was believed at that t ime 

that this reaction teok place with the intermediary formation of 

an alcohol. Guggenheim and ~ffler (6), had isolated tyrosol, 

as well as the acids derived from iso-amylamine1 and tryptamine. 

1 
In 1/15, Bain (7) reportE::d that iso-amylamine, " .... ~Ii-.::h is the 

decarboxylation product of leucine;-is found in the urine of 
man. This finding which would imply that iso-amyléilline i5 net 
deaminated in the body by mmoamine oxidase prior to its ex­
cretion, could not ~. confirmed by later investigators (8). 
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In all the early feeding and perfusion experiments, the aldehyde 

pr,llnary product of amine oxidation was not detected. This is 

not surprizing, since in such experiments, the aldehyde fo~ed 

would be readily oxidized by aldehyde oxidase and mutase to its 

corresponding acid and alcohol. 

The early wO.2k reviewed above, as w.911 as more recent 

studies using radio-isotope techniques (9, 10, Il), !Ully confirm 

the general concept propounded by Schmiedeberg (18771) concerning 

the fate of amines in the body, in which it is suggested that, 

"probably aIl the mono-amino bases in which the 

nitrogen is not directly linked to the benzene ring, 

i.e. aIl bases which contain the atomic grouping -

CH2NH2 are broken down in the organism with the 

formation of anunonia". (1). 

In 1928, Hare discovered Jrtyramine oxidase, an enzyme 

found in mammalian liver capable to cata1yzing the oxidative 

deamination of tyramine (12). In her second paper, Hare~ 

Bernheim suggested that the first reaction produca of amine oxi­

dation was an aldehyde (13). This was quite in contrast with 

the earlier work, where deamination was thought of as a hydro1y­

tic process, giving rise to the formtion of alcohol, according 

to reaction (1), 

R-CH2NH2 + H20 ~R-CH2OH + NH3 (1) 
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It was in 1937 that the first experiment~l evidenee 

for the formation of an aldehyde as primary reaction product of 

amine oxidation was presented (14, 15). Pugh and Quastel 

(14) studied the oxidation of aliphatic amines by an enzyme 

present in brain and in other tissues which they nameà 

"aliphat ic amine oxidase". These authors isolated the al-

dehyde formed in the enzymic oxidation of iSO-~amine2. 
They were able to show, moreover, that oxidative deamina-

tion oecurred both in brain eortex sliees an.j extracts, although 

the amine oxidase activityo: the se preparatlons was le88 

active than that of liver tissue. They also reported that 

higher amines such as18o-amylamine depressed oxygen uptake of 

brain cortex slices, although deamination did take place. 

In the same year, Blaschko et al (18, 19, 20) de-

scribed an enzyme present in a variety of tissues, capable 

of inactivating adrenaline by deamination, and suggested that 

their "adrenaline oxidase" was identical with Harets tyramine 

oxidase (12), and Pugh and Quastel 1s "aliphatic amine oxidase" 

(16). At this time, Kohn (21) proposed the follo1iing sequence 

2 
It was found by these authors (116) that the aldehyde formed 

from butylamine or iso-amylamine could undergo a Cannizzarro 
reaction, cataIY7.ed by aldehyde mutase, to form the corres­
ponding alcohol and acid. Iso-amylalcohol is characte~'ized 
by its odour. It may be mentioned here that Holtz et al 
(17), in the next year, isolated the aldehyde formed during the 
enzymic oxidation of dopamine. 
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of reactions in the oxidation of amines by amine oxidase, 

shQWD in reaction (2), 

Soon afterwards, Zeller proposed a common name for 

these enzymes, "mon a amine oxidase" (subsequently referred to 

as MO), ta distinguish it from "diamine oxidase" (DO) (22, 23). 

Thence arase the concept of MO which was not to be challenged 

until 1943, when Alles and HeeJaard (24), on the basis of ex­

tensive studies on the substrate and inhibitor specificity of 

MO, suggested that MO was in fact, composed of a group of 

several closely related enzymes. Later work, which shall be 

discussed subsequently, lends support to this point of view. 

It is of interest, in this respect, ta quote Zeller ~ al 

(25) who state in a recent paper that, 

"The differentiating characteristics between 

monoamine-oxidase (MO) and diamine-oxidase (DO) 

have been lessened ••• The question arises ~ to 

whether the amine oxidases are distinct entities 

or are homologous enzymes")' 

In other words, not only is the homogeneity of MO 

questioned, per.ê.!, but there is also sorne question as to 

the validity of the MO-DO dichotomy which has long been re~ 

garded as an established fact. 
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B. PROPERTUS OF AMINE OXIDASE 

1. Distribution of Monoamine Oxidase 

Monoamine oxidase activity has been found in 

animal ani plant tissues (19, to 27) as well as in sorne 

bacte!'ia (28). The distribution of MO has been reviewed 

in detail by Blaschko (29) and Zeller (30); Werle (27) 

has reviewed more in particular the distribution of the 

enzyme in plants. Table l briefly summarizes what i5 

known on the distribution of MO. 

Table l Distribution of Monoamine-oxidase 

Source "eference 

Chordates mammal5, birds reptiles, 

amphibians, teleosts, elasmo- 19, 2h, 

brancha (Torpedo marmorata) 29 

Invertebrates molluscs, echinoderms, annelids 19, 31 

Plants higher plants such as: Salvia 27, 32 

ulginosa, Colchicum bornmuelleri, 33 

Cannabis indica, Momordica balsa-

mina and Pisum sativum L. 

Bacteria B. aeruginosa, E. coli 28 

u 
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The richest source of MO hithjrto found is the 

hepatopancreas of the molluscs Sepia and Oct opus (34, 35). 

In mammalian organisms, a wide variety of tissues have been 

studied for MO activity, liver intestine and kidney3 being 

the richest sources for the enzyme. Until recent~, plasma 

has been regarded as devoid of MO activity (29). In 

1954, however, Tabor et al (36) described a purified amine 

oxidase from beef plasma, thus confirming some earlier 

findings reported by Hirsch (37) and by Werle ~ al (27). 

Although the plasma enzyme diffe~' s in sorne respects from 

the "ilassical" enzyme, it was considered by Tabor ~ al 

as a mono amine oxidase (36). 

Zeller ~ al have report=d that the hepat ic MO 

in male rat s is higher than in female rats (38). It has 

also been found, by Langemann, that there exists an in-

verse relationship between MO and cholinesterase activity 

in a wide variety of tissue, and that this is especially 

evident in brain tissue (39). 

In way of swmnary, it may be said that the mam..,. 

malian enzyme has been found principally in glands (40 to 43), 

plain muscle (29) and nerve (14, 29, 44). The possible 

implications of the distribution of the enzyme as regards 

3 
Exceptionally it h~s been round th~t rat kidney ls devoid of 

MO activity (17). 
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its physiological role shall be discussed subsequently • . 

Table II illustrates the distribution of MO in 

a number of tissues of man and pig. 

Table Ir4 : Distribution of Monoamine Oxidase in Man and Pig 

Vi.lues given represent the number of microliters of 

oxygen taken up/hr./gm. of tissue, using tyramine as substrate. 

Organ Man Pig 

Liver ~O27 257 

138 (metastasis) 

Kidneys 567 (cortex) 453 , 
252 (medulla) 

Intestine 94 

Pancreas 75 

Brain 323 (thalamus) 

2J/J (putamen) 

Heart 552 33 

Muscle 155 

Uterus III 

Bladder 92 

Thymus 46 

Thyroid 6 

Lung 253 
1 

80 (pneumonia) . 

212 (tuberculosis) 

99 (metastasis) 

4 
Modified from Zeller (30). 
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2. Substrates for Amine Oxidase (General refs.: 19,29,30, 
45 to 47) 

A number of amines in which the amino group is 

on the end 0 f the carbon chair.. and lfhere t here i 8 no other 

substitution on this carbon atom (e.g., carboxy1, methyl 

groups, etc.) are oxidized by MO (45). The introduction 

of a methy1 group in the alpha-position, the replacement of 

one beta-H atam by an hydroxyl group, or the replacement of 

both beta-H atoms by some other radical causes characteristic 

changes in the behaviour of these substrates towards MO (45, 46). 

MO catalyses the oxidation of a number of ali­

phatic monoamines (e.g., butylamine, iso-amylamine), 

phenylalkylamines (e.g., tyramine, tryptamine) as well 

as diamines of the general formula NHz(CHz)nNH2, where 

II is greater than 6 (e.g., decamethylenediamine) (48, 49). 

Diamines of the same general formula, but l,there B is 

smaller than 6 (e.g., putrescine and cadaverine) are not 

substrates for MO. Furthermore, 10n3-chain diamines 

where II is larger than 13 are not attacked by MO; the rate 

of oxidation of these amines decreases with increasing 

chain-length (48, 49). It has been suggested that short-

chain diamines are not substrates of MO because of in-

appropriate spatial configuration of the amine mole cule 

on the enzyme .surface (29). On the other hand, it is 
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possible that the orientation of long-chain diamines 

(where Q is less than 14) on the enz,yme surface may 

resemble that of monoamines, thus insuring the for­

mation of an active enzyme-substrate complexe Blas­

shko (29) suggests moreover, that long-chain diamines 

where !! is greater than 13) may resist attack by MO 

because of the formation of micelles, which would 

result in a decreased solubility of the diamines and make 

them unavailable. 

3. Homogeneity of Amine Oxidase 

The homogeneity of V~ was questioned by Alles 

and Heegaard (24). The original criteria in support 

of the existence of a single enzyme for amine oxidation 

are three-fold (29) 

(1) representatives of different types of sub­

strates are oxidized in all organs in which 

amines are oxidized; 

(2) the rate of oxidation of two typical substrates 

is interme~iary between the rates of oxidation 

of the two amines when tested separately; 

(3) the inhibitor specificity of the en~ in the 

presence of different types of substrates ia 

the sarne. 
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Alles and Heegaard (24) found marked species 

differences in the relative rates of oxidation of a wide 

variety of substrates. Moreover, by studying the in-

hibition of amine oxidase b~r substances competing for 

the enzyme, these authors observed marked variations 

in the Ki (dissociation constant of enzyme-inhibitor 

complex, cf. Table IV) dependent upon the competitive 

substrate. These points are illustrated in Tables III 

and IV.. Table III illustrates the speoiesx:lifferences 

of MO activity, while Tàie IV illustrates the inhibitory 

effects of phenisopropylamine on the oxidation of dif­

ferent substrates of MO. 

Mescaline is dearrdnated by rab bit liver amine 

oxidase, but not by liver of other species (50). This 

suggests the existence of a special amine oxidase re­

sponsible for the oxidation of mescaline wnich is not 

identical with MO. 

Werle et al (27) have presented evidence to 

show that there are two disti:":ct amine oxidases in plant 

and animal tissues, ona only attacking aliphatic mono­

amines, whilst the other only oxidizes aromatic mono­

amines. These authors succeeded in fractionating liver 

and plant tissue extracts with acetone obtaining two 

enzyme preparations, one of which contained a system 
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capable of oxidizing only aliphatic monoamines, the 

other, ·onl.)' aromatie monoamines. These authors foond, 

moreover, that fresh rat liver homogenates oxidized 

butylamine and tyramine at a similar rate, whilst the 

sarne preparation obtained from rabbit oxidized tyra~ 

mine mueh faster than it did butylamine. This find-

ing was interpreted as further evidence for the exis­

tence of two distinct mono amine oxidases in rabbit liver. 

Comparing the amine oxidase aetivity of plant and ani­

mal tissues, Werle et al (27) found that the former was 

much more active towards aliphatie than towards aroma­

tic amines, the contrary being true in the case of 

most animal tissues. 

Recently, Tabor ~ al (36) succeeded in puri­

fying from ox plasma a soluble amine oxidase, "spermine 

oxidase". This en~yme is çonsidered by Tabor et al to 

resemble MO, althoueh there are marked substrate and 

species differences between the two amine oxidasee 

(cf. Tables V and VI). "Spermine oxidase", in contrast 

with MO, does not attack sympatheticomimetic amines 

(e.g. adrenaline), though it is active towards a number 

of other MO substrates. On the other hand, typical 

diamine oxidase (DO) substrates sueh as histamine and 

putrescine are not attacked by the plasma enz,yme. 
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In 1955, Mann (33) obtained a highly purified 

amine oxidase preparation from pea-soedling extracts 

whose substrate specificity i5 less strict than tr:at of 

the amine oxidases previ ,usly described. In fact, this 

enzyme was shown to oxidatively deaminate putrescine and 

histamine (both typical DO sUbstrates), aliphatic mono­

amines (e.g., ethylamine), phenylalkylamines (e.g., trypt" 

a.mine); unlike 8.11 the previously mentioned amine oxidases, 

it attacked ~ and D- lysine (33). Presumably, lysine 

behaves towards the enzyme as some long-chain diamines do 

towards MO (cf. p. 8). 

Table V compares in a summarized way the sub­

strate specificity of various amina oxidase described 

in the foregoing section. 
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Table III5 : Substrate Specificity of Amine Oxidase 
.' 

Substrate Species 

Rabbit Guinea-Pig Cat Catt1e 

Ethylamine 0 0 20 5 

Butylamine 50 100 90 110 

Amylamine 110 140 110 85 

Benzylamine JO 10 110 130 

Phenethylamine 100 100 100 100 

Tyr amine 90 200 120 130 
(4-:1ydroxyphenethy lamine) 

Hordenine 30 10 45 80 
(4-hydroxyphenethy1-
dimethylamine) 

DopaJ}1ine 65 200 80 85 
(J,4-dihydroxyphenethylamine) 

Artereno1 65 180 30 65 

DL adrenaline 15 40 20 5 

Source of enzyme : liver extracts 

Values given as maximum oxidation rate in per cent relative 

to phenethylamine. 

Experimental conditions substrate: 0.008 Mj phosphate 

buffer, pH 7; 300 c. 

5 
Modified from Alles and Heegaard (24). 
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Table rv6 Inhibition of Amine Oxidase 

Substrate Concn. of 1/V 
phenylisoprop~ylamine max. Ki (M) 

Amylamine 0.000 0.023 

" 0.002 0.036 0.0011 

Phenethylamine 0.000 0.25 

" 0.020 0,,030 0.0470 

Tyr amine 0.000 0 .. 031 

Il 0.004 0.037 0.0045 

. Dopamine 0.000 0.042 

Il 0.004 0.054 0.0033 

The constant Vmax• and Ki are calculated from the Michae­

lis-Menten equation according to Lineweaver and Burk (51): 

1/V - 1/v (K + KI/Ki) (1/S) + l/Vmax max. s 5 • 

v - velocity 

Vmax• - maximum velocity 

Ka - dissociation constant of enzyme-substrate complex 

Ki - dissociation constant of enzyme-inhibitor complex 

S • concn. of substrate 

l ~ concn. of inhibitor 

6-
Modified from Alles and Heegaard (24). 
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Table V Substrate Specificity of Amine Oxidases(a) 

1 Substrate Enz:vme(b) 
Monoamines . MO DO sa PS . 
aliphatic + - + + 

amines (e .g., butylamine 

tyramine + - ± + 

tryptamine + .. ± + 

mescaline +(c) - + ? 

adrenaline + - - ? 

Diamines . . 
putrescine - t ... + 

cadaverine - + - + 

decamethylenediamine + - + ? 

histamine - + - + 

agmatine .- + - + 

Polyamines · · 
spermine - + + + 

spermidine .. + + ? 

Amino-Acid · · 
D- or L-lysine - - - + 
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Ca) 

(b) 

( c) 

The signs employed have the follmving signification: 

+ subs.trate is oxidized 

± substrate i5 slowly oxidized 

substrate is not oxidized 

? data not reported in the literature 

MO • monoamine oxidase (30) 

DO • diamine oxidase (30) 

SO - "spermine oxidase" (36) 

PS - amine oxidase fro~ pea-seedling extracts (33) 

in rabbit only (50) 
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4. Intracellular Distribution of Amine Oxidase 

Monoamine oxidase is localized in the insoluble 

ccnstituents of the cell (29). Howkins (52) studied the 

intracellular distribution of MO in rat liver suspensions 

and found that two-thirds of the enzymic activity was 

localized in the mitochondrial fraction, while the re­

maining third belonged to the microsomal fraction. The se 

findj_nes confirm previous work carried out by Cotzias et 

al (53). Attempts to pur if y MO have not met with mu ch 

success 50 far (12, 21, 24). The enzyme in fact is tightly 

bound to the mitochondria, and until recently, has resisted 

solubilization. The solubilization of an active MO has 

been achieved by means of surface-active agents. Blaschko 

and coworkers (29), have found that treatment of tissue 

homogenates with bile salts or lysolecithin gave trans­

lucent solutions containing most of the MO originally 

present in the untreated tissue. Bile salts, per~, 

are, however, detrimental to MO activity (as measured mano­

metrically), and these authors found it necessary to dialyze 

the salts out to obtain active preparations of MO (29). 

They suggest mo 'eover, that the effects of the bile salts 

consist in the dispersion of the mitochondria into par­

ticles of smaller size, presumably th3 microsomes (29). 
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It may be mentioned here that other enzyme systems have 

been reported to be inhibited by bile salts. Cotzias 

et al (54) have succeeded in obtaining a soluble MO from 

rat and rabbit liver homogenates treated with detergents 

such as Alconox or Cutscum6• Sincenot only the mitochon~ 

dria but also the microsomes are disintegrated when treated 

with the se detergents, thereis in this case a more complete 

solubilization of the enzyme than obtained by means of 

bile salts. According to Cotzias ~ al (54), the detergents 

they employed for the solubilization do not affect MO acti-

vit Y as do the bile salts. Recently, Barsky n al (58), 

reported the preparation of non-sedimentable monoamine oxidase 

from hog-liver mitochondria by combined treatment with desoxy-

cholic acid and sonic oscillation. 

Now that MO has been solubilized, purification of 

the enzyme should meet with less difficulty than in the past. 

It must be emphasized that the so-called solubilized7 MO 

preparations have only been assayed manometrically, and that 

6 
These are two long-chain alcohols. Cutscum, or its active 

constituent, isooctylphenoxypolyethoxyethanol, was found to 
give the best results (54). 

7 
"Solutions" of MO obtained by means 0 f bile salta are not 

true solutions in that th~ original particulate character of 
the solubilized enzyme is restored as soon as the bile salts 
are dialyzed out (55). 
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nothing is known as yet on the ability of such preparations 

to transfer electrons to acceptors other than molecular 

oxygena It is possible, for instance, that the solubilized 

enzyme loses its ability to reduce other electron acceptors 

such as ferricyanide, which we have found to function as an 

electron acceptor during amine oxidation (see Appendix II). 

Ivork is in progress in our laboratory to obtain more in­

formation on the properties of solubilized MO preparations. 

The mitochondrial localization of MO has some 

interesting implications. It means, first bf aIl, that 

two toxic primary products of amine oxidation, namely, 

aldehyde and ammonia, can be removed in ~ by enzymes 

present in the mitochondria concerned with aldehyde 

oxidation, the formation of urea, etc. Moreover, it 

has been suggested by Blaschko (29), that the cytochrome 

system, which i5 a1so loca1ized in the mitocrlOndria, 

may possib1y act as IIterminal oxidase" for amine oxida­

tion in intact tissues. The participation of the 

cytochrome system in amine oxidation as studied in vitro 

has not b :en demonstrated. However, since amine oxida ... 

tion in vitro is u5ually studied under high partial 

pressures of oxygen, such as do not obtain in intact 

tissues, it is suggested that amine oxidation may follow 
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pathways in intact tissues different from those 

followed in in vitro experiments. A number of 

flavine enzymes have been shown to behave in a 

sirnilar way. 

5. Inhibitors of Amine Oxidase 

We shall bristly deal with sorne inhibitors ot 

amine oxidase. In a. preceding section, it was shown 

that MO differs from other amine oxidases in substrate 

specificity (cf. Table V). Similarly, there are marked 

differences in the inhibitor specificity of amine oxidases, 

depending on th~ source of the enzymes. This i5 il-

lustrated in Table VI. It must be emphasized that the 

inhibitor studies cannot as yet yield sorne definite in­

formation concerning the homogeneity of the enzymes, 

sinee the particulate forrns of amine oxidase have not 

been purified to any extent. At most, the behaviour 

of MO towards inhibitors can shed sorne light on what 

pathways are involved during amine oxidation. 

A number of substances, not listed in Table VI 

a:e known to inhibit MO. These include sorne local anes-

theties, antihistarninics, monoarnidines, diarnidines, mono­

guanidines, diguanidines, and diisothiourea derivatives 

(29, 30). Urie acid and adrenaline, after being oxi­

dized by uricase (56) and cytochrome oxidase (57), 
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respective~, become inhibitors of MO. 

~omments on lnhibitors Listed in Table VI 

(a) lproniazid and lsoniazid 

lproniazid and Isoniazid are <.Ul1ine oxidase 

inhibitors (cf. Table VI). lproniazid, or l, -iso-nicotinyl-

2 - isopropylhydrazine (IIH), is a potent inhibitor of MO 

both in vitro and in vivo (58). lTIi, also in..loJ.ibits 

." sperrnine oxidase 1/ (36). Zeller ~ al showed that the 

main requirernents for inhibitors of MO could be re­

presented by the formula • N ... NH ., R. lt was found that 

the carbonyl reagent property of MO inhibitors i5 only 

incidental. Thus, it is unlikely that the inhibition 

of MO by phenylhydrazine (60) is indicative of an es­

sential carbonyl group of MO phenylhydrazine; in fact, 

it is thou,~ht to inhibit MO in virtue of its oxidizing 

properties (60). In addition, MO ls net inhibited by 

ether carbenyl reagents such as semicarbazide (30) or 

hydroxylamine (30). 

(b) Ephedrine and Benzedrine 

Ephedrine and Bensedrine are two a~ethylated 

amines which cempetivively inhibit MO in vitro (61, 62). 
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These two drugs ~ave a strong affinity for MO, 

but are not oxidized by the enzyme sinee the 

amine group ia not attached to the terminal C: 

·OCHOH - CH - CH3 

. 1 
OCH2 - CH - CH3 

1 

ephedrine benzedrine 

(Amphetamine 

Benzedrine, which lacks an pydro~l group on the side­

chain of the molecule, has a greater affinity for MO 

than doe5 ephedrine, and i5 therefore, the more potent 

inhibitor of the two drugs. Schayer et al (11) 

reported that eph~drine does not appear to inhibit MO 

The inability of this drug to inhibit the 

enzyme in intact animals may be due to a number of 

reactionsj for example (a) failure of the drug to reach 

the site of enzymic action because of too rapid de-

struction in the body, or for reasons of permeabilityj 

(b) differences between properties of MO when studied 

in vitro and in intact organisme. Mann and Quastel 

(62), who first discovered the inhibition of MO by 

benzedrine, in vitro, had suggested that the drug effects 



- 23 -

of this compound could possib1y be attributed, in 

part at least, to its effects on MO. Assuming 

that ephedrine and benzedrine act in a similar way, 

it would appear that Schayer's results (11), argue 

against the hypotheeis suggested by Mann and Quastel 

(62). However~ it is not unlikely that benzedrine 

(or ephedrine) affect the organism at sorne particularly 

sensitive site, producing the pharmacological effectsj 

in that case, it is possible that such a ama11 change 

cannot be discerned when one measures the total MO 

activity of the organism, as in Schayer's work (11). 

Hence, benzedrine may weIl owe sorne of its pharma­

cologica1 property to its inhibitory effects on MO, 

though over-all changes in MO activity are not ap-

parent. It may be added here that ephedrine, as well 

as sorne other MO inhibitors, also inhibit other ensyme 

systems, e.g. the pseudo-cholinesterases (62). 

Cc) Methylene Blue 

In 1937, Philpot (64), reported the inhibitory 

effects of methylene blue on MO. These results have 

been confirmed for both animal and plant MO by Werle 

~ al (27). Cotzias (65), reported that the inhibition 

is of the competitive type. West (66) found that 
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methylene blue was also inhibitory in vivo. In 

contrast to these findings, it has bBen found 

that methylene blue stimulates MO activity in vitro 

under special experimental conditions, presumably, 

by acting as a H- carrier (67). 

(d) Narcotics 

Werle et al (27) found that urethane i8 a 

potent inhibitor of MO. Phenobarbital inhibits 

"spermine oxidase", after pre-incubation with the enzyme 

preparation for 75 mins., while it is not affected by 

urethane (36). Quastel et al (68 to 70), have shown 

that many narcotics can be effective in either of two 

steps in the respiratory chain: they could prevent the 

transfer of hydrogens between reduced pyridine nucleo­

tides and flavin carriers, or alternately, between the 

reduced flavin and the cytochrome system. Experiments 

by Greig (71) favour the latter possibility. The mode 

of action of narcotics on amine oxidation remains to 

be elucidated. It may be added that very little i8 

known on the steps involved in amine oxidation (cf. 

"Mechanism of Action of Monoamine Oxidase", p. 32). 
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(e) Quinacrine 

This anti--malarial drug has been shown by 

Haas (72) and others (73, 74) to inhibit flavine ... 

linked enzymes in oxidative processes. The inhibi­

tory effects of quinacrine can be reversed by ribo­

flavinemonophosphate (FMN) (74). The inhibitory 

action of quinacrine is attributable to its com­

bination with the protein part of the enzyme, which 

results in the displacement of the flavin component. 

Quinacrine has recently been shown to in- . 

hibit the enzymic oxidation of monoamines by rat liver 

suspensions (75, 76)a Previously, Allegretti and 

Vukadinovic (76) had demonstrated the inhibition of 

auinacr1ne of acirenaline oxidation both in vitro and .,. -~~ 

in vivo. Theseauthors shawed that this effect could 

be demonstrated more readily when studying MO activity 

of liver am kidney as compared ta that of brain and 

hearl. The enzyme acti v ity could be rest ored by add .. 

ing riboflavine. In ~ blood pressure measurements 

showed the inhibition by quinacrine of the oxidation of 

adrenaline in excess (1 mg.). Quinacrine (0.3 g.) was 

injected prior ta adrenaline (1 mg.), while riboflavine 

(0.3 g.) was injected before or after the blood-pressure 

rise, its restorin~ potency being the sarne in both 
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cases. It was found by the sarne authors, that wh en 

brain MO was studies, contradictory results were ob-

t0.ined. Thèy interprated this as possibly due to the 

inability of quinacrine to pass through thè hemato ... 

encephalic barrier ("blood-brain barrier"). Alle­

gretti et al (76), conclude that the quinacrine in­

hibition "consists merel;; of rep1acing the flavin 

prosthetic group of the enzyme ll • 

Hawkins (77), has shown that HO and D­

amino acid oxidase activity of guinea-pigs kept on 

ribof1avin-deficient di et is decreased by one-halte 

Addition of riboflavin to the diet dramatically re­

stores the D-arnino acid and oxidase activity, but re­

activates MO on1y SlOl'11y. It was aiso found that ino­

sitol stimu1ated the restorin..: c3.pacity of riboflavin 

(77). It was suggested that riboflavin may be invo1ved 

in the synthesis of a prosthetic group or of a new en­

zyme proteine 

Other evidence for the participation of f1avin 

carriers durins amine oxidation is presented e1sewhere 

(cf. "Mechanism of Action of MO", p. 32). 

(f) Alcoho1s 

In 1947, Heim reported the inhibitory effects of 
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oct yI alcohol on MO (78). This finding was subsequently 

confirmed by Werle and Roewer (27) in the case of plant 

and animal monoamine oxidase. Furthermore, Francis (79) 

found that the anaerobic reduction of tetrazolium salts 

by frozen tissue slices incubated with tyramine was 

abolished when thetissue slices were pre-incubated three 

hours with o.-:tyl alcohol. Tabor et al (J6) showed that 

"spermine oxidase ll (50) is not affected by octyl alcohol. 

Octyl alcohol does not inhibit "diamine oxidase" (DO) (JO). 

Recently, Cotzias and Serlin (80) have repor ted the ef­

fects of aIcohols and hydrocarbons on the oxidation of 

monoammes by both par~iculate and "soIubiIized" en-

zyme preparations. These authors found that MO i8 

subject to profound and irreversible modifications of 

behaviour when treated with alcohols, these changes being 

linked t 0 tle chain Iength of the compounds, and most pro­

nounced with compounds having chains of five to eight 

carbon atoms. The inhibitory effects of these com­

pounds on MO are inversely proportiona: to temperature 

bet\'1een 4 and 600 C (80). These rosults are interpreted 

as demonstrating the crucial role of molecular geometry 

in the reactions catalyzed by MO (80). 

(g) Sodium Azide 

Sodium azide, NaN3, which was introduced by 
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Keilin (81) as a metal reagent, is not generally con­

sidered as an inhibitor of MO (29). However, Werle 

et a! (27) have reported the inhibit:ion of both plant 

and animal MO by azide. Mann (33) found that his 

purified preparations of the pea-seedling amine oxidase 

are inhibited to a very small extent when ahanolamine 

or ~lysine are used as substrates. This author 

occasionally observed small activations by azide, which 

he attributed to the inhili ition of catalase present in 

his enzyme preparations, resulting in an increase in the 

net oxygen uptake during amine oxidation (33). 

(h) Cyanide 

Cyanide is reported by severa! authors (12, 16, 

82) not to affect amine oxidation by MO. Werle ~ ~ 

(27) found that cyanide, when added in high concentrations 

(0.3 M), reduced to one-half the oxidation of amines by 

plant and animal MO preparations. It is possible that 

this inhibition i8 due to the reducing of cyanide which 

could affect the state of the -5H groups essential for 

MO activity (83). "Spermine oxidase, which is the soluble 

plasma enzyme purified by Tabor ~ al (36) was found by 

these au hors to h3 inhibited by cyanide. When this en ... 

zyme assayed manometrically, it was found that the inhibition 

was progressive with time (36). Tabor ~ al (36) suggest 
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that cyan ide inhibits "spermine oxidaae" activity in 

virtue of its carbonyl re= .. gent properties. Other 

carbonyl reagents are powerful inhibitors of the 

enzyme (36). Finally, it wa8 reported by Mann (33) 

that cyanide inhibits amine oxida3e activity of ~ea-

seedlings. The author presents evidenca which argues 

against the view that cyan ide i8 acting as a carbonyl 

reagent, and sUti,gests that it may bt3 acting as a metal-

reagent. He also found that other metal-reagents 

inhibit, and suggests that plant amine oxidase may be 

a metallo-proteine Examininz plant amine oxidase 

preparations forheavy met aIs , Nann (33) found that they 

contained both coper and manganese in amounts of 0.03-0.06%, 

based on the p_'otein content. However, he has not yet been 

able to demonstrate that th3 presence of these metals is 

esseritial for the activi ty of the enzyme. 
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Table VI Effects of Inhibitors on Amine Oxidases 

Substance(a) MO(b) 50 PS DO 

Ephedrine +63 09 036 

Benzedrine +64 0 36 

Quinacrine +77 (a-c) +36 

Phenobarbital +27 +36 

Urethane +27 .36 

Octanol +27,79,81 036 030 

Methylene Blue +27,66...68 +30 

Isoniazid 0 59 ~6 +59 

Iproniazid +59-61 +36 i~9 

Serri-carbazide 030 136 +33 +30 

Phenylhydrazine +62 +59 

Hydroxylamine 030 +36 +30 

Pyridoxamine ~6 

Pyridoxamine- 036 
phosphate 

Azide 029 +27 ~3 
. 
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Table VI Effects of Inhibitors on Amine Oxidases (Cont'd.) 

Substance MO SO PS DO 

Cyan ide 0 12,16,82 +J6 +J3 +30 

Diethyldithio- 0 86 +33 
carbamate 

lVersene 0 86 0
36 

"-SH reagents" +87,88 030 

( a) 
A plus (+) sign indicates that the substance i5 in­

hibitorYj a zero (0) indicates that the substance is not 
inhib i to!""'}". 

(b) 
MO - mono rumine oxidase (JO) 
SO ::: "spermine oxidase" (36) 
PS - pea-seedling ~ine oxidase (33) 
DO - diamine oxidase (30) 
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6. Mechanism of Action of Monoamine Oxidase 

Monoamine oxidase (MO) catalyses the oxidation 

of amines according to the following reactions (12, 16, 

21) : 

R-CH2NH3+ + 02+ R...cH-NH 2 + + H202 

R-CH-NH2+ + H20 ~ R-CHO + NH4+ 

(2) 

(3) 

The primary step, the dehydrogenation, yields 

an imino compound which on non-enzymatic hydrolysis gives 

ammonia and an aldehyde. This mechanism of action closely 

resembles the action of D-amino acid oxidase on a-amino 

acids (87) as well as that of diamine oxidase (DO) on 

diamines (JO). Both of these enzymes are flavin~enz.ymeB 

(30, 87), and by analogy, it is probable that MO also in-

cludes a flavin component8 • The formation of H202 la char-

acteristic of reactions catalysed by flavin enzymes (87). 

MO reacts with molecular oxygen, probably by way 

of a fla vin carrier. It does not require pyridine nucleo-

tides and i5 able to by-pass the cytochrome system9, al-

though it i5 not known whether the cytochroŒ.es act as 

"terminal oxidase" during amine oxidation in living tissues. 

8 
Cf. p. 26. 

9 
Cyanide, which is a potent inhlbitor of cytochrome oxidase, 

was generally found to be without effect on amine oxidation 
by MO. Cf. p. 28. 
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In manometric experiments, MO activity is dependent on 

oxygen tension, and Kohn (21) has shohn that the rate 

of amine oxidation under air is about one-third of t bat 

under pure oxygen. On the basis of these properties, 

MO can be classed as an "aerobic" or "flavin dehydrogen­

ase" according to the criteria proposed by Green (89). 

These dehydrogenases are capable of by-passing the cyto­

chrome system, althou2P many of them are able to reduce 

cytochrome ~ (83). The fact that these enzymes, like 

MO, require hiGh oxygen tensi 'ns to effectively transfer 

electrons ta male culaI' ox, gen militat~s against the view 

that such a pathway occurs in living tissues, where 

oxygen is present at much lower partial pressures. More­

over, MO is localized in the mitochondrial particles of 

the cell (29), in close proximity to the cytochrome system. 

It is conceivable that in vitro, MO can either react directly 

with molecular oxygen, or can alternately transfer electrons t 0 

oxygen~ the cytochrome system, depending on the relative 

amounts of pure ox.'gen and of cytochrome ~ (OD some other cy­

tochrome pigment) present in the reaction mixtures. In the 

presence of sufficient amounts of cytochrome ~, and at low 

oxygen tensions, MO would involve the particpation of the 

cytochrome system while, when the contrary situation obtains, 

electrons could be transferrediirectly to molecular oxygen 

with formation of H202. 
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MO requires free ~H groups for activity 

(57, 86). It is not known whether the essential -SH 

groups are cysteinyl residues of the enzyme-protein or 

whether they are present in the form of small mole cules 

such as glutathione or Œ-lipoic acid; if the former com­

pound is involved, it would have to be tightly bound ta 

the enzyme, since prolonged dialysis does not eappear t 0 

affe.ct amine oxidation by MO when this is assayed mano­

metrical1y (16, 90). 

Several dyes have been shown to act as suit able 

acceptors durin~ the anaerobic oxidation of amines by MO. 

These include, O-bromoindophenol, O-cresolindophenol, 

2,4-dichlorophenolindophenol and tetrazolium saltslO • 

The reduction of tetrazolium salts is believed to necessi­

tate the mediation of a flavin carrier (91): this may be 

interpreted as further evidence indicating the participation 

of a flavin in the action of MO. Results obtained study-

ing the anaerobic reduction of dyes by MO has led to the 

suggestion that MO m~ transfer hydrogens via an hitherto 

unidentified H transporting system (30). Methylene blue 

and toluelene blue cannot replace oxygen as H-acceptors 

during amine oxid.ati.on, and in fact, these dyes inhibit 

MO (15)1l. 

10 
Cf. Appendix l 

11 
Cf. also p. 24. 

-----------------------------------------------------" 
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7. Physiological Role of Monoamine Oxidase 

The presence of MO in the intestinal mucosa 

has led to the sugg="stion that it acts here to detoxi!y 

monoamines formed in the gut by bacterial decarboxylases 

(30). The presence of MO in the placenta has also 

been thought to imply a protective function of the en-

zyme (90). 

Thereis much debate as to whether MO is 

related to adrenergic function. The fact that adrena-

line ~nd nor-adrenaline are substrates of the enzymes 

in vitro does not, per ~, mean that they are physio-

logical substrates for MO. These amines are in fact, 

relativel~r po or substrates for MO both in vitro and .m 
vivo (92, 93). But Schayer ~ al (11) have reported 

that as much as one-half of adrenaline injected into 

rats is metabolized by MO. On the other hand, Griesemer 

~ ~ (92) have found that the inactivation of the MO 

of liver and brain of cats by the administration of 

Marsilid12 markedly potentiated the response of the nicti­

tating membrane to injected tyramine, but not to ad­

renaline, suggesting that tha latter is effectively meta-

bolized by other e~e systems. Koelle and Valk (44) 

have recently studied the cellular localization of MO in 

12 
Cf. p. 21. 
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adrenergic neur~:mes by a new histochemical techni,:ue" and 

co~cluded from their investigations that there does not 

appear to be any selective associations of MO with ad-

renergic neuro-effector systems in the cat. Although 

this would appear to militate against the view that MO 

is related to adrenergic function in a manner analogous 

to the action of cholinesterases of cholinergie nerves" 

Koelle and V;; lk (44) have pl'opo~~ed that" in view of the 

ubiquity of NO in the cat, MO may participate in a phase 

of amine metabolism which is OO i.imon to aU types of nerves •. 

In contrast to the findings obtained using 00-

renaline or nor-adrenaline" Udenfriend and his coworkers 

(93)" have r eport :;d that serotonin (5-hydro;xytryptamine) 

is rapidly oxidized by MO bath in vitro and in vivo" and 

they suggested that serotonin may be the only physiological 

substrate of MO outside the intestinal mucosa. It i5 

possible that MO is directly involved in limiting the 

physiologie action of serotonin just as cholinesterase 

controls the actions of acetylcholine (93). 

Other pathways for the metabolism of sympatho­

mimetic amines have been suggested (47). For example, 

Richter et al (94) round that when ingested orally, a 

number of sympathomimetic amines were excreted mainly as 

their sulfate conjugates. In contrast with the vieWB 
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of ~ and his cQlforkers (63), wnoeupport the con ... . 
. , , 

cept that MO ia tl;Le ,mun effective inactivating enzyme 

for catechol amines, Von Euler et al (95) baverecently 

eu"ested that while amines which are released by 

pijysiological processes May be metabolized chien,.. by,: . 

MO, circulating catechol amines are inactivated only to 

a minor degree bythis enxyme. These authors (95) 

suggested that peroxidas ..:s, which are capable of trans .. 

forming catechol amines into inactive campounds (96), 

may play an important role in the inactivation of cirO\'" 

culating amines. 

A relation between MO and the developmentof 

hypertension has been investigated by severai workere 

(97 ta 100). It is interesting ta note ' that the ability 

of monaamines ta raise blood pressure is relàtéci ,to thelr 

affinity, 1!l vitr?i', ,to MO (99)_ It is believed b:rBoIae.' 

authors that experimental renal hypertension is du~ to the 

liberation into the blood stream of amines formed in the , 

iechemic kidney (97). 

.. : 

. : .j ... ~ . .~ " , 

.'.; . 

1. ' . 
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c. METAl.. IONS A1'4D ~NZYH~ SYST...:.MS 

Part of the work report '.;:d in this thesis deall5 

in particular with the susceptibility of MO towards a 

number of metal ions. It had previously been shown that 

the enzyme i8 inhibited by mercurials and arsenicals (57, 58), 

but a search of theliterature has not revealed any sys~ 

tematic study of the effects of ions on the oxidation of amines 

by HO. There is at present no evidence indicating that MO 

activity involves the participation of metal ions. Recently, 

however, Mann (33) has purified an amine oxidase from pea~ 

seedling extracts which he found to be inhibited by a number 

of metal-reagents, suggesting that a metal may be contained 

in the prosthetic group of th3 enzyme. It is not un-

likely that if this is the case, amine oxidases obtained 

from other sources may also contain a metal as part of their 

prosthetic groups. In vieVi of this possibility, and also 

because this i5 pertinent to the experirnent~l results obtained 

in our studies on MO, we shJuld like here to review ~ef1y 

what is known on the role of meta1 ions in enzyme systems13• 

In what concerns the susceptibility of enzymes towards metals, 

in particular, towards heavy metals, the reader is referred to 

section IV of this thesis, where cor.ments along the se lines 

13 
Excellent reviews dealing with the role of meta1s in enzyme 

systems have appeared in the literature (101, 102). Earlier 
work on the subject i5 presented in Oppenheimer and Sternfs 
"Biological Oxidations" (103), and in Warburg J s c1assical 
treatise, "Heavy Met;ü Prosthetic Groups" (104). 
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accompany the expe~iment~l resûlts obtained during our 

investigat ion. 

Metals are generally known to participate in 

enzymic reactions in two ways, 

!: The meiBl i5 an indispensable part of the enzyme 
system, in which case, it is highly specifie for the 
enzymatic reactions it catalyses, and can only be dis­
sociated from t.he enzyme by drastic chemical means. 
In such systems, removal of the met al component from 
the enzyme results in a marked lowerinS of enzymic 
activity. Metallo-enzymes of this type include the 
copper-enzyme tyronsinas'3 and iron-containing metallo- . 
enzymes such as the catalases and the cytochrome •• 

~ : The metal is only loose1y bound to both enzyme 
and substrate, in which case its removal (which can be 
accomplished by ordinary chemical means) does not neces­
sarily result in a decrease in enz.ymic activity. More­
over, in such systems, the metal specificity for the 
enzyme is low. Included among this t ;:;pe of metallo­
enzymes are peptidases, carboxylases and phosphatases. 

The metals which most commonly particpate in 

enzymic reactions are found in grQU~8 la, lb, lIa and VII 

of the periodic table of elements. Many of them belong to 

the transition series of elements, sharingthe common property 

of having unfilled electron shells other than the outer shell. 

This means that electron transfers mediated by such metals can 

involve electronic re-arrangements other than those related 

to changes in valency. 

Lately, it has been found that a number of flavin~ 

cont ,<ining enzymes a1so contai..'"l metals tightly bound to both 

the f1avin and protein moieties of the enzyme mole cule 
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(moieties of the enzyme mole cule (metallo-flavoproteins) 

(105 to 107). The concept of metallo-flavoproteins, 

which is due primarily to the work of Green and his 

school, has now been weIl estabilisheJ, ,~nd provides ad-

ditional conformation of the pivotal role of metals in 

electron transport. Green and Mahler (105) have sum-

marized the characteristic nature of these enzymes in 

the following way: 

"Metallo-flavoproteins are a group of enzymes con-

taining both metal and flavin in füm linkage with 

the protein and in definite proportions •••• The 

meta! plays no role in the inter-action of reduced 

enzyme with organic oxido-reductian dyes, quinanes 

and molecular axygen.... The ill€tal is absolutely 

required far the inter-action of reduced enzymes 

with one-electron acceptars such as cytochrome ~ 

and ferricyanide ", 

Metallo-flavoproteins hitherto described include 

DPNH-cytochrame reductase (re+++) (106), santhine and 

aldehyde oxidase (Mo+V1) (107) and butyryl-CoA dehydrogenase 
++ 

(Cu ) (107). Recent findings by Singer and Kearney (109) 

suggest that succinic dehydrogenase may also be a metallo-

flavoprotein containing irone 
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It is not unreasonable to speculate that MO 

may be a metalle-flavoprotein enzyme, if indeed, the claim 

that it 15 a flavin-enzyme, ls a valid one. The lack of 

inhibition of MO by metal-reagents such as cyanide or Ver­

sene14 does not constitute sufficient evidence against the 

participation of a metal in amine oxidation. In fact, 

when these reagents were tested for their effects on MO, 

the enzyme was assayed manometrically, under which conditions, 

reduced MO- reacts directly with molecular oxygen (forming 

hydrogen peroxide), thus uediating a two-electron transfer 

which, according to Green ~ al (105), can proceed in-

dependent1y of the 'metals ln the case of metallo-flavo-

protein enzymes. It ,;ouli be useful to study the effects 

of metal-reagents on the inter-action of MO with one-

electron acceptors, howeve~, no studies in Whlch MO was 

assayed in a system involvine the transfer of electrons to 

such acceptors have been reported in the 1iterature15 • 

14 
Cf. Table VI. 

15 
We have found that MO can be assayed spectrophotometrically 

measuring the reduction of ferricyanide, which, it is thought, 
acts as a one-electron acceptor under the conditions of our 
experiments. (Cf. Appendix II). 
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AB5REVIAT IONS 

British Anti-Lewisite or 2,3-dimercaptol propanol 

diphosphopyridinenucleotide 

reduced DPN 

flavin adenine dinucleotide 

riboflavin-5'-phosphate 

glutathione 

oxidized glutathione 

iso-amylamine 

mono amine oxidase enzyme system 

p-chloromercuribenzoate 

thioglycollic acid 

tris (hydroxymethyl) aminomethane 

tryptamine - HGl 

tyramine - HGl 

ethylenediaminetetracetic acid (di-sodium salt) 
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BAL was kindly supplied to us by Dr. O.F. Dens-

tedt. 

The amine substrates employed during the course 

of this \'1ork were obtained from the Eastman Kodak Com ... 

pany and from Merck and Company. 

y-Amino-n-butyric acid was obtained from the 

California Foundation for Biochernical Research. 

Quinine and atebrin were obtained through the 

courtesy of Dr. L.E. Hokin (Department of Pharmacology, 

McGill University). 

All other materials employed during this in­

vestigation were obtained either from Merck and Company 

or Eastman Kodak Company. 

Metal salts tested were of Reagent Grade. 
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IV EXPERJME:NT AL 

A. Effects of Ions on Monoamine Oxidase Activity of 

Rat Liver SuapaBsion8 

1. Methods 

Ca) Preparation of Tissue 

Adult male rats obtained from a commercial dealer 

and .Ieighing between 100 and 200 gIns. were employed. The 

rats were guillotined and bled, and the liver was immediately 

excised, rinsed in cold tap water, weighed and homogenized in 

an all-glass Potter-Elvehjem or a Teflon homogenizer to give a 

20% tissue suspension made up in distilled water. This sus­

pension was then transferred to a Cellophane dialysis bag and 

dialysed against distilled water at )0 C for about twenty hours. 

The dialysis medium was changed three times in the first three 

hours and then once more thr~e hours prior to use. The purpose 

of this dialysis was to remove endogenous substrat0s and 50 re­

duce the oxygen uptake of the tissue blanks. Dialysis did not 

decrease the rate of oxygen consumption in presence of added sub­

strate (cf. Table VII). In sorne cases, dialysis was carried out 

against cold running tap water, and here t QO, no decrease in the 

rate of amine oxidation was observed when such preparations were 

compared to non-dialysed portions of the same liver suspension. 
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(b) Reaction Mixtures 

Reaction mixtures were prepared following a standard 

pattern, (cf. Table VI). Tyramine and tryptamine, used as their 

hydrochlorides, as weIl as ~-amylamine, were chosen as re­

presentative substrates for rat liver MO, and were employed as 

their aqueou3 solutions, after being brought to a neutral pH. 

The substrate solutions were made 50 as to give a final con­

centration in the reaction mixtures of 0.02 M. It haB been 

shown by Kohn (21) and Cotzias (65) that at this concentration, 

the enzyme is saturated with substrate, and that further increments 

in substrate concentration do not increasé MO activity. 

TRIS buffer (final concentration: 0.037 M; pH: 7.4), was 

employed insteai of phosphate buffer, since the latter is known to 

form insoluble complexes with a number of metals. In sorne cases, 

however, it was : ound preferable to use phosphate buffer (final 

concentration: 0.02 M; pH: 7.4), and this will be indicated 

with the experimental results. 

(c) Procedure 

For measuring oxygen uptake, the manometric technique 

was used (109). The experiment was carried out as follows. 

The liver suspension was pipetted into the main compartment of 

the Warburg vessels (containingaLl other ingedients) which had 

been chilled on cracked ice for 15 Mins. Flasks were then 

hooked to the manometers and gassed with pure oxygen for about 

5 mins. Alter equilibration of the flasks in the water bath 
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o at J8 C for 10 to 15 mins. J the {j,anometer taps were closed, 

and one or two re~iings were taken in rapiJ succession tu 

check if equilibration had been reached. The substrate~ 

was then tipped into the main compartment of the roaction 

vessel ("zero time"). Readin3s were taken every 10 mins. 

during a period ranging betwe3n l and 1. 5 hours. The re-

sults are then general1y expressed as ~. 02 consumed in the 

first JO mins. Any deviations from the procedures described 

above are mentioned with the results. 

, 
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Table VII Effects of Dialysis on Amine Oxidation 

Expt. l Expt. 2 Expt. 3 

• Liver Preparation Substrate 

+ + + 

Fresh Suspension 40 274 28 230 40 95 

Dialysed vs. distilled H20 10 255 10 65 

Dialysed vs. tap H20 13 131 

Values shown represent ~. 02/hr./100 mg. wet wt. of tissue (before 
dialysis) 

Substrate: expts. l and 2: tyramine; expt. 3: tryptamine. 
Gas phase: oxygene 
Temperature: 380 C. 

Table VIII Model Reaction Mixture 

Warburg Vessel Constituent Concn. Vol. added Final conen. 

Main well metal salt 
tissue 0.5 ml. 

water 0.2 ml. 

TRIS 0.37 M 0.2 ml. 0.037 M 

Side-bulb substrate 0.10 N 0.4 ml. 0.020 M 

Benter weIl KOH 30% 2 drops 

Gas ~hase: oxygen. 

-----------------------_ . . . . . . ...... _ . . . _ . .... - -_._---
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(d) Ions Tested 

The ions tested for their effects on Me activity are 

listed in Table IX. 

The results foreach ion are presented in order of its 

appaarance in the periodic table. A general summary of these 

results will be presented at the end of this section. 

A number of anions were tested to check if these could 

affect MO activity. It was found that high concentrations of 

salts containing these anions had little if any effects on amine 

oxidation, (cf. Table X). This makes it unlikely that the 

anionic moieties of the metal salts tested contributed to the 

effects obserbed. 

We have found that if the liver suspension was made 

up in isotonie KGl and employed without dialysis, the endo­

genous respir ation was very high as compared to that of non­

dialysed preparations made up in distilled H20. Moreover, 

using homogenates made up in isotonie KGl, it was found that 

the total oxygen uptake in the presence of added substrate 

never exceeded that of the tissue blank. This may be due to 

the protecting effects of isotonie KGl on the rnitochondria, • 
thence on the activity of mibDchondrial oxidizing enzymes which 

could possibly compete for molecular oxygen (or sorne other H 

acceptor) with the MO system (111). That the amine substrate 

was being oxidized, to sorne extent at least, is evidenced by 
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the appearance in ail cases of melanin-like pigments when tyramine 

or tryptamine were used as substrates, sinee sueh pigments are 

characteristie of the oxidation products of these substrates (16). 

Table IX Ions Tested 

Group_I 

Sodium 
Potassium 
Copper 
Silver 

Group II 

Magnesium 
Calcium 
Zinc 
Cadmium 
Barium 
Mercury 

.Group VII 

Manganese 

Group III 

Aluminium 

Table X Effectsof Anions 

Expt. Addition Final Concn 

l none 
. KCl 0.01 M 

K2S0lt 
Il 

NaCl Il 

Na2S0l.j. " 
2 none 

Na2S0l.j. 0,01 M 

3 none 
NfL.,Cl 0.01 M 

Group IV 

Titanium 
Tin 
Cerium 
Le ad 

Group VIII 

Iron 
Cobalt 
Nickel 

Endogenous 

-:6 
-2 
-2 
-5 
4 

11 
4 

2 
5 

Group VI 

ChromiWJ1 
Selenium 
Molybdenum 
Uranium 

Substrate TYR 

80 
76 
71 
80 
99 

84 
79 

78 
85 
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2. Resulta 

(a) Effects of Copper 

Aqueous solutions of CUSO~ • 4H20 (CuII) and of{CuCl)2 

(Cul) wer e tested. Cuprous chloride was added as a suspension, 

since it is only sparingly soluble in water (15 gm./l at 250 C). 

At final concentrations of the order of 0.0001 M, both 

cuprous anj cupric ions reduced amine oxidation. This con-

firms previous findings reported by Bernheim (60), who suggested 

that this inhibition i5 due to the effects of copper salts on 

essential -SH groups of amine oxidase (60). \'le have found, 

however, that within a n~~row range of concentrations, copfer 

ions apparently activated amine oxidation. This activating 

effect is as yet without explanation. The results obtained 

are shown in Table XI, and illustrated in Figure 1. 
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Table,n i Effects of Copper 
• 

Expt. Addition Final Concn. ul. 02/30 mins. 
Endogenous TYR TRYP ISO 

1 none 0 136 

CuSO .... 1 x 10-7M 0 143 
. ' 

Il 1 x 10~ 0 135 

Il 1 x 10-5M 0 125. 

Il 1 x 10-4M 0 147 

Il 3 x 10-4M 0 146 

Il 1 x 10-3M 0 88 

Il 1 x 10-~ 0 14 

2 (a) none 42. 69 

CuSO .... 2..5 x 10-5M 17 96 

3 (b) none 37 67 114 

CuSO .... 2..5 x 10-~ 37 88 106 

Il 2.5 x 10-2.M 5 12 14 

4 (c) none 13 105 64 

(CuC1)z 5 x 10-6M 17 128 72 

" 5 x 10-~ 17 2.6 36 

. , 
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Table 1 XI: ( Cont inued) . 

&cpt. Addition Final Concn. ul. 0 l'JO mins. 

a 

b 

c 

.l!;ndogenous TYR TRYF ISO 

5 none 0 128 

(CuClh 1 x 10~ 0 154 

Il 1 x 10-5M 0 1.32 

Il 1 x 10-~ 0 91 

Il 1 x lD-a 0 105 

" l x 10-2 
0 27 

Liver suspension dialysed at 30 C two hrs. vs. O.OOlM versene, 

pH 8.1, then one hr. vs. TRIS butter 0.1 M, pH 8.1. 

Liver suspension not dialysed. 

Liver suspension dialysed 18 hrs. vs. TRIS O.lM, pH 8.1 at 30 c. 
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Figure l Zffects of Copper Ions on Amine Oxidation by 

Rat Liver Homogenates. 

(cr. ZXperimental results, Table XI.) 

150 

fi 
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(b) Effects of Silver 

Silver ions were test~d in the form of silver nitrate, 

It was found that tyramine oxidation was inhibited 50% 

when AgN03 was added at a final concentration of the order of 

lO-3M• In some cases, silver ions activated the endogenou~ 

respLation of the tissue after the first 30 mi..l1s. of incubation 

(cf. Table XII expts. l and 5).0 &ceptionally, silver ions, 

added in final concentrations of the order of lO-4M, produced 

a small apFarent ~ctivaticn of amine oxidation (cf. Table XII, 

expt. 4). Dur~ng the course of amine oxidation, silver ions 

Nere reduced and metallic silv..;r deposited on the 'flalls of the 

~iarburg flasks. 

Silver ions are known to inhib it a number of e~es by 

combining vdth free -SH groups essentii.\.l for éictivity (ll2) 0 It 

was found that BAL could prevent the inhibition of MO by silver 

ions (cf. Table XII, expt. 4). 
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Tabl.e -Xlr<~).: Effects of Silver 

Expt. Addition Final Conen. Ill. 02/30 mins. Extra % of 
l:i.:ndogenous TYR 02 control 

1 none 9 143 134 100 

AgNO 3 1 x 10-3 M 20 0 0 

" 5 x 10-3 M 23 0 0 

2 none 7 124 117 100 

AgNO 3 2 x 10-3M 0 0 0 

3 none 8 98 90 100 

AgNO 3 2 x 10-4 M 3 84 '81 90 

" 6.5 x 10-4 M 9 35 26 29 

4 none 8 125 li7 100 

BAL(b) 7 125 118 100 

AgNO 3 1 x 10-4 M 6 137 131 112 

Il 4 x 10-4 111 0 107 107 91 

" 8 x 10-4 M 0 71 71 61 

" 4 x 10-4 M(b) 11 115 104 89 

" 8 x 10-4 M(b) 5 113 100 93 

5 none 0 87 87 100 

AgNO 3 1 x 10-4 M 0 80 80 90 

" 5 x 10-3 M 12 62 50 57 
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T a.ble : XII (Cont inued ) 

Expt. Addition Final Concn. 11Ù. 02/30 mins. Extra. % of 

Endogenous TYR 02 control 

6 none 11 88 77 100 

AgNO 3 1 x 10-6 t-'I 19 92 73 95 

" 1 x 10-5 M 13 87 74 96 

fi 1 x 10-4 M 10 74 64 83 

" 1 x 10-3 M 5 2 -3 0 

(a) 
TRIS buffer was employed in expt. 5 and 6; in all other expt s.) 

0.02 M phosphate buffer, pH 7.4, was used. 

(b) 
Here 1.6 ~oles of BAL were tipped in main weIl from second 

side-arm of {{arburg flask at "zero time". (see also p. 64 ). 
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(c) ~ffects of Magnesium 

Magnesium was tested as its sulfate, MgS04 -7 H20. vfuen 

added at a final concentration of 0.02 M, magnesium sulfate was 

found to decrease amine oxidation to a small extent (cf. Table XIII, 

expt. 1). In one experiment, it was found that magnesiurn 

sulfate apparently reactivated MO activity of a tissue prepara-

tion dialysed against versene (cf. expt.2). Since, at other 

times, versene did not seern to affect HO activity, this experi-

ment could not be repeated. Moreover, it is possible that this 

apparent reactivation is only due to the effects of MgS04 on 

the endogenous respiration, which it reduced by half. Sulfate 

anions do not appear to affect amine oxidation (cf. Table X ), 

but it is possible that they ara the cause of the effects observed 

on the endogenous respiration of the tissue preparation dialysed 

against versene (cf. Table XIII, expt. 2). 

Table, XII.L.t . .Ef.fects :of.Ma.;gnesium. 

Expt. Addition Final Conen. ~1.02/30 mina. IExtra 02" 
.t.naogenous Urt 

l none 0 85 85 

MgS04 l x 10-3 M 0 87 87 

Il 1 x 10-2 M 0 69 69 

2(a) none 42(J3)(b) 69(97) 27(64) 

MgS04 5 x 10-6 M 20 68 48 
Il 5 x 10-3 M 22 75 53 
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Table: XIII (continued) 

( a) 
Liver suspension dialysed 2 hrs. vs. 0.001 M versene pH 8.0, 

then 1 hr. vs. distilled H20 (to remove the versene) at 30 C. 

(b) 
Figures in brackets give values for non-dialysed sample of 

same liver preparation. 

d) ~ffects of Calcium 

Calcium chloride" Ca (Cl) 2, appears to inhibit amine oxidation 

to a small extent at some of the concentrations tested( cf. Table XIV). 

Table:XIV ~ffects of Calcium 

Expt. Addition Final Concn. 
Ill. 02/30 mins. 

Extra 02 
l!.:ndogenous TYR 

1 none 28 141 113 

Ca(Cl)2 5 x 10-4 M 18 128 liO 

" 5 x 10-3 M 25 125 100 

2 none 2 70 68 

Ca(Clh 1 x 10-3 M 12 70 58 

Il 1 x 10-2 M 1 65 64 
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( e) .r.:ffects of Zinc 

Zinc sulfate, ZnSO~, is a powerful inhibitor of amine oxida­

tion, and it was found to suppress the oxidation of tyramine and 

of ~ylamine when added at a final concentration of 0.001 M 

(cf. Table XV ). 

Table: XV Effects of Zinc 

u.l. 02/30 mins. 
~xpt. Addition Final Conen. 

~ndogenous TYR ISO 

l none 0 44 33 

Znso lt 0.001 M 2 2 0 
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(f) Effects of Cadmium 

Cadmium was tested as the chloride, Cd(Cl)2. 

The results obtained are shmm in Table XVI and illus-

trated in Figure 2. At relati~ely low concentrations, 

cadmium may enhance amine oxidation (cf. Table XVI, expts. 

3 and 4). At final concentl'3.tions above IO-~, cad-

mium is definitely inhibitory. Flasks containing the metal 

at a final concentration of lO-~ showed flocculation of 

proteine 

Although no re.jctivation exp-3!'iments were carried 

out, it seems likely that the toxicity of eadmium towards 

MO is in part at least due to its effects on the essential 

-SH groups of the enxyme. Indeed, eadmium i5 a well-

nown inhibitor of other -SH enzymes, and is believed to owe 

its toxie effects in ~ to the fact it combines with es­

sential -SH groups of these enzymes (113). Moreover, it 

has been shown by a number of workers that BAL can reverse 

the toxie affects of cadmium both in vivo and in vitro 

(1l3) • 
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Table XVI : . Effects of Cadmium 

-

ul e2/~0 mina 

Exptl Addition Final concn. Ehdogenou~ TYR "Extra 02 rt % of 
control 

1 none 5 107 102 100 

Cd(Clh 1 x lo-~ 19 101 82 80 

" 1 x 10-2M 0 0 0 0 

2 nme II 134 123 100 

Cd(Cl)2 1 x 10-5M 14 130 ll6 94 

" 1 x lo-4M 9 122 113 92 

Il 1 x 10-3M 8 109 101 82 

TRYP 

3 none 16 37 21 100 

Cd(C1)2 1 x lO-~ 5 41 36 172 

Il 1 x 10-5M 2 32 30 162 

" 1 x 10-4M 17 46 29 138 

Il 1 x 10-3M 14 17 3 14 

ISO 

4 none 14 57 43 100 

Cd(C1)2 1 x 10-~ 3 46 43 100 

" 1 x 10-~ 2 56 54 126 

" 1 x 10-4M 2 67 65 151 

Il P. x 10-3M 20 30 10 23 
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Table XVI : Effecta of Cadmium (Continued) 

u1. 02/30 mina 

Expt;. Addition Final conen. Endogenoua ISO "Extra 02~ %of 
contro.L 

5 none 16 62 46 100 

Cd)C1)2 1 x 10-~ 22 (J) 38 83 

Il 1 x 10-5M 18 61 43 94 

Il 1 x 10-4M 19 68 49 107 

Il 1 x 10-3M 24 29 5 11 

(g) Effects of Barium 

At the concentrations tested, Ba(Cl)2 inhibited oxy­

gen uptake in the presence or absence of added tyraniine { (cl. 

Table XVII). 

Table ~nI : Effects of Barium 

u.l. 02/30 nID a 
-Expt .• Addition Final conen. Ehdogen ous TYR "Extra 02" 

1 none 17 137 120 

Ba(Cl) 2 2.5 x 10-5M 4 108 104 

Il 2.5 x 10-~ 0 94 94 



Figure 2 
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Effects of Cadmium Ions on Amine Oxidation by 

Rat Liver Homogenates 

(Cf. page 60 and Table XVI.) 
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:.J:IJ CC«Gùrrn.ATIOfi OF CADMIUM 

Tryptamine used as substrate 

Iso-amylamine used as substrate -
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(h) Effects of Mercury 

r:iercuric acetate, Hg(AcOh was found to reduc, 

MO activity by one-half when added 9t a final concentration 

of the order of 10-4 M. Low concentrations of Hg(AcO)2 

apparently activate tyramine oxidation (cf. Table XVIII). 

In an attempt to reverse the Iller'cury inhibition 

\vith BAL, it was found that at the concentrations used, 

BAL inhibited HO in the absence of added mercury, and this 

makes it difficult to draw any conclusions from the re­

activation expe.::'iments. 

Our results on the inhibito~y effects of Hg on 

amine oxidation·corroborate previous findings reported in 

the literature (e;, 86). 

The activating effects of mercury added in low 

concentrations were more apparent whenrDn-dialysed liver 

suspensions were employed as source of MO (cf. Table XVIII, 

expt. 2). The significance of this fin ding has not been 

explained as yet. 
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Table XVIII _,L Effects. of Mercury 

~. 02130 mms. 

" ExPtt Addition Final concn. Endogenous TYR IExtra 021 % of 
control 

l none 7 121 114 100 

Hg(AcO)2 5 x 10-5M 10 1lB 108 95 

" 2 x 10-4M 23 112 89 78 

Il 3 x 10-~ 15 95 80 70 

Il 4 x 10-~ 8 37 29 25 

Il 5 x 10-4M 4 0 -4 0 

2(a) none 30 143 113 100 

Hg(AcO)2 5 x 10-6M 25 186 161 142 

3 none 8 87 79 100 

Hg(AcO)2 5 x 10-7M 6 97 91 115 

(a) 
Liver preraration not dialysed for thise:x;pt, •• 
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Table X\1IIIEttects or Mercurz (Continued) 

JJ.l. Ou 'JO mins 
Expt; Additicn Final concn. EndOgenoW! TIR "Extra 02" %ot 

control 

4 none li lUI 96 100 

Hg(AcO) a 4 x lO-4x 9 · 31 22 23 
BAL(b) 4 x 10-~ 15 7S 00 63 

BAL(b) 1 
Hg(AOO)2 

4 x 10-4,( 18 63 45 46 

BAL(b) 8 x 10; 24- 52 1S 2:9 
BAL(b) 

Hs:AGOJ 
4 x J.O-4M 18 52 34 35 

(b) 
BAL tipped trom secom side-arm at "zero time". 
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(i) Effects of Aluminium 

Aluminium s'11fate, Al2(sOlth • 18 H20, when added 

at a ~inal concentration of 10-3M, inhibited MO aetivity 

more than 50% (cf. Table XIX). 

Table XIX Effects of Aluminium(a) 

ul. 02/30 mins. 
.sxpt. Addition Final concn. Endogenous TYR ,"Extra Oz" 

1 n:me 2 119 117 

Alz(sOlth 1 x 10-4M 13 131 118 

" l x 10-3M 9 56 47 

i 

(j) Effects of Titanium 

Titanium sulfate, TiOS0.lt, was inert towards amine 

oxidation at the concentrations tested (cf. Table XI). 

Table XX Effects of Titanium 

-. 
~. 0&L62 mins. 

.c:x.pt. .ddition Final concn. i:ndogenous TYR 

l none 22 152 

TiOSO.lt 4 x 10-4M 29 1.68 

" 4 x 10-3M 29 164 

(a) 
In these experim3nts, rho3phate buffer (final conen. 

0.02 M, pH : 7.4) was used instead of TRIS buffer. 
. . 
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(k) l!;ffects of Tin 

Tin, added as stannous chloride, Sn (Cl)z, activates to a 

small extent at the higher concentration tested. (Table.x:u). 

T able:XXI Effects of Tin 

Expt. Addition Final Concn. ul. 02/60 mins. 
mdogenous TYR "Extra Oz" 

.j'~.-

1 none 2.6 151 12.5 

Sn(Clh 5 x 10-6 M 2.8 138 liO 

Il 5 x 10-3 M 41 181 140 

(1) Effects of Cerium 

Ceric sulfate, Ce(SO~)z, apparently activated amine oxidation 

when added in low concent rations (cf. Table xxtI) • In testing this 

ion, guinea-pig liver was used as source of MO instead of rat liver. 

Ceric salts are known to stabilize HzO, forming cerium pero­

xide. Wieland{~) has made use of this property for quantitatively 

determining HzOz formed during the oxidation of xanthine by xanthine 

oxidase. In this met rod, cerium peroxide formed during aldehyde 

oxidation by xanthine oxidase 15 decomposed by acid to give HzOz 

and ceric ions which are determined by titration. The HzOz is-

then decomposed by catalase. When catalase is present in a bio-

logical system, however, it reacts more rapidly with HzOz than does 

the cerium salt, thus preventing the formation of cerium peroxide. 
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Since catalase 16 present in' ~otU" tissue preparations, it 

1s unlikely that added cerium salts can form peraxides 

with H202 produced during amine oxidation. 

In our experiments, aIl flasks containing the 

ceric sulfate showed flocculation of proteine 

Table· XIII .. : Effects of Cerium 

ul. 02/20 mins. 
Expt. Addition Final concn. • hndogenous Tm TRYP ISO 

~(a) none 10 81 70 

Ce (SOlt)2 5 x 10-7M 0 85 76 

" 5 x 10-~ 4 84 72 

Il 5 x lo-4M 4 75 84 

2(b) none 13 54 

Ce(SOlt)2 5 x 10-6M 2 55 

Il 5 x 10-~ il 54 

(a) 
Non-dialysed 1iver suspension emp1oyed. 

(b) 
Liver suspension dialysed 18 hrs. vs .03 M TRIS, pH 8.0. 
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(m) Effects of Lead 

Lead acetate, Pb(AcOh, inh1bited amine oxidation 

at the concentrations tested (cf. Table XXI~:O. 

Table xxa.II Effects of Lead 

Il).. 02,/20 min s • 
EJcpt. Addition Final concn. maogenous TH' 

l none 0 107 

Pb(AcO)2, 4 x 1O-5M 0 96 

" 4 x 10-3M 0 77 

(n) Effects of Chromium 

Chromium was tested as potassium chromate and as 

sodium dichromate. Both these compounds are known oxidiz­

ing agents by virtue of their anions, Cr04" and Cr2Ü7 Il, relî 

s pecti vely. Potassium chroma te ShOi'led a small inhibi tory 

effect, whilst sodium bichromate had both activating and 

inhibitory effects in different experiments (cf. Table XXIV~. 

"Tablé. -UIV': The effects of Chromate and Dichromate 

E:lcpt. Addition Final conco. "Extra 02," % of 
control 

1 none 115 100 1. 
K2,Cr04 2.5 x 10-5M III 97 

" 2.5 x 10-3M 105 91 
.... 
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TabJ.e ::q:IV The et!"" or Chromate am Dichromat. (Continued) 

Expt. Addit100 Final concn. "ktra O.ft %ot 
cœtro1 

2(a) none 83 100 

HaaCr~ 1 x ur-.3M 81· 9ft 

• 4 x ur-3M 60 '12 

• 8 x :w-3X 48 58 

3(a) none 114 100 

Ma1iCr illJ.r 1 %:w-3!l 128 112 

If 4 x ur-3x 226 198 

ft 8 x lO-JK 42 37 

4(a) nODe 90 100 

Ia~ 4 % :ur-4K 81 90 

• ,. x ur3x 57 63 

Selenium salta can readil.7 combine vith -SR groupe 

( 115~,and thereb.r iD.&ctiTat.e a number ot .uaJiWS requ1ring 

trM -sR l1'Oupa far actiT.i.ty. Suocina1dase 18 inhib1ted 

(a) 
In tlws8 a:perillent., 0.02 Il phosphate butter, }il 7.4, 

was em.plo,-ed inatead of TRIS botter. 



by selenite (il6), altmugh the inhibition does net oceur 

immediatelyupon' addition of the salt. Bernheim et al. 

(il7) found that a similar latent period occurs before 

added selenite inhibits MO or choline oxidase, both ".sH 

enzymes. These authors interpret this retarded in-

hibition as an indication thatrather than combining with 

the ~H groups of the enzyme, in which case, the inhibition 

''fo1.11d occUr' iIr.l:cediately 'upon addition of the salt, selenite 

catalyzes the oxidation of the essential -5H groupe (il7). 

Bernheim et al have, moreover, observed that selenite can 

produce a small activation of MO activity during the firat 

hour of incubation, which is than followed by an inhibition. 

No explanation has been suggested for this activating affect 

during the latent period (117). 

In our experiments, incubations were carried out 

for only one hour when testing the effects of selenium, and 

it was found that relatively high concentrations of Na 

selenite produced no effects on tyramine oxidayion during 

this time. Testing selenium dioxide, it was found that, 

whilst at the lOvier concentration tested there was a small 

activation, relatively high concentrations of Se02 inhibited 

MO activity during the first hour of incubation. (Cf. ra. 

sults shawn in Table XXV). 

" 
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Table X];.V Effects of Selenium 

J.Ll.. 02/60 llÙllS. 
Expt. Addition Final conon. . Endogenous TYR IIExtra 02" % of 

control 

1 none 30 258 228 100 

Se02 5 x lO-~ 20 266 246 lOS 

" 5 x 10-.3M 52 250 198 89 

2 none -4 135 139 100 

Na sele - 1 x 10-3M 13 156 143 103 

nite 

" 1 x 10-2t.f 15 154 139 100 

(p) Effects of Mo1ybdenum 

Molybdenum. wqs tested both as the trioxide, M003, and 

as the ammonium salt, (NHlt)6 ~024 • 4 H20. Molybdic trioxide 

which is on1y sparing1y soluble in water (1.06 gJn../l. at 18°C) , 

was added as a suspension. 

Since the results obtained with either M003 or the 

ammonium salt were very similar, only the effects of ammonium 

molybda te are re ported (Table XXVI ) • 

Annnonium molybdate reduced amine o:ridation to ooe­

hal! when added in concentrations of the order of 10-~. 

Figure 3 illustrates the tact that the effects of Mo were very 

similar, regardless of what substrate was employect. 
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Table XXVI -: Effects of Molybdenum 

.il. 0 d30 mina. 
Expt. Addition Final conon. .l:!ndogenous TYR TRYP ISO 

1 none 0 44 39 

~VI (a) 1 x 10-4M 0 53 42-

II 2 x lo-4M 0 52 30 

" 4 x 10-4M 0 25 13 

2 none 5 108 54 56 

M.VI 5 x 10-4M 4 70 30 20 

" 1 x 10-3M 0 25 21 12 

" 2 x 10-3M 0 0 0 0 

3(b) none 34 142 62 87 

MoVI 1 x 10-4M 30 78 

" 2 x 10-4M 32 123 52 74 

" 4 x 10-4M 35 45 53 

4(b) none 31 151 71 86 

MoVI 5 x 10-~ 33 153 59 

" 1 x 10-3M 2 38 17 18 

Il 2 x 10-3}{ 5 18 14 5 

(a) 
MoVI stands for ammonium molybdate. 

(b) 
Liver preparations not dialysed in these experiments. 
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Figure 3 Effects of Ammonium Molybdate on Amine Oxi1ation 

by Rat Liver Ho~ogenat ç s 

(Cf. pa. 73 - 74) 
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(q) ~ffects of Uranium 

Uranium acetate, UO, (G,H3hh • 2H20, at neutral 

l UO++ . th pH, exists in solution predolIÙnél.nt y as 1ons, 0 er 

forms being unstable. Daunce ~ al have report,.,d sorne work 

on the effects of uranium on a variety of enzymo systems in 

(Pharmacology ann Toxicolo;;y of Uranium Gompounds" (118). 

They found that uranium acetate does not affect HO activity, 

us~n~ adrenaline as substrata. (In their experiments, the 

uranium :n.lt '.vas employed at the relativ·.Üy low concentration 

The sam~ authors also found that U02++ ions 

have no affinity for -SH groups, while they readily form com-

plexes "dth ionized -GooH groups. 

In our exporiments, it was found that UO,++ ions 

inhibit only ",hen added at concentrations of the order of 

10-2M (cf. Table XXVII). At low concentrations, uranium 

acetate sometimes activatQd amine oxidation; the cause of 

this activating effect is not Imown. ~Vhen ai ded in con­

centrations above 10-3M, uranium acetate produced a floc-

culation of proteins in th8 flasks. It is possible that 

the inhibitory e~fects observed when the metal is added in 

high concentrations i5 due ta the precipitation of proteins, 

and not ta sorne specifie effects on NO. 
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Table XXVII ; Effects of Uranium 

..l.l. ... 
l'l 

u.l .. 02/'3C mins 
Expt Addition Final conen. Endogenous TYR TRYP 

1 none 20 92 59 

uranium aceta te 5 x 10-7M 15 59 

Il " 5 x.10-~ 14 137 73 . 

" " 5 x 10-5M 12 52 

" " 5 x 1O-~ 16 56 

" " 5 x 10-3M 29 53 

" " 2.5 x 1O-~ 0 18 16 

2(a) none 27 103 

uranium acetate 5 x 10-~ 39 166 

" " 2.5 x 10-~ 0 15 

3 none 18 101 55 

uranium acetate 5 x 10-7M 19 106 54 

II " 5 x 10-6M 16 100 55 

" II 5 x 1O-5M 13 98 50 
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(r) Effects of Manganese 

Manganese was test;d as its sulfate, ~mS04 and as 

its permanganat~, KMn04. MnS04 was inhibitory at all con­

centrations test.':d except in one 3xperlment, where MnII pro­

duced an apparent activation W:len added in high concentrations 

(cf. Tatle XXVIII, expt. 1). In this la st cas:'!, the results 

cited are the means of duplicate determinations. It is 

possible that the activations observed are due to the sulfate 

anion, since it was p'eviously shown that S04" ions can ap­

parentlJ' activate amine oxidation "';hen added in high concen­

trations (cf. Table IV). 

Potassium permanganate, at relatively hi~h con­

centrations, reduces IvIO activity (cf. Table XXVIII). ifuen 

TRIS buffer was employed, it was found that KMn04 was im­

mediately decolorized and reduced when added to the reaction 

mixture prior to the addition of the enzyme preparation. In 

this case, no inhibition of hO activity was observed until 

relatively hi:·;h concentratioll3 of permanganate were added. 

On the othe::- hani, usin,3 phos~hate buffer, per!:li.lnganate p:oduced 

a marked inhibition at low concentrations. The inhibit ions 

observed Vlith perl!l::..nganate may be due to oxidation of -SH 

groupe;; eS6enti'31 for NO activity. It i6 known that perman-

ganate re ,î.dily oxidizes free -SH groups at neutral pH (112). 
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Table XXVIII Effects of ~~II and Potassium Permane~ate 

w.. 0~/30 mina. 
~x~t. Adlition .Final concn. Endogenous TYR "Extra 02" 

l none 0 86 86 

VmSOlj. l x 10""~ 2 85 83 

/1 1 x 10-~ 13 82 69 

Il l x 10-~ 7 li8 111 

Il 

(duplic.) 9 121 111 

2 none J 77 74 

VmS04 1 x 10-~ 2 55 53 

3 none 18 141 123 

l'fmSOlj. 2.5 x 10-4M 9 118 109 

Il 1 x 10-~ 30 123 93 

~(a) nane 17 137 120 

IDA.n04 1.5 x 10-~ 21 140 119 

" J x 10-~ 3 85 82 

5 T'lone 0 132 132 

KMn04 1 x 10 ... 3M -5 69 74 

" 4 x 10-4M -6 27 33 

(a) 
Here, TRIS buffer was used (0.037 !vI, pH 7.4). In ail other 

experiments, phosphate buffer was em);loyed (0.02 H, ph 7.4). 
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(s) iffects of Iron 

FeIl and FeIII were tcsted under varicus experimental 

conditions; the res 'llts obtained ar.:- su;~ta.rized in Table XXIX. 

Ci) Effects of FeS04 

Ferrous sulfat~, at final concentrat~ons of the order 

of 10-~, reduced é1mine oxidation to:)n.3-half. It was found, 

moreov ~r, that low concentr::.:.tL'ns of the salt prodllced an ap­

parent ac tivat ion of amine oxidation, (cf. Table XXIX, expts. 5, 

6 and?). 

(84) • 

This finding confirms data rgported in the literature 

(ii) Effects of Ferric Salts 

In the absence of added substrate, ferric salta pro­

duced a marked activation of oxygen uptake when added in final 

concentrations of the order of 10-~ or higher. However, in 

the presence cf added substrate, the OJcygen uptake never exceeded 

that of the tissue blanks when in the presence of added ferric 

ions(a). It woul~ appear from such experiœents that amine oxi-

dation is suppressed. However, there is fcrmatian of pigment when 

tyrarnine or trYFtamine are used a3 substrates, and this may te 

taken as an indication that amine exidel.tion did occur te sorrle ex-

tent at least (16). The activating affects of ferric salts on the 

endogenous respiration wa(; observed both when incubations were car-

rted eut under air and under pure ex;'gen. It is possible that the 

increas'3 mcygen uptakes are due te a peroxidatic reüctien for \~hich 

ferric salts are known to act as catalysts (103). 

( a) 
Cf. Figure 4. 
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Table lCXIX .: Effects of Iron 

Ill. 02/30 mir s • 
Expt. Addition Final concn. Endogenous . TYR TRYP ISO 

l(a) none 33 ll4 100 

Fe(C1)3 5 x 10-~ 42- l.l4 

n 2.5 x 10-2M 17$ 61 112 

Fe2(S04)3 2.5 x 10-2M 105 105 

2 nane 0 19$ 

Fe(C1h 1x10"~ 1$4 170 

3(b) none 0 30 39 

Fe(C1)3 1 x 10' 15$ 123 123 

3(b) none 0 35 

Fe(C1)3 1 x 10-4M 100 17$ 

4(a) none 35 115 65 

FeS04 5 x 10-4M 42- 1lS 70 

Il 2.5 x 10-2M 25 60 35 

(a) 
Liver suspension not dia1ysed in this experiment. 

(b) 
Here reactions were carried out in an atmosphere of air 

(i.e., no gassing with pure oxygen). 
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Table XliX Effects of Iron (Continued) 

ul. 02/30 mins 
Expt. Addition Final concn Endogenous TYR TRYP ISO 

5 none 0 86 

FeS04 1 x 10-6M 0 100 

Il 1 x 10-5M 0 106 

" 1 x lo-4M 0 108 

6(b) none 0 46 

FeS04 1 x 10-~ 0 66 

Il 1 x 10-3M 0 38 

7(b) none 0 35 

FeS04 1 x lO-3M 0 48 

(b) 
Here reactions were carried out in an atmosphere of air 

(i.e., no gassing with pure oxygen). 
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Figure 4 Effects of Ferric Ions on Tyramine Oxidation 

by Rat Liver Homogenates 

(Cf. page go and Table XXIX.) 
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Effeets of Cobalt 

Cobaltous nitrate, CO(N03)2, enhaneed MO aetivity 

to a small extent at the concentrations tested (cf. Table XXX ). 

The activating effect of cobaltous salts found in 

our experiments confirms sorne results reported by Perry et al 

who were using guinea-pig liver brei as source of MO (al..). 

Table ~ -: Effects of Cobalt 

ul. 02/30 mins. 
Expt Addition Final conen. llndogenous TYR "Eictra.' 02" 

1 none 30 143 ll3 

CO(N03)2 5 x 10-~ 2D 140 120 

" 5 x 10-3M 23 168 145 

Effects of Nickel 

Nickelous ions, added as Ni(Cl)2, inhibited MO 

activity at the concentrations tested. Sorne floeculation 

was observed in the flasks containing added nickel. The 

results are shown in Table XXX1 • 
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Table XXXI Effects of Nickel 

I-Ù. 02/20 mins. 1 
Expt. Addition Final concn. ~ndogenous TYR TRYF i"Extra '2" 

.. 

l none 12 75 63 

Ni(Cl)z 4 x 10-4twl 0 69 69 

,. 8 x 10--4M 7 49 42 

2 none 2 50 48 

Ni(Clh 1 x 10-~, 0 32 32 

3(a) none 0 40 40 

Ni(Cl)z l x 10-3M 0 28 28 

(a) 
In this experiment the gas phase was air instead of ?ure 02. 
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SUHMARY 

In Table XXXII are listed a number of ions 

which 1.'1ere found to produce an apparent activation of 

amine oxidation. 

A number of metal ions inhibitGd ~ine oxi-

dation. The Table XXXIII are shmln the cor..centrations 

at whieh specifie % inhibitions were observed. 

The followin g ions were either inert towards 

amine oxidation or slightly inhibitory (less than 15%): 
IV IV II II Ti , Ce , Ba and Ca • 
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Table XIXII : Activation of MO by Metal Ions 

Ion Table Final % of control 
Rer. concn. 

Cul XI 1 x 10-~ 120 

5 x 10-~ 122 

CuII XI 2.5 x lo-5M 133 

1 x lO-4M 108 

AgI XII 1 x 10-4M ll2 

MgII XIII 5 x 10-~ 177 

5 x 10-3M 197 

CdII XVI 1x10~ 172 

1 x 10-5M 144 

1 x 10-4M 132 

HgII XVIII 5 x 1O-7M ll5 

5 x lO-~ 142 

SnII XXI 5 x 1O-~ ID 

CrVI XXIV 1 x 10-3M ID -

SeIY XXV 5 x 10-41 108 
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Table nxII ;Activation of MO by Metal Ions (Continued) 

Ion Table Final % of eontt'Ol 
Ref. concn. 

UVI XXVII 5 x lo-6M 162 

MnlI XXVIII 1 x lo-2M 130 

Coll XXX 5 x 10-3M 141 

Table XXXIII Inhibitim of MO by Metal Ions. 

Ion rrab1e 
Ref. 

euI XI 

CuII XI 

AgI XII 

ZnlI XV, 

CdII XVI 

HgII xvrn 

AllI XIX 

PbII XXIII 

Concentrations at which specified 
% inhibitions are observed 

~ Inhibit· on 
25 - 49% 50 - 74% 75 - 100% 

5 x 10-~(a, 1 x 10-~(b) 

1 x 10-3M 1 x 10-2M 

6.5 x 10-4M 1 x 10-~ 

1 x 1O-3M 

1 x 10-3M 

3 x 10.-.4M 4 x 10-~ 

1 x 10-~ 

4 x 10-3M 



Table XXXIII 

Ion Table 
Ref. 

~. VI vr XXIV 

MoVI 
1 XXVI 

UVI XXVII 

Mn II XXVIII 

re
II XXIX 

FeIU XXIX 

NiII XXXI 

(a) 
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Inhibition of 110 by Net9.l Ions. (Continued) 
Concentrations at which specified 
% inhibitions are observed 

% Inhibition 
25 - 49% 50 - 74% 75 - 100% 

4 x 10-3M 8 x 10-3M 

4 x 10-~ 1 x 10-3M 2 x 10-~ 

5 x 10"~ 

1 x 10-~ 

2.5 x 10-~ 

1 x 10-4M 

1 x 10-3t.!: 

Usint~ tr~ -ptamin'3 as substrate 

(b) 
Using t;}rramine as substrate 
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B.Effects of Sulfhydryl Compounds 

StartinG ,..;ith th.,; obs 7.:rvation that hO activity could 

be inhibited by BAL (cf. p. 64), a numbe~ oi' preliminary ex­

periments ,,-rare carried out in order to assess the effects of 

BAL as Wf-~ll as som0 othi:: r -SI-! compounds. Testing the effects 

of -SH compounds manometric'-'.lly, it \'las found that in general, 

added BAL, thioglycoEic acid, cysteine and oxidized glutathione 

(GSSG) inhibited hO activity, while reduced gl~tathione (CSH) 

produced an activation when expe :.~ imants w:~re carried out in an 

atmosphere of ai:~ (this is in CO' ltra3t to results obtained wl':.en 

th~ gas phase vIas oxygen). Tables XXXIV to XXXIX, summarize 

the results obtained. Someof tha manometrical i.y obtained re.,.... 

sults were furtb.er confirmed ass~ssing MO activity spectro­

photom8trically (cf. Table ~{xvIII), by th~ethod of Sourkes et 

È (119). Finally, it was found that dialysis of the tissue 

praparatiJn a,:;ains 11/50 cysteine, pH 8.1, consistantly inhibit8d 

1'-10 activity (cf. Table XXXVII). 

1. Procedure 

Rat liv,::!!' slspensions wel'C prepared as indicated pre-

viously (cf. p. 55). R.eact:_on mixtures for the manometric assay 

fo11ow the same modal system previously described (cf. p. 45). 

The sulfhydryl compotmds and substrates were added in separate 

side-bulbs of the flasks c0!1taining the re <. ction nrl.xtures, and 

both were -:i;'led at "zero tirr:e l1 • 

Spectrophotometric ass ay of HO activity was carried 

out accordin,~ to the rr.ethod described b.l' S,:mrkes et al (119). 

Briefly, th~procedur~ consists in the folLowine steps. After 
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incubation for a 2iven time in the Warburg bath, during which time 

02 consumption is measured, 0.1 ml. of 60% HCIO~ is tipped from the 

side-bulb or added to the flasks immediately after removal of these 

from the bath, to precipitate the protein contents of the reaction 

mixtures. The flask contents are then transferred into ,test tubes 

for cengrifugation and the supernatants are diluted appropriately. 

Tryptamine absorbs maximally at 279 m~ in the Beckmann DU spectro-

photometer. The aldehyde formed during enzymic oxid ation is pre-

cipitated with proteins, é',nd dOI~s ,not interfere with the optical 

density readings. Therefore, by examining the optical density 

of the deproteinized flask contents at different time intervals, one 

can measure the amount of tryptamine remaining (i.e., not deaminated 

by MO). Subtracting the O.D. values at a given tline from those fourxi 

for the "zero time" f1asks, which contain the original amount of amine 

added" , :on~ . determines the amount of. tryptamine which has disappeared" 

and this in iurn is a measure of MO activity. This method is par-

ticularly useful in cases whe1:'e 02 consumption measurements alone can-

not tell us whether any amine is being oxidized. 

2. Results 

(a) Effects of BAL 

At the concentrations tested, BAL is inhibitory in all cases 

except one (Table XXXIV). At concentrations of the order of 10~1K, 

BAL itself is being rapidly oxidized and thus produces high 02 uptaka 

in the blanks (i.e., no added sUbstrate). In the absence of tissue, 

BAL is less readily oxidized. The tissue contributes therefore" to 

the oxidation of added BALt and this could be done in at least two 
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ways: in virtue of 'the metals present in the tissue; or invirtue 

of en~es presentiri tha tissue capable of catalyzing the oxidation 

of BAL.: , It is lmown that BAL can be rapidly oxidized in the absence 

of enzymatic catalystsby traces of cop~er, iron or manganese, heavy 

metals Which formunstable c~plexe8 with thiol groups, in contrast to 

Cd, Hg, Ag, which form mercaptides with small dissociation constants 

(112). 

(b) Effects of Thioglycollic Acid 

Thi.glycollic acid (TGA) inhibited MO activity consistently 

(cf. Ta~le XXXV), and this was confirmed spectrophotametrically (cf. 

Table XlXVIlI). L1ke BAL, it also enhanced the respiration of the 

tissue blanks at the higher concentrations tested. 

The appearance of a yellow-green precipitate was observed in 

flasks containing TGA. This is possibly due to complex formation of 

II VI 'II the mercaptan with metal ions such as Fe , Mo or Sn • which are 

known to form yellow complexes with TGA and neutral pH. 

(c) Effects of Cysteine and Cystine. 

Cysteine, like BAL, was found to inhibit most readily when it 

was itself bein3 oxidized to sorne degree, thus raising the endogenous 

respiration, (cf. p. 64, Table XXXVI). For this reason, it was thought 

useful to find what affects dialysis of the tissue against cysteine 

would have on MO activity. Most of the cysteine was then removed by 

further dialysis against distilled water. Table XXXVII indie~tes that 

dialysis against cysteine M/50 consistently decreased MO activity, and ' 

had little, if any effect, on the endogenous respiration. 

Cystine, on the other hand, only decreases amine oxidation 

when it is ground with the tissue. The low solubility of cystine in 

water, hence its unavilability, May account for the effects observed. 
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(d) Effeets of Glutathione 

Added glutathione was found to enhanee MO activity, when 

the gas phase was air (Table XXXIX), without affeeting respiration 

of the blanks ta any extent. In addition, it was found that DPN 

sorr.etimes inereased the aetivatinL: effects of GSH. Under oxygen, GSH 

either aetivated o~ inhibit~d MO activity ta a small extent. On the 

other hand, oxidi7.ed glutathione (GSSG), inhibited under oxygen, but 

not under air. These preliminary results warrant further investiga-

tian on the eff-:!ds of .;lut 3.thi::me. 

Table XXXIV : Effects of BAL 

~. Oz/30 mins. 
Expt. Addition Final conen. ~ndogenous TYR "Extra Oe • of 

control 

l non':! 9 113 104 100 

BAL 4 x 10-~ 15 111 J96 92 

" 8 x 10"'~1 25 84 59 57 

2 none 11 107 96 100 

BAL 4 x 10-4M 15 75 60 62 

" 8 x 10-4M 24 52 28 29 

(a) none 8 125 117 100 
3 

Bal 8 x 10-4M 7 125 118 100 

Ca) 
Phosphate buffer (final conen. O.O~:; pH 7.4) is employed instead of 

TRIS buffer. 
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Table XXXIV: Etfects of BAL (Continued) 

j.Ù. 02/30 mins 
.'iExpt. Addition Final concn. Endogenous TYR llE>dra 02" ~01" 

control 

4(à) none 0 1Z7 1Zl 100 

BAL B x 10-4M 10 100 9B 77 

5 none 0 113 113 100 

BAL B x 10-lQ{ II 92 B1 72 

6 none 0 90 90 100 

BAL B x 10-~ 152 202 50 56 

" 1.6 x 10-l M 232 278 46 51 

" " " 
(.~) 

126 116 -10 0 

7 none 5 100 . 95 100 

BAL 4 x 10-4M 42- 114 72 78 

Il " " ,(b) 2l 13 ! -8 0 

<~iY 
No tissue added to flaslœ. 
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Table XIXV Effects of Thioglycollic Acid 

I!-Ù. 02/30 mina 
Expt. Addition Final concn. 1 Endogenoua l'rH "E>ct.ra 02" % of 

control 

l(à) none 0 100 100 100 

TGA 2 x 10-3M 48 22 -26 0 

2 none 0 84 84 100 

TGA 2.5 x 10-~ 9 25 16 17 

3 none 5 100 95 100 

TGA 5 x 10-3M 46 47 1 1 

" " Il 56 55 -1 0 

Il Il ,lb) 6 -3 -9 0 

(a.) 
Phosphate buffer (final concn. O.02M; pH 7.4) i5 employe<i 

instead of TRIS bufter. 

(b). 
Boiled enzyme preparation employed. 
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Table XXXVI ; Effects of Cysteine and Cystine 

ul. 02/30 mina. 
Expt. Addition Final concn. IEIldogenou8 TYR TRYP "Extra 02" 

l. none 15 99 84 

cysteine 3.16 x 1O-~ 5 2 -3 

cystine 3.16 x 10-2M 14 95 81 

" 6.32 x lD-2J.! 7 91 84 

2~a) (b) none 56 99 43 

cysteine 4 x 10-3M 85 104 19 

l'(à}{b) none 20 l40 120 

cysteine 2 x 10-4M 42 152 110 

" 2 x 10-3M 75 l40 65 

Cà) 
Phosphate buffer (final concn. 

instead of TRIS butter. 
0.02 M ; pH 7.4) employed 

( b) 
Tissue suspension not d~sed. 

% of 
control 

100 

0 

97 

100 

100 

44 

100 

92 

54 
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Table XXXVI Effects of Cysteine and C:,'stine ( Continued) • 

~. O'i.L~O mins. 
Expt. Addition Final Conen. .c:ndogenous TYR TRIP "Extra 02" % of l 

contra 

4(a)(c) none 0 81 81 100 

cysteine :3.2 x 10--<>M 6 85 79 

Il 8 x 10-5M 2 84 82 

Il 4 x 10~ 6 91 85 

" 2 x 10-:3M 9 88 79 

" 1 x 10-2M 55 87 32 40 

~(d) none 8 l41 133 100 

1 cystine 6.16 x 10-2M 8 117 109 82 

1 l 1 

(a) 
Phcs[.:hat :o buffer (final conen. 

of TRIS buffer. 
0.02 M J pH 7.4) employed instead 

(e) 
Values represent ~. 02/20 mins. 

(d) 
In this experiment J the dialysed liver prepar ations we~e re­

homogenized in a Teflon homogenizer in th~ presence of 20 mg. 
cystine/ml. of tissue suspension. A control was run by re­
homogenizing a sample of the suspension in the absence of added 
cystine. This last preparation gave exactly the same value as 
the untreated 1iver tissue. 
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Table XXXVII Effects of Dialysis against M/50 Cysteine(a) 

là. 02.L~0 mins. 
hpi, Preparation Endogenous TYR "Extra. 02" % of 

control 

l control 10 125 115 100 

experimenta.l 20 85 65 57 

2 control 25 165 140 100 

exp8rimental 20 120 100 71 

3 control 7 122 115 100 

experimental 24 107 83 72 

Table XXXVIII Effects of Cysteine and Thioglycollic Acid 

Expt. Addition Final concn. lM 02/30 mins. jJM TRYF lost 
in 30 mins. 

1 none 1.34 3.75 

TGA 4 x 10-% 0.02 0 

2 none 2.2 6.1 

Cysteine 3.16 x 10-2M 0 4.3 

1 

(a) 
Tissue suspensions were dialys ,~d 6 hrs. against M/50 cys­

teine, pH 8.1, then 12 hrs. aGainst distilled H20 to rernove 
the cysteine. Controls were iialysed against distilled HaO 
for 18 hrs. AlI dialysis were carried out a.t 30 C. 
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Table XXXIX. Effects of G1utathione 

1J,1. o.dru 
Expt. Gas phase Addition per Endogenow TYR ISO "Extra 02" 

f1ask 

1 Air none 6 53 47 

3 mg. GSH 3 116 113 

3 mg. GSSG 0 49 49 

Oxygen none 0 183 183 

3 mg. GSH 2 166 164 

3 mg. GSSG 14 134 120 

2 Air none 12 48 36 

3 mg. GSH 14 62 48 

0.5 mg. DPN 28 63 35 

GSH + DPN 16 76 f:IJ 

J~'} Air none 3 68 65 

2 mg. GSH 5 112 107 

, 

Oxygen none 12 194 182 
.. 

. 2 mg. GSH l6 21l 195 

(~i) 
In this experiment , 140 mg. wet wt. of tissue suspension was 

used per f1ask. 

, 
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DISCUSSION AND CONCLUSIONS 

In a previous section, the results of a 8tu~ 

of the effects of ions on the aonoamine oxidase enzyme 
16 

complex of rat 1iver suspensions have been presented. 

The purpose of this stu~ vas to scan various .etal ions 

in order to obtain an over-all picture of their effects 

on the oxidation of monoamines. Since routine a8sa1' of 

monoamine oxidase (MO) consisted in measuring total 0703-

gen uptake, it w&s not possible to deteraine whether the 

ions acted specifically on the MO oxidizing system or on 

secondary reactions which oceur concomitantly with amine 

oxidation. An increase in the net oxygen uptake, for 

instance, can result trom an inhibition of catalase, 

(cf. Footnote 16, reaction (,3) as we11 as from an acti­

vation of MO or of aldehyde oxidase (see Footnote 16 

reactions (1) and (2). 

16 

Monoamine oxidase enzyme complex (MO), i. e., the ensymes 
involved in the fo110wing reactions: 

+ "amine oxidase" + 
(1) R-CH2NH,3 + 02 + H2Û ~ R-CHO + NH4 + H2<>2 

"aldebyde oxidase" 
(2) R-CHO ~ R-COOH 

Catalase 
(,3) H2<>2' ~ H2Û + 1/2 02 
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The ions which produced an apparent activation ot 

MO did so only when added in concentrations of the order ot 

lo-4M or less. It i8 possible to attribute these effects 

to an inhibition ot catalase. A survey of the literature 

bas not revealed JDa.ny' previous studies on the effects of 

metal ions on catalase, but euII, and to a lesser extent, 

PbII, have been claimed to inacti vate catalase ot wheat 

sprout. Al temately, the activations observed m&y be caused 

by the ions, activation of reactions (1) or (2). Among 

the metals which activate at these concentrations are some 

heavy metals which, when added in larger amounts, are toxic 
l II II 17 towards MO. These include Hg, Cd, Cu , Cu and Fe • 

It may be mentioned here that other instances have been 

reported in the literature in which substances acted bi-

phasically towards enzymes, i.e., substances which activate 

at low concentrations and inhibit when added in higher con­

centrations (121). 

17 

Since copper, in conceiltrations of the order ot lo-4t!, 
activated amine oxidation when tyramine or tr,yptamine were used 
as substrates, but not in the case of iso~lamine, it is pos­
sible that the activating etfects are due to ring oxidation 
of the substrate, or to some other effect on the ring of the 
substrates. 
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II VI II il 
The activating effects of Mg , U ,Ti ,Sn 

II 
and Co have not been explained. When used in higher 

concentrations, these ',tons where less inhibitory towards 

amine oxidation than those previously aentioned. 

The lIOst toxic metals tested were heavy metals, 

whose common property of forming stable aercaptides with 

thiols must be considered in greater detail. MO is con­

sidered to require free -SH groups for activity (29). 

It is a generally accepted fact tbat metals which for.œ 

mercaptans wi th thio1s can also react in a similar way vi th 

the -SH groups of proteins (120). Furthermore, there is 

evidence indicating that the inhibition of "SH-enzymes" by 

heavy metals is directly related to the ability of these 

metals to fOTm insoluble mercaptides wit~ thiols (120). 

It is suggested that the heavt metale tested inhibit, 

in part at 1east, by combining vith -SH groups essential for 

MO activity. In support of this suggestion is the observ­

ation (Table XII.)~ that the inhibition of MO by silver 

salta can be prevented by the addition of BAL to the 

reaction mixtures. The results vith respect to the in-

bibi tion of MO by Hg, confirm the findings of Friedenwald 

!i !l. (57) and others (85). In comparison with other 

" SH-enzymes " , MO appears to be relatiY.ely iDSensitive to-

wards Hg. 
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In spite of the above considerations, one cannot 

~clude the possibility that heavy matals may combine with 

other functional groups of the enzyme proteine For 

example" Haarmann (122) reported that mercury salts were 

able ta combine wi th carbo~l and amino groups in proteins 

as well as with -SH groups. Benesch, in a recent s.ym­

posium (123), has wamed against the too-commonly-accepted 

idea that mercury aalts and other "-SH reagents" combine 

exc1usively with thiol groups in proteins. 

Sever~ other metal ilons tests were only moder­

ately inhibitory towards amine oxidation. In contrast with 

the more toxie metals, these . ions did not inhibi t ma.ximally 

at the beginning of the reaction. The course of the in­

hibition produced by these ... ions suggests that they catalyse 

a change in some active group;· of the MO system, and that they 

do not combine with ~e group on the enz.yme (as do for 

example Hg, Ag, Cd, etc). A progressive inhibition (with 

tilDe) can also mean that a product of the enzymic react10n 

i8 cause of the inhibition. For examp1e, in the case of 

amine oxidation, it i8 possible that certain metals inhibit 

aldehyde oxidase, leading to an accumulation of the &l.deh;yde 

foraed during the reaction, which would then set itself as 

an inhibitor of MO. Liver aldehyde oxidase i8 an ItSH_ 

enzyme", and the comments conceming Ma inhibition by 

matals apply to this enzyme also. Moreover, it has been 

show by Qster (97) that addition of aldehydes to the ra­

action mixtures can depress MO activity. 
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In view of the interest in the -5H groups of !I) 

elicited from the experiments on metal effects, it was 

decided to test the affects et various -sM compounds. Tbio1 

groups general.ly cao affect enzyme systems in t'NO wqsl 

(i) by combining with metals which have an ef'fect on the en­

~e; (ii) by acting as reducing agents. It is known that 

certain thiol compounds can actlvate enzymes by the removal 

of' traces of toxic .etals. On the other band, thiol COll-

pounds are capable of' inhibi ting a number of' ttllzymes by com­

bining with œtal irons of metallo-pro~ein systems. For 

example, Webb ~ Il (124) have shown that BAL, in con­

centrations of' the order of' lo-3M, markedly inhibi ta phenol 
n li liI 

oxidase (Ou ), carbonic a.nbydrase (ln ), catalase (Fe ) 

and peroxidase (FeIII). 

We bave found tbat thioglycollic acid (TGA), cys­

teine and BAL aU inhibi ted amine oxidation when added in 

concentrations of the order of' 10-11. At these concentrations, 

moreover, these thiol coapounds are themselves oxidized 

to some ment, and it wae necessar,y to check their inhibit10r,y 

effects with techniques independent of o~gen uptake measurements. 

&Iploying the MO assay of Sourkes et al (1l9), aeasurin! 

substrate dlsappearance, the inhibitor,y etfects of BAL and 

'l'G1 were confi1"llled. Moreover, it vas found that diaJ..ysis of' the 

tissue against weakly alkaline cysteine (MlSO) caused a decrea,se 

in MO activity. Addition of cobalt, iron, manganese and copper 

did not restore the MO actlv1ty of the ~sed preparations. 
TWo conclusions emerge f'rom 
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these experiments: firstly, the thiol compounds men­

tioned inhibit amine oxidation, and this inhibition is not 

siaply due to elevated blank values because of the oxida­

tion (or autoxidation) of these substances; secondly, 

the effects of dialysis against cysteine are probably not 

due to the removal ot iron, copper, cobalt or manganese 

trom the MO system, since these ions did not reactivate 

the system. Whether other ions can reactivate it re­

mains to be ascertained. 

Barron ~ !:l (125) bave reported the inhibition 

ot succinoxidase, cytochrome oxidase and, to a le8ser ex­

tent, cholinesterase by BAL. These authors attributed 

the inhibition to the reducing effects ot BAL. A similar 

explanation may be applied to the case ol MO. Possibly, 

SH compounds mainta1n the sulfbydryl troups of MO in the 

re4uced state; alternately, the inhibition ~ be due 

to the oxidized fona of the thiol compounds tested (the 

disulfides). This may explain w~ inhibitions by BAL, 

cysteine and TGA oeeur most markedly when there is oxida­

tion (or autoxidation) of the thiol compounds tested. 

Additional evidence in support of this possibility comes 

trom the observation that cystine and oxidized glutathione in­

hibited MO. We bave also round that other oxidizing substances are 
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inhibitory towards MO: KMn04 and Na200r depressed amine 

oxidation markedly wen added in concentrations or the 

order ot 1~1K. Others have reported the inhibition or 

MO b,y iodine, a very reactive oxidizing agent, which is 

known to inaetivate "SH enzymes" (85). On the other band, 

we have found that aseorbie acid cao, in some cases, 

inhibit MO, presumably by virtue of its reducing power. 

To explain the effects of thiol compounds on HO, 

the following suggestions are made. It is conceivable 

that the funetional -sR groups of MO Act in a shuttle­

like lIechanism, being alternately reduced and oxidized. in 

the course of amine oxidation. The addition of eompounds 

which maintain them in ei ther the oxid1zed or reduced etate 

would then prevent the normal ~c funetion of these 

groups, henee inhibiting the en~e. Furthermore, a possible 

mode of action of the funetional SH groups of MO is proposed. 

This is illustrated belows 

• 

+ + + + 
R - CH2 NIl3 R - CH2 NH3 R - CH = NH2 + H20 -+R-CHO + NH4 

~ t t -+ + 

S-S S S SH SH S-S 

wLL LL Li +02"'U + ~O2 

enzyme protein 

In sueh a reaction, all the primary products of amine oxida-

tion are aceounted for. 
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Linderstrfim-Lang (126) bas f'ormulated an attrac­

tive bypothesls to exp1ain the functioning or thio1 groupe 

of proteine. He postulated that the -SH groups (those 

of' the sluggish and Basked types) do not exist as such, 

but are combined in the f'orm of' c,rc1ic reversible struc­

tures such as the thiazo11dines. The -SH groups of' such 

compounds become free17 reacting in the presence of' aa-

.onium salts which readil1 open the thiazo1idine ring. 

This is illustrated below: 

Finally, we may mention a number of' pre11m1nar,y 

experiments reparted in this thesis concerning the erfecte 

of' g1utathione, when amine oxidation is aS8ay'ed under MI' 

instead of' under high partial pressures or oJÇVgen. It is 

recalled that under air, amine oxidation proeead. at onl7 

one-third of the rate under oJq'gen. Reduc:ed glutathione 

(GSH) vas generall;y round to stiDDùate amine o:d.datioJ:l under 

thase conditions. On the other band, oxidized glutathione 

(GSSG) bad no effects. Under 0:J1'gen, GSH inhibited or 

acti vated amine oX1dation to a smal.l. ment, while GSSG usually' 

inhibited. No exp1anation bas been found to account for the 

stimulator,y effects of GSH. From considerations previousl7 

_ .. _._----------
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stated in this thesis (cf'. " Introductionn ), the possibi1ity 

exista that amine oxidation proceeds through dif'f'erent 

routes under air than under high partial pressures of' oxygene 

Further etudies on the mechanisa of' action of' MO under air 

are needed bef'ore a.ny attempts are made to expla1n the ef'­

f'ects of' GSH. The possibi1ity that GSH activates b,y the 

removal. of' metals ta wh1ch MO is more sensitive under air 

than \D1der ox;ygen rema1ns to be explored. 
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SUEMARY 

1. The effects of icns an:i m:>noamine oxidase activity 

of rat liver suspension was stu.iied manometrically measuring 

0XYeen consurnption (cf. SlBIIlary of :-esults obtained given on 

pages 86 to 89). 

2. The eff<::cts of sulfhydryl compound on MO activity 

'Iras stud l ed. It was found that BAL, thioglycollic acid, 

cyst := ine., and to a lesse:!' extent, cystine and oxidized 61uta­

thione, depressed amire oxidation -.;h~n this was studied manO-

metrically, measurin~ oxygen consumption. Confirrr.ation of 

these results was obtained assayine 140 by the spectrophoto~ 

metric method of Sourkes~ al (119). Glutathione, on the 

other hand, apI_ears to activate MO activity when this is as­

sayed manometrically and the gas phase is air inst3ad of pure 

oxygene 

3. The anaero')Ïc reduction of tetrazolium salts during 

amine oxidation was studied (cf. Api~endix 1). It was found 

that c~ranide, c:rsteine ani atebrine, as well as the iron-bind­

ing agent, o-phenénthroline, markedly inhibited this reaction. 

4. Preliminary experirr.ents indicate that ferricJanide 

can act as an electron acceptor during the enzymic oxidation 

of amines by rat liver su.spensions. MO activity could be 

assayed mea~uring the reduction of ferricyanide spectro­

photometrically. 
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5. Preliminary stud ;.es were car.ded out testing 

the effects of various metal-binding agents on amine 

oxidation by MO. These exp~riments did not yield con­

s istent resul ts, (cf. A~pendix III). 
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APPElWIX l 

The Reduction of Tetrazo1ium Salts br Amine Dehydrogenas. 

A. INTRODUCTION 

1. General Properties of Tetrazolium Salts 

Tetrazo1ium salts (TTZ) are a c1ass of compounds whoae 

properties make them a useful too1 in the study or cellulB.r 

metabo1isJI. Tbey were first described by Pechmann et al (127) 

in the la st d.cade of the nineteenth centur,y, although it was 

on1y in 1941 that attention was drawn to their possible utility 

in biochemical research (128). 

Nineham (129) has recent1y provided an extensive gener&! 

survey of TTZ and their reduced derivatives, the formazans. 

Shorter reviews, more specifically concerned with the use of 

TTZ salts in biochemical research, are also availab1e (128). 

Tetrazo1ium salts are ea811y soluble quaternized tetrazo1es 

containing a ring of 1 C and 4 N atolBS, one of which is quatemary. 

The formazansbe1ong to the groups of "formazyl compounds" (132) 

which contain the characteristic side-chain: 



(11) 

The most characteristic property of TTZ salts ia the ability 

of these comparatively colourless compounds to accept hydrogen 

from suitable donors with formation of coloured water-tDsoluble 

foraazans. This presents a marked advantage over a number of 

other ~e-stuffs (e.g." indophenols" azines" oxazines" flavins" 

etc.) which" upon reduction yield colourless (or leuco-) compounds. 

The reduction of TTZ salte occurs with the rupture of the tetra-

zole ring as illustrated below: 

R -N-?'R ct­
~ t }U 1

. 

Nt +N 
~G/ " îJ" - (l~ ... le) 

tetrazoliua (colourless) 

/H.... . 
"R-N N- R 3 

"~ ~ + HCI 
~ç./ 

'RS" 
formazan (co1oured) 

TTZ salts, as well as their formazans" are light-sensitive 

(133). Exposure of these salts to ordinary light tranaform them 
exposure 

to pale yellow compounds, while/to ultra-violet light of short 

wave-length brings about their reduction to the formazan. 

Formazans exposed to visible light fade, and this is us~ 

attributed to a reversible ~-tran8 isomerization (134). 

2. Biochemical Applications 

TTZ salta have been suecesstully a.ployed for the 1ocalization 

of several respiratory enzymes (129). Kubn and Jerche1 (128) found 
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tbat plant tissues reduce a Dumber of Tl'Z salts to their forma-

zans according to equation (1): 

TTZ 2H + 2e~ed. formazan 

This reaction oCCurs at pH 7.2, and could not therefore be 

attributab1e to substances such as glutathione, cysteine or ascorbic 

aCid, normally present in cells, since they only reduce TTZ abova pH 9 
.IJ. . 

(129). Moreover, sugars are only effective at highly alkaline pH 

Talues (ca.,pH,ll). In 1947, Lakon (135,136) showed that plant tissues 

heated to saPe do not reduce TTC (tripheny1tetrazo1ium chloride), 

and suggested therefore that the reduction is an enzymatic one. 

This suggestion is borne out by subsequent investigations. 

The demonstration of particular dehydrogenases b,y means of 

TTZ salts has been reported by severa! authors (137-140). In 1951, 

Seligman and Rutenberg (139) detected the presence of several 

en~es, including succinic oxidase, cysteine desulphurase, 1actic 

and malic debydrogenases, b,y incubating thick s1ices of animal tissues 

with Blue Tetrazo1~ua (BT). In 1951, Kun demonstratad that severa! 

f1avin-1inked enzymes could reduce TTC (140). He f'urther observed 

that the reduction of TTC by glycolytic enz.ymes was demonstrable 

only when attochondrial fractions were added to the S,1stem (140). 
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Brodie and Gota (141,142) presented evidence that the reduc­

tion of TTZ salta necessitated the aed1ation of a flavin carrier. 

This was shown in particular in the case ot a bacterial flavo­

protein which, when dialysed againat dilute HCl and potassium 

monophosphate to remove the flavin moi et y (143), lost its 

abili ty to reduce TTC or HTC (Neo-tetrazolium chloride). Acti­

vit Y could be restored by addition of FAD (flavin-adenine-dinu­

cleotide) to the dialyaed enz.yme preparation. 

Farber ~ !l. (144) detected the presence of several DPN­

and TPN-linked dehydrogenases after incubation of trozen rat kid­

ney slices with TTZ salts. These authors were able to show that 

~e reduction necessitated the participation of a flavin carrier 

between the reduced DPN and TPN and the dye. ("DPN diaphorase lt 

and TPN diaphorase"), (144). This confirmed the findings ot 

Brodie and Gots (141,142). 

In conclusion, it May be said that flavin carriers seem to be 

easential for the enz,ymic reduction of TTZ salts. Whether or not 

the reduced flavin directly transfers electrons to the ~e ia not 

certa.ih. If, for example, the cytochrome system were involved 

in the reduction ot the ~e, it should follow that cyanide would 

inhibit the reduction of TTZ salts by dehydrogenaaea. Seligman 

and Rutenberg (139) have reported that the reduction ot BT by' 

tissue slices is not affected by KeN (at least anaerobically), 



while Rutenberg !1 !! (138) found ths.t KCN comp1ete1y inhibits 

the reduction ot BT b.r tissue homogenates. 

3. Reduction of Tetrazolium Salta br "Amine DehYdrogenase" 

In 1953, Dianzani (145) detected amine oxidase activity in 

isola1t.ed mitochondria by' means of di-tetraz01ium salte. Comparing 

the activity of this enz.y.me with that o! D-amino-acid oxidase, 

1actic and malic dehydrogenases, Dianzani (145) !ound that "amine 

oxidase activity" was quite weak. Later, Francis (79) obtained 

more successfui results using NTC (Neo-tetrazolium) salta &s H­

acceptors. He incubated frozen sections of «uinea-pig and rabbit 

liver with tyramine, and !ound that NTC reduction was aboli shed when 

the sections were pre-incubated for three hours without substrate, 

in the presence of octyl alcohol (79), which is a powerful in-

hibi tor of monoa.mme oxidase (78). KCN, a t a concentration ot 

3 x 10-3 M, did not affect dye reduction in these experiments (79). 

Earlier, Blaschko (29) reported some unpublished observations 

on the reduction of TTC by amine oxidase. He stated that ••• 

"this substance (TTC) torms a red reduction product in the presence 

ot a fresh amine oxidase preparation and tyramine Il (29) • We have 

been able to confi~ this observation using dialysed rat liver and 

brain suspensions as source of MO (ct. Tables I and Figs.I and 2). 

We bave alao tested the effects of a tew inhibitors on TTC re4uction 
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by amine dehydrogenase (cf'. Table II). Preliminary work reported 

in this theeis bas warranted turther investigations on the 

ability of' tiesue: homagenates ta reduce TTC and RTC in the 

presence of' amines, and a s,ystematic study of' amine dehydrogenase 

ie presently under ~ in our laboratory. 

B. EXP:ffiIMENTAL 

1. Procedure 

Rat liver and brain suspensions vere incubated in the presence 

of TTC .: and various amine substrates at 380 e in SJBall test-tubes. 

More or lese anaerobic conditions vere maintained, since only & small 

surf'ace of' the reaction mixt.ures vas exposed to air. The rad 

water-insoluble reduction product of' TTC, f'ormazan, w&s extracted 

with acetone af'ter the reactians vere stopped by the addition ot 

a l~ trichloracetic acid solution (0.2 al./tube), and the amounts 

of' f'orm&zan f'ormed were aeasured spectrophotometrically in the 

Beckmann spectrophotometer (DU model) by reading at 485 ~ the 

wave-length at which the f'ormazen shows an absorption peak (129). 

The 0.0. values obtained are thenconverted to Pg of' forma zan, on 

the basis that a solution of 20.6~ f'ormazan/ml. give a reading 0" 
1.000 O.D at 485 ~. 
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2. Preparation of Tissues 

Rat liver suspensions vere prepared as previously described 

(cf. p. 44). Rat brain suspensions were prepared as tol1ows: 

rat brains vere excised tram the guillotined and bled animal, 

weighed, then homogenized in phosphate butter (0.01 M,pH 7.4) 

to give a 20% suspension. This suspension was then spun at 

20,000 i. (International Refrigerated Centrifuge) in the cold, 

and the residue, which contained most ot the MO activity vas 

re-suspended in 0.01 M phosphate butter, pH 7.4 

C. RESULTS 

1. Time Curve 

Fig.I shows that reduction b.r rat liver suspensions 

in presence of tyramine is linear with ttme, af\er the tirst 

10 mins., during which there is a lag in actiTity. 

2. Erfects of Enzyme Concentration 

Reduction of TTC increases with increasing concentration ot 

enz.yme (cf. Fig. 2), although there is no straight line re1ation­

ship between en~e concentration and activit7. 

3. Etfects of Substrate Concentration 

Using tyramine, it vas found that in some cases, high 



concentrations of substrate wer~inhibitory. This was 

always the case when iso-amylamine was tested (cf. Fig. 3). 

4. Effects of Various Amines on TTC Reduction 

The aim of these experiments was to study the 

substrate specificity of amine oxidase in brain and liver. 

Preliminary resu1ts are shown in Table I. It can be seen 

that both mono- and diamines reduce TTC, although there are 

sorne m.a:cked differences in the reduction rates when one com ... 

pares liver and brain tissues. 

Table l Enzymic Reduction of TTC bl ami.n~ 

Substrate Formazan / 35 mine. / 120 mg. wet m. tissue 

Brain Liver 

r-
Tyr amine 0 25.80 

. Iso ... amylamine 1.34 27.50 

Adrenaline 20.25 2l.30 

l,2-Ethy1enediamine 1.15 

l,4-Diaminobutane 5.68 5.95 
( cadaverine ) 

l,6-Diaminohexane 0 13.82 

Reaction mixtures contain : 200 mg. (wet wt.) of rat brain suspen­
sion or 100 mg. (wet wt.) rat liver suspension; 40 ~ substrate 
(neutralized ; 20 ~ Phosphate buffer, pH 7.4 ; 0.2 ml. Tri~phenyl~ 

".; '," 



tetrazolium chloride SOl11tion, containing 5 mg. of dye/ml. In control tubes, substrate is replace1 by equivalent 
VOltUlle of distilled H,O. Volume made to 2.0 ml. with dis­tilled H,O. Reactions are stopped by the addition of 0.2 ml. 100 % trichloracetic acid and 5 nù. of acetone a :::e added to 
extract the formazan. 
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5. Effects of Inhibitors 

Cyanide, cysteine and atebrine inhibited the 

enzymic reduction of TTC by amines (cf. Table II), when 

added to the reaction mixtures. Liver suspensions dialy-

zed against 0.02 M ortho-phenanthroline, then against dis-

tilled water, did not reduce TTC in the presence of amines 

to any extent. This confirms results obtained manometrically 

in which we found that liver preparations dialyzed against 

o-phenanthroline lost their ability to oxidaize amine sub-

strates. Interestinely enough, we also found that with 

~uch tisSU3 preparations, succinic dehydro~enase activity 

as measured by TTC reduction, was also abolished. Normally, 

this enzyme shows ver:l strong activity with the TTC· redu~-

tion method. (For manometric results on the effects of 0-

phenanthroline, see Appendix III). 

Table II Effects of InhiQitors 

~nhibitor Fine.! Concn. Substrate % of control* 

NaCN 5 x 10-4M TYR 81 
ISO 89 

NaCN 5 x 10 ... 3M Tm 14 
ISO 23 

~aCN 2 x 10-2M TYR 0 
ISO 10 

adrenaline 25 
1,2-ethylenediamine 0 
1,4-diaminobutane 0 
1,6-diaminohexane 3 

* % of control (no inhibitor) as measuredin ~. forma zan produced 
in excess of blank values. 
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Table II Effects of Inhibitors (Continued) 

Inhibitor Final Concn. S'_lbstrate % of control 

Cysteine l x 10-JM TYR 0 
ISO 0 

Atebrine l x 10-~ TYR. 29 
ISO 17 

p-phenan- l x 10-~I TYR 0 
throline ISO 0 

Reaction mixtures contain : 100 IT:g. ( ,"let wt.) rat liver 
suspension ; 40 ~! substrat '= (neutralized) j 20 ~f Phosphate 
buffer, pH 7.4 j 2 mg. triphenyltetrazolil.lJll chloride (contained 
in 0.2 ml. distilled EzO ; inhibitor, as indicated. Vol:.une 
made to 2.0 ru. wiV, distilled HZ03 
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Figure l Reduction of TTC durin- Amine Oxidation: Time Curve 
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Reaction mixtures cont "",in: 100 mG' ("let wt.) of dialysed 
rat livs~ suspension (prepared as indicated on p. 44) ; 
20 ~ phosphate buffer, pH 7.4 ; 40 ~l tyramine-HCl (neutral­
ized) ; 3 mg. TTC (contained in 0.2 rnl. H20); dist. H20 
to mak~ final vol. : 2.0 ml. Control tubes contain no sub­
strate (replaced by same vol. of dist. H,O). Reaction stopped 
with 0.2 ~~. tri-chloracetic acid and formazan extracted with 
5.0 ru. acetone. Thë formazan was then measured by reading 
solutionsin the Beckmann spectrophotometer at 485 m~. O.D. 
values converted to ~. formazan on the basis that a solution 
containing 20.6 ~gm. ~ormazan / ml. gives an O.D. reading of 
1.000. In Fig. l, ~m. formazan formed in excess of that pro­
duced in control tubes is plotted against tinte ('" time v,-hen 
reactian is stopped). 
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Figure 2. : Effects of Enzyme Concentration 

100 

M9. enzyme ~\"erQr~tion 
(wet wt.) 

Reaction Mixtures as in Fig. l, except for 

amotmts of enzyme (1.e., 

amounts of rat 1iver suspension). 
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Fig:rre 3 Effects of Substrate Conc~ntration 
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Reaction mixtGres: as in Fig. l, except for substrate 
concentration. 
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APPENDIX II 

Reduction of Ferricyanide as a Method ef 

ASSQy for Amine Oxidase 

A. Introduction: 

In 1937 Haas (147) showed that ferricyanide could accept 

electrons from reduced coenzyme l (DPN). Later, ~uastel and 

Wheatley (148) developed a manametric assay for dehydrogenases 

using ferrlcyanide. The reactions involved are: 

(1) 

(2) 

Substrate (2H) + DPN ~ substrate (oxid.) + DPNH + H+ 

+ Il'' DPNH + 2 Fe (CN)6 t" ~ DPN + H + 2 Fe (CN)6 

Addition of (1) and (2) gives the net reaction: 

(3) Substrate (2H) + 2 Fe (CN)6 '1t ~ substrate + Fe (DN)6,t71 

The H+ ions liberated during these reactions then react 

with the bicarbonate in tbe medium and 2 molecules of C02 are 

evolved per mole cule of substrate dehydrogenated. 

This simple method has been used extensively in the 

study of many dehydrogenase enzymes, includine succinic de-

hydrogenase, which, althoush not couples to pyridine nucleotides, 

reduces ferricyanide via cytochrome ~ . 

Potassium ferricyanide absorbs maximally at 42.0 m~., 

while the reduced ferr~cyanide does not. It should then be 
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possible to follow an enzymic reductim of ferricyanide 

spectrophotometrically measuring the decrease in ab­

sorption durin~ the reduction. On the suggestion of 

MI'. P. Ottolenghi (Department of Biochemistry, McGill 

University), this was tried as an assay for amine oxi­

dase activity~ 

B. Experimental 

Although only prëliminary experiments have been 

carried out, the results shown below indicate that ferri~ 

cyan ide can act as an electron acceptor during the enzymdc 

oxidation of amines by rat liver suspensions. It may be 

added, however, that in assaying amine oxidation mano­

metrically by the method of Quastel et al (148), we ob­

tained negative results. 

C. Results 

1. In a first experiment, it was found that dialysed 

rat liver suspension, in th :' presence of t;Tamine, reduced 

ferricyanide as measured in a Beckman spectrophotometer (DU 

mOdel). The decrease in absorption of ferricyanide at 

420 m~. was foUowed during 20 minutes. Fran the results 

illustrated in Fig. l, it is seen that in the absence of 

enzyme or of substrate, negligible decreases in the absorption 

take place. 



II. Effects of ·Enzyme ConC1llltration 

. Figure 2, shows that fe:cricyanide reduction is linear 

with enzyme concentration. In this and subsequent experiments 

using ferricyanide, 10% rat liver suspensions were homogenized 

with a 0.5 or 1.0% oxbile solution prior to dialysis against 

water. This treatment disperses the mitochondria and nsolu~ 

bilizes" the amine oxidase bound to these particles (29). 

After dialysis, the liver suspension was spun at low speed 

(600 g.) and the translucent supernatant containing the amine 

oxidase activity was employed. This makes for more con-

venient readings in the Beckman, althoujh the amine oxidase 

activity appears 30mewhat ~reduced. Blaschko(29), has 

reported that bile salts are detrimental to amine oxidase 

activity when this is tested manometrically, and that removal 

of the bile salts by dialysis yields e~e preparations with 

original amounts of activity. 

III. Enumic Activity using Tryptamine and Iso-amylamine 
as Substrates. 

The results which had been obtained using tyramine 

(cf. Fig. l,curve 1) were qualitatively confirmed with bath 

tryptamine and .12g-amylamine (cf. Fig l, curves 4-and ,-re­

spectively) • 
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Enzymic Reduction of Ferricyanide by Amine 
Oxidase. 

)C......-" 
~ n Il n 0 

'1'II!I (KIIM'BS) 

Beckmann cuvettes (li~ht path : 1 cm.) contain the fol~owing 
ingredients: 0.03 wl. of a 20~ rat 1iver suspension(a); 
TRIS buffer, 1.4 x 10-2M (pH 7.4); amine, 1.5 x 10-2M (neu-
tra1ized); K3Fe(CN)6J 5 x 10-4z,r. Final volume of 2.6 ml. 
made up ':dt!; dist. H20. (1) 0 "0, represents curve 
obtained usin2 t~T&T.ine as substrate, and read vs. control 
containing only buffer and H20; (2) a El, same as (1) 
replacing substrate by equivalent volume of H20; (3). • 
same as (1) repl'.:l.cin~ liv ·~r susFension by equivalent vol. H20; 
(4) Â A, saIlle as (1), but usin.::; tr,/ptamine as substrate; 
(5) )( ~ J same as (1) uSin,,?: iso-amylamine as substrate. 

(a) 
prepared as indicated on p. 44. 
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Figure 2 ~ffects of ~zyme Concentration 

Cuvette content s: As in Fi,'3ure l (curve 1), except for 
amount of enzyœe addei. Read vs. control contnining only 
buffer and 820. Final vol. : 2.5 ml. 
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Reduction of DPN by Amin~ Oxidase 

i 
~ .030 

0 

P 0 0 e>4t--.: 0 0 
cf .020 1 
I!I • • · • 

i ~QlO 1 · • • • · · .......,.... 
% 4 & 8 20 

~ (1IIIUœ) 

Cuvette c~ntents: TRIS buffer" 0.2M" pH 7.4; tyramine" 
1.6 x 10- M (neutralized); 0.03 ml. of a 20$ rat liver 
suspension(as for Fie_ 1); DPN, 0.5 mg. Final vol. 
made up to 2.5 ml. with dist H20. 

BRRATA: Ordinate in Fig. 3 sh~uld read INCR.i!:ASE instead 
of D2Cit.2ASE in 0.0. 
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D. Comments 

In a recent pape ~', Pressman (149) studied scveral 

enzymes concerned " . .-ith the processes of oxidative phosphory­

lation, an·i on the bsis of his findings, he SU&;i3sted that 

ferricyanide functions as an electron acceptor acting in the 

proximity of cytochrome ~. 

Undsr the conditions of ~uastel and Idheatloy' s 

assay, f'? l'ricyanide accepts electrons from DPNH, TPNH, or 

c~~ochrome ~. In that method, hish concent~ations of 

ferricyanide are employed (0.2 H, final), ':j.S opposed to the 

low concentrations (5 x 10-4 H, final) used in our experi­

ments, the latter be in.:; comparable to those employed by 

Pressman (149). 

Assayin,'; amim oxidation by the ferricyanide method 

of Ciuastel et !l, we obtained negative results both in the 

presence and absence of added DPN. Presumably, then, DPN 

is not involved in amine oxidation by our crude enzyme 

preparations. iie have founi, moreover) that DPN was not 

reduced by thesc enzyme preparations, measuring the reduction 

of DPN spectrophotometrically at 340 m~. (150) (cf. Fig. 3). 

~. 
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APPJ:::NDIX III 

Effects of Metal-Binding Agents on MO 

Pr 3liminary experiments we~'e begun to test the 

effects of sorne knO'tffi metal-bindinG agents on amine oxida-

tion, assayin::HO activity by th8 manometric technique. 

It was found, in particular, that cysteinel and ortho-

phenathrolin~ in.YJ.ibit(~d arn!ÎI1e oxidation when added in high 

concentrations, while oxine (8-hydrox;yquinoline) inhibits 

25% when it is added at final concentration of about 10-4M. 

Pyrophosphate produced a small activating effect when added 

in hicih concentrations, while Versene and Œ,Œ'-dipyridyl were 

without effects at th~ concentrations tested. These re-

sults are presented in Table 1. 

Dialysis of the enzyme preparations (rat or ghinea-

pig liver homogenates) against ortho-phenanthroline (0.01 M), 

cysteinel (0.02 M, pH 8) and sodium cyan ide (0.01 M, pH 8), 

resulted in a decrease in activity tow~s monoamines. 

Dialysis aeainst Versene (?OOI M) did not usually affect MO 

activity. The rcsults of the dialysis experiments are sum-

marized in Table II. 

Whether or not theinhibitions of MO activity pro-

duced by som~ of the reagents tested is due ta the removal of 

metals involvei in amine oxidati m is difficult to assess. 
According to 

l 
The affects of cysteine on amine oxida.tion are ,--;iven in 

Tables XXXVL to XXXVIII. (Cf. "Effects of Sulfhydryl Cam-
pounds", p. 89 of this thesis). 
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Mahler and Elo,ie (106), enzymic re3.ctions involving 

2-electron transfers, for exam~le, rea ctions in I·ihich 

molecular o~"gen i8 the H-acceptor, are independent of 

the metal com~onents of metallo-enzymes2• In our ex-

periment:'), MO was assayed manometrically, in ivhich case, 

mole cula::.' oxygen i5 th'3pr:imary H-acceptor. Then, if 

Mahler and ~owe are correct, the inhibition of 110 by 

some of th" met.ù-binding reagents VTould not be due ta 

the r~m')va1 of metals from the enzyme molecule3• It 

may be that cysteine, ortho-phenanthrolinJ and cyanide owe 

their inhibitory effects of their action on essentia1 -SH 

groups of MO. These three substanc o' s were also found to 

inhibit markcdly the reduction of tetrazolium salts by 

lIamine dehydrogenase" (cf. Appendix l, Table II). 

2 
Cf. "Metal Ions and. Enzyme Systems", p. 38 of this thesis. 

3 
We have also fcnmd in the course of our experiments.l that 

the inhibition of ~O produced by cysteine ~ould not be re­
liex~d by aidition to the reaction mixtures of Fe++, 6tf+ .1 

+V.L '++ ++ Mo , Ni or Co • 
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Table l Effects of Metal Reagents 

Ex.pt. Addition Final conen. Substrate % Control 

l o-phenanthroline l x 10-;M TYR 114 

l x 10-~ " 114 

l x 10-3M " 100 

l x 10-2M " 50 

2 oxine 2.5 x 10-4M ISO 75 

3 pyrophosph9. te l x 10-~ ISO 124 

a.,a.I-dipyridyl l x io-2M ISO 100 

4 Versene 2.5 x 10=.4M ISO 100 

Reaction mixtures in Warburg vessels contain 0.5 ml. of enzyme 
preparation (rat liver mmogenate, except in Expt. 3, where 
gu:inea-pig liver is employed as source of MO); 2 .x 10-2M 
potassium phosphate buffer, pH 7.4, 2 x 10-2M sUbstrate(neu­
tralized), and metal reagent as indica ted, in a total volume 
of 2.0 ml. The metal reagent was :in contact with the enzyme 
preparation 10-15 mins. prior to the tipping of the substrate 

from the side-arm ('zero time"). Gas phase was pure 02. Values 
(% Control) are based on the ~l. 02 consumed during the first 
30 mins. of :incubation :in excess of blank values. In the con­
trol flasks, metal reagents are replaced by equivalent volumes 
of distilled H20. 
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Table II: Effects of Dialysis 

Expt Dialysis ~ubstrate % Control 

1 Vs. NaCN (O.OlM, pH 8) 15 hrs., TYR 56 
then 10 hrs. vs. dist. H2Û 

2 Vs. O-phenanthroline (O.OlM, pH 7) 
then 5 hrs. vs. dist. H20 

TYR 80 

3 Vs. Versene (O. COlM, pH 7.4) 12 hr~ . , TYR 93 
then 3 hrs., vs. O.OlM TRIS buffer 
(pH 8) 

4 Vs. oxine (O.OOlM, pH 7.4) 2 hrs., TYR 129 
then 2 hrs. vs. O.OlM TRIS buffer 
(pH 8) 

Contents of Warburg vessels: as :indicated for contraIs in ex~ i-
ments :in Table For dialysis controls, enzyme preparation was 
dialysed against distilled H20 instead of against reagent. Gas 
phase: pure 02. otberwise, conditions sa.zœ as indicated for 
experiments in Table J: • 


