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FOREWORD

The present investigation is part of a research
programme in progress at the Allan Memorial Institute of
Psychiatry, under the direction of Dr. R.A. Cleghorn. 1In
our laboratory, we are particularly interested in the meta=
bolism of physiologically occurring pressor amines such as
adrenaline, nor-adrenaline and serotonin. 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 "system".

Search of theliterature indicates that virtually
no investigation has been done on the effects of ionms,
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. Furtherw
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 oxidation of mono~
amineé is catalysed by a métillo—flavoprotein engyne ﬁas been

Briefly 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,
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INTRODUCTION

A. HISTORICAL
The first indications that amines 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 ziven orally was excreted as hippuric acid,
and he'assumed that free bengzoic acid wa: first formed prior to
conjugation. A little later, Schmiedeberg and Minkowski (2, 3)
were both able Lo isolate benzoic acid from minced rabbit liver in-
cubated with bengzylamine, This demonstrated the deamination re-
action in vitro. Other amines were later shown to be deaminsdted
in perfusion experiments as well as in vivo (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, were broken down to give corresponding acid (4, 5).
These authors found, for example, that tyramine was metabolized
tcﬁ)—hydroxyphenylacetic acid, It was believed at that time
that this reaction took place with the intermediary formation of
an alcohol., Guggenheim and L8ffler (6), had isolated tyrosol,

as well as the acids derived from igg-amylaminel and tryptamine,

1

In 1515, Bain (7) reported that iso-amylamine, which is the
decarboxylation product of leucine, is found in the urine of
man. This finding which would imply that iso-amylamine is nd
deaminated in the body by m>noamine oxidase prior to its ex-
cretion, could not bs confirmed by later investigators (8).
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In all the early feeding and perfusion experiments, the aldehyde
prifmary product of amine oxidation was not detected., This is
not surprizing, since in such experiments, the aldehyde formed
would be readily oxidized by aldehyde oxidase and mutase to its

corresponding acid and alcohol.,

The early work reviewed above, as wzll as more recent
studies using radio-isotope techniques (9, 10, 11), fully confirm
the general concept propounded by Schmiedeberg (1877}1) concerning

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

"probably all the mono-amino bases in which the
nitrogen is not directly linked to the benzene ring,
i.e. all bases which contain the atomic grouping -
CHzNHz are broken down in the organism with the

formation of ammonia', (1).

In 1928, Hare discovered Mtyramine oxidase, an enzyme
found in mammalian liver capable to catalyzing the oxidative
deamination of tyramine (12). In her second paper, Hare-
Bernheim suggested that the first reaction produck of amine oxi-
dation was an aldehyde (13). This was quite in contrast with
the earlier work, where deamimation was thought of as a hydroly-
tic process, giving rise to the formation of alcohol, according
to reaction (1),

R~CHaNHz + H20 - R=CHZOH + NH3 (L)
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It was in 1937 that the first experimental evidence
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 named
"aliphatic amine oxidase", These authors isolated the al=-
dehyde formed in the enzymic oxidation of ggg-dx}aminez.

They were able to show, moreover, that oxidative deamina-

tion occurred both in brain cortex slices and extracts, although
the amine oxidase activity ol these preparat ions was less
active than that of liver tissue. They also reported that
higher amines such aqigg-amylamine depressed oxygen uptake of

brain cortex slices, although deamination did take place,

In the same year, Blaschko et al (18, 19, 20) de~
seribed an enzyme present in a variety of tissues, capable
of inactivating adrenaline by deamination, and suggested that
their "adrenaline oxidase' was identical with Hare'!s tyramine
oxidase (12), and Pugh and Guastells "aliphatic amine oxidase"

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

2

It was found by these authors (116) that the aldehyde formed
from butylamine or iso-amylamine could undergo a Cannizzarro
reaction, catalyzed by aldehyde mutase, to form the corres=-
ponding alcohol and acid., Iso-amylalcohol is characterized
by its odour. It may be mentioned here that Holtz gt 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,

shewn in reaction (2),

R~CHzNHz + Oa + H20 > R-CHO + NHi3 + Hz202 (2)

Soon afterwards, Zeller proposed a common name for
these enzymes, 'monoamine oxidase" (subsequently referred to
as MO), to distinguish it from "diamine oxidase" (DO) (22, 23).
Thence arose the concept of MO which was not to be challenged
until 1943, when Alles and Heegsaard (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, to quote Zeller st al

(25) who state in a recent paper that,

"The differentiating characteristics between
monoamine-oxidase (MO) and diamine~oxidase (DO)
have been lessened... The guestion arises ap to
whether the amine oxidases are distinct entities

or are homologous enzymes',

In other words, not only is the homogeneity of MO
questioned, per se, but there is also some guestion as to
the validity of the MO-DO dichotomy which has long been re~

garded as an established fact,
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B, PROPERTIsS OF AMINE OXIDASE

1. Distribution of Monoamine Oxidase

Monoamine oxidase activity has been found in
animal and plant tissues (19, to 27) as well as in some
bacteria (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 I briefly summarizes what is

known on the distribution of MO.

Table I : Distribution of Monoamine-oxidase

Source Teference
|
Chordates mammals, birds reptiles,
amphibians, teleosts, elasmo- 19, 26,
5 branchs (Torpedo marmorata) 29
Invertebrates molluses, echinoderms, annelids 19, 31
Plants higher plants such as: Salvia 27, 32

ulginosa, Colchicum bornmuelleri, |33

Carnnabis indica, Momordica balsa-—

mina and Pisum sativum L.

Bacteria B, aeruginosa, E. coli 28




The richest source of MO hith:rto found is the

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

In mammalian organisms, a wide variety of tissues have been
studied for MO activity, liver intestine and k.‘i_dney3 being
the richest sources for the enzyme, Until recently, plasma
has been regarded as devoid of MO activity (29). 1In

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 et al (27).
Alfhough the plasma enzyme differs in some respects from

the “@lassical" enzyme, it was considered by Tabor et al

as a monoamine oxidase (36).

Zeller et al have reportzd that the hepatic MO
in mals rats 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 summary, it may be said that the mame

malian enzyme has besen 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 has been found that rat kidney is 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 IIl+ ¢ Distribution of Monoamine Oxidase in Man and Pig

V:ilues given represent the number of micreliters of

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

Organ Man Pig

Liver 1027 257
138 (metastasis)
fidneys 567 (cortex) 453
252 (medulla)

Intestine 9L
Pancreas 75
Brain 323 (thalamus)

246 (putamen)
Heart 552 33

Muscle 155
Uterus 111

Bladder 92

Thymus L6
Thyroid | 6
Lung 253

|
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 of the carbon chair and where there is no other
substitution on this carbon atom (e.g., carboxyl, methyl
groups, etc.) are oxidized by MO (45). The introduction
of a methyl group in the alpha-~position, the replacement of
one beta-H atom 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 aliw-
phatic monoamines (e.g., butylamine, iso~amylamine),
phenylalkylamines (e.g., tyramine, tryptamine) as well
as diamines of the general formula NHz(CHz), NHz, where
n is greater than 6 (e.g., decamethylenediamine) (48, 49).
Diamines of the same general formula, but where n is
smaller than 6 (e.g;, putrescine and cadaverine) are not
substrates for M0O. Furthermore, long~chain diamines
where n 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 diamimes are not substrates of MO because of in-
appropriate spatial configuration of the amine molecule

on the enzyme surface (29). On the other hand, it is
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possible that the orientation of long-chain diamines
(where n is less than 14) on the enzyme surface may
resemble that of monoamines,.thus insuring the forw-
mation of an active enzyme~substrate complex. Blas=
shko (29) suggests moreover, that long-chain diamines
where n 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 MO 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 intermetliary between the rates of oxidation

of the two aminss when tested ssparately;
(3) the inhibitor specificity of the enzyme in the
presence of different types of substrates is

the same .
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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;” substances competing for
the enzyme, these authors observed marked variations
in the Kj (dissociation constant of enzyme-inhibitor
complex, cf. Table IV) dependent upon the competitive
substrate. These points are illustrated in Tables III
and IV, Table IITI illustrates the species.differences
of MO activity, while Tale IV illustrates the inhibitory
effects of phenisopropylamine on the oxidation of dif-

ferent substrates of MO.

Mescaline is deaminated by rabbit liver amine
oxidase, bﬁt not by liver of other species (50), This
suggests the existence of a special amine oxidase re-
sponsible for the oxidation of mescaline which is not

jdentical with MO,

Werle st al (27) have presented evidence to
show that there are two distinct amine oxidases in plant
and animal tissues, on2 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, -only aromatic monoamines. These authors found,
moreover, that fresh rat liver homogenates oxidized
butylamine and tyramine at a similar rate, whilst the
same preparation obtained from rabbit oxidized tyraw
mine much faster than it did butylamine. This find-
ing was interpreted as further evidence for the exis-
tence of two distinct monocamine oxidases in rabbit liver,
Comparing the amine oxidase activity of plant and ani-
mal tissues, Werle et al (27) found that the former was
much more active towards aliphatic than towards aroma-
tic amines, the contrary being true in the case of

most animal tissues,

Recently, Tabor et al (36) succeeded in purie
fying from ox plasma a soluble amine oxidase, "spermine
oxidase". This enzyme is considered by Tabor et al to
resemble MO, although there are marked substrate and
species differences between the two amine oxidases
(cf, Tables V and VI)e '"Spermine oxidase", in contrast
with MO, does not attack sympatheticomimetic amines
(e.gs adrenaline), though it is active towards a number
of other MO substrates. On the other hand, typical
diamine oxidase (DO) substrates such as histamine and

putrescine are not attacked by the plasma enzyme,
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In 1955, Mann (33) obtained a highly purified
amine oxidase preparation from pea=scedling extracts
whose substrate specificity is less strict than that 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-
amine); unlike all the previously mentioned amine oxidases,
it attacked L~ and D~ lysine (33). Presumably, lysine
behaves towards the enzyme as some long-chain diamines do

towards MO (cfs p. 8)a

Table V compares in a summarized way the sub-~
strate specificity of various aminz oxidase described

in the foregoing section.




Table III° : Substrate Specificity of Amine Oxidase

Substrate Species

Rabbit Guinee-Pig Cat Cattle

Ethylamine 0 0 20 5
Butylamine 50 100 90 10
Amylamine 110 10 110 85
Benzylamine 30 10 110 130
Phenethylamine 100 100 100 100
Tyramine 90 200 120 130
(4=-hydroxyphenethylamine)

Hordenine 30 10 L5 80
(4=hydroxyphenethyl-

dimethylamine)

Dopamine 65 200 80 85
(3,h-dihydroxyphenethylamine%

Arterenol 65 180 30 65
DL adrenaline 15 L0 20 5

Source of enzyme ¢ liver extracts

Values given as maximum oxidation rate in per cent relative
to phenethylamine.

Experimental conditions : substrate: 0.008 M; phosphate

buffer, pH 7; 30° C,

5
Modified from Alles and Heegaard (24).
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Table IV6 ¢ Inhibition of Amine Oxidase

Substrate Concn. of /v

phenylisopropfylamine max. Ky (M)

Amylamine 0,000 0.023
" 0.002 0,036 0.0011

Phenethylamine 0.000 0425
" 0.020 04030 040470

Tyramine 0,000 0.031
‘ " 0,004 0,037 0.0045

_|Dopamine 0.000 04042
o 0,004 0.054 0,0033

The constant V. and Ki are calculated from the Michae-~

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

1/V = l/vmax. (K + KSI/Ki) (1/s) + ljvﬁax.

V = velocity

Vnax, = maximum velocity
K. = dissociation constant of enzyme-substrate complex

8

Ky = dissociation constant of enzyme-inhibitor complex
S = concen, of substrate

I = conen., of inhibitor

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

(a)

D~ or L-lysine

Substrate Engyme(b)
Monoamines ¢ MO DO 30__PS
aliphatic + - + +
amines (e.g., butylamine
tyramine + - + +
tryptamine + - + +
mescaline +(°) - + ?
adrenaline + - - ?
Diamines :
putrescine - * - +
cadaverine - + - +
decamethylenediamine + - + ?
histamine - + - +
agmatine - + - +
Polyamines :
spermine - + + +
spermidine - + + ?
Amino-Acid :

— -~ -— +




(a)

(b)

The signs employed have the following signification:

MO
DO
S0

PS

—

+ substrate is oxidized

t substrate is slowly oxidized

substrate is not oxidized

? data not reported in the literature

monoamine oxidase (30)
diamine oxidase (30)
"spermine oxidase" (36)

amine oxidase from pea~seedlinz extracts (33)

rabbit only (50)
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l,« Intracellular Distribution of Amine Oxidase

Monoamine oxidase is localized in the insoluble
censtituents of the cell (29)s 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. These
findings confirm previous wark carried out by Cotzias et
al (53). Attempts to purify MO have not met with much
success so far (12, 21, 24). The enzyme in fact is tightly
bound to the mitochondria, and until recently, has resisted
solubilization. The solubilization of zn 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 se,

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 the 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 Cutscum®, Since not only the mitochon-
dria but also the microsomes are disintegrated when treated

with these detergents, thereis in this case a more complete

solubilization of the enzyme than obtained by means of

bile salts. According to Cotzias et al (54), the detergents
they employed for the solubilization do not affect MO acti-
vity as do the bile salts. Recently, Barsky et 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.

7

It must be emphasized that the so-called solubilized’' MO

preparations have only been assayed manometrically, and that

6

These are two long-chain alcohols. Cutscum, or its active
constituent, isococtylphenoxypolyethoxyethanol, was found to
give the best results (54).

7

"Solutions” of MO obtained by means of bile salts 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

oxygen. 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).
Work 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 of all, that
two toxic primary products of amine oxidation, namely,
aldehyde and ammonia, can be removed in situ 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 is also localized in the mitochiondria,
may possibly act as "terminal 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 usually 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

similar way.

5. Inhibitors of Amine Oxidase

We shall briéfly deal with some inhibitors of
amine oxidase, In a preceding section, it was shown
that MO differs from other amine oxidases in substrate
specificity (c¢f. Table V). Similarly, there are marked
differences in the inhibitor specificity of amine oxidases,
depending on ths source of the cnzymes. This is il-
lustrated in Table VI, It must be emphasized that the
inhibitor studies cannot as yet yield some definite in-
formation concerning the homogeneity of the enzymes,
since the particulate forms of amine oxidase have not
been purified to any extent., At most, the behaviour
of MO towards inhibitors can shed some light on what

pathways are involved during amine oxidation.

A number of substances, not listed in Table VI
are known to inhibit MO, These include some local anes-—
thetics, antihistaminics, monocamidines, diamidines, mono=
guanidines, diguanidines, and diisothiourea derivatives
(29, 30). Uric acid and adrenaline, after being oxi-

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

Comments on Inhibitors Listed in Table VI

(a) Iproniazid and Isoniazid

Iproniazid and Isoniazid are amine oxidase
inhibitors (cf. Table VI). Iproniazid, or 1, -iso-nicotinyl-
2 - isobropylhydrazine (Im), is a potent inhibitor of MO
both in vitro and in vivo (58). IIH, also inhibits
"spermine oxidase" (36)., Zeller et al showed that the
main requirements for inhibitors of MO could be re-
presented by the formula = N ~ NH « R, It was found that
the carbonyl reagent property of MO inhibitors is 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 thousht to inhibit MO in virtue of iﬁs oxidizing
properties (60). In addition, MO is not inhibited by
other carbonyl reagents such as semicarbazide (30) or

hydroxylamine (30).

(v) Ephedrine and Benzedrine

Ephedrine and Bensedrine are two a-methylated

amines which competivively inhibit MO in vitro (61, 62).




- 22 -

These two drugs have a strong affinity for MO,
but are not oxidized by the enzyme since the

amino group is not attached to the terminal C:

DCHOH ~ CH ~ CHs DCHg ~ CH = CHs

NH - CHs NHz
ephedrine bengedrine
(Amphetamine

Benzedrine, which lacks an hydroxyl group on the side-
chain of the molecule, has a greater affinity for MO
than does ephedrine, and is therefore, the more potent
inhibitor of the two drugs. Schayer et al (11)
reported that ephaedrine does not appear to inhibit MO
in vivo. The inability of this drug to inhibit the
enzyme in intact animals may be due to a number of
reactions; 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 permeability;
(b) differences between properties of MO when studied
in vitro and in intact organisms. Mann and Quastel
(62), who first discovered the inhibition of MO by

benzedrine, in vitro, had suggzested that the drug effects




of this compound could possibly 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 hypothesis suggested by Mann and Quastel
(62)., However, it is not unlikely that benzedrine
(or ephedrine) affect the organism at some particularly
sensitive site, producing the pharmacological effects;
in that case, it is possible that such a small change
cannot be discerned when one measures the total MO
activity of the organism, as in Schayer's work (11).
Hence, bengzedrine may well owe some of its pharma-
cological 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 some other MO inhibitors, also inhibit other enzyme

systems, e.g. the pseudo-cholinesterases (63).

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

is of the competitive type. West (66) found that




methylene blue was also inhibitory in vivo. In
contrast to these findings, it has been 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 is a
potent inhibitor of MO. Phenobarbital inhibits -
"spermihe 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 is
known on the steps involved in amine oxidation (cf.

"Mechanism of Action of Monoamine Oxidase", p. 32).




(e) Quinacrine

This anti-malarial drug has been shown by
Haas (72) and others (73, 74) to inhibit flavine~
linked engymes in oxidative processes, The inhibi=-
tory effects of quinacrine can be reversed by rib§~
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 monoaminses by raﬁ liver
suspensions (75, 76). Previously, Allegretti and
Vukadinovic (76) had demonstrated the inhibition of
cquinacrine of adrenaline oxidation both in vitro and

in vivo. Theseauthors showed that this effect could

be demonstrated more readily when studying MO activity
of liver amd kidney as compared to that of brain and
heart, The engyme activity could be restored by add=
ing riboflavine., In vivo blood pressure measurements
showed the inhibition by quinacrine of the oxidation of
adrenaline in excess (1 mg.). Guinacrine (0.3 g.) was
injected prior to adrenaline (1 mg.), while riboflaviﬁe
(0.3 g.) was injected before or after the blood-pressure

rise, its restoring potency being the same in both
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cases., It was found by the same authors, that when
brain MO was studies, contradictory results were ob-—
tuined. They interprsted this as pessibly due to the
inability of guinacrine to pass through the hemato=
encephalic barrier ("blood-brain barrier"). Alle-
gretti et al (76), conclude that the quinacrine in-
hibition "consists merely of replacing the flavin

prosthetic group of the enzyme'.

Hawkins (77), has shown that MO and D=

amino acid oxidase activity of guinea-pigs kept on
riboflavin-deficient diet ié decreassd by one~half.
Addition of riboflavin to the diet dramatically re-
stores the D-amino acid and oxidase activity, but re-
activates MO only slowly, It was also found that ino-
sitol stimulated the restorin: capacity of riboflavin
(77)e It was suggested that riboflavin may be involved
in the synthesis of a prosthetic group or of a new ene

zyme protein.

Other evidence for the participation of flavin
carriers durinsy amine oxidation is presented elsewhere

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

(f) alcohols

In 1947, Heim reported the inhibitory effects of
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octyl alcohol on MO (78). This finding was subseguently
confirmed by Werle and Roewer (27) in the case of plant
and animal monocamins oxidase. Furthermore, Francis (79)
found that the anaerobic reduction of tetrazolium salts
by frozen tissue slices incubated with tyramine was
abolished when thetissus slices were pre-incubated three
hours with ostyl alcohol. Tabor et al (36) showed that
"gpermine oxidase™ (SO) is not affected by octyl alcohol.
Octyl alcohol does not inhibit "diamins oxidase" (D0) (30).
Recently, Cotzias and Serlin (80) have reported the ef-
fects of alcohols and aydrocarbons on the oxidation of
monoamines by both pariiculate and "solubilized" en-

zyme preparations., These authors found that M) is
subject to profound and irreversible modifications of
behaviour when treated with alcohols, these changes being
linked to tie chain length 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 proportional to temperature
between 4 and 60° C (80)., These results are interpreted
as demonstrating the crucial role of molecular geometry

in the reactions catalyzed by MO (80).

(g) Sodium Azide

Sodium azide, NaNs, which was introduced by
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Keilin (8l) as a metal reagent, is not generally con~
sidered as an inhibitor of MO (29). However, Werle

et al (27) have reported the inhibition 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 ehanolamine
or L-lysine are used as substrates, This author
occasionally observed small activations by azide, which
he attributed to the inhibition of catalase present in
his engzyme preparations, resulting in an increase in the

net oxygen uptake during amine oxidation (33).

(h) Cyanide

Cyanide is reported by several authors (12, 16,
82) not to affect amine oxidation by MO, Werle et al
(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 is due to the reducing of cyanide which
could affect the state of the -8SH groups essential for
MO activity (83). "Spermine oxidase, which is the soluble
plasma enzyme purified by Tabor et al (36) was found by
these au hors to be inhibited by cyanide, ~ When this en~
zyme assayed manometrically, it was found that the inhibition

was progressive with time (36). Tabor et al (36) suggest
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that cyanide inhibits "spermine oxidase" activity in

virtue of its carbonyl re.gent properties. Other

carbonyl reagents are powerful inhibitors of the

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

that cyanide inhibits amine oxidase activity of pea~
seedlings. The author presents evidenceé which argues
against the view that cyanide is acting as a carbonyl
reagent, and suggests that it may be acting as a metal-
reagent, He also found that other metal-reagents

inhibit, and suggests that plant amine oxidase may be

a metallo-protein. Examininz plant amine oxidase
preparations forheavy metals, Mann (33) found that they
contzined both coper and manganese in amounts of 0,03-0,06%,
based on the protein content.  However, he has not yet been
able to demonstrate that th: presence of these metals is

essential for the activity of the enzyme.
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Table VI : Effects of Inhibitors on Amine Oxidases

(a)

mo(®)

Substance 50 PS DO
Ephedrine 539 36

Benzedrine +Sh 036

Quinacrine +77 (a-c) +36

Phenobarbital +27 +36

Urethane +<7 o0

Octanol +27579,8L 36 030
Methylene Blue +27:66“68, +30
Isoniazid 0°? +36 +99
Iproniazid +59-61 +36 359 |
Semi~carbazide 030 ¥36 3 +0
Phenylhydrazine 462 +29
Hydroxylamine 030 +36 +39
Pyridoxamine +36

Pyridoxamine~ 036

phosphate

Azide 029 427 433
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Table VI : Effects of Inhibitors on Amine Oxidases (Cont'd.)

Substance MO S0 PS Do
Cyanide 0l2,16,82 +36 33 +30
Diethyldithio- 086 +33
carbamate
[Versene 086 36
"-SH reagents" +87’88 30

(a)

A plus (+) sign indicates that the substance is in-
hibitory; a zero (o) indicates that the substance is not
inhibitery.

(b)
MO
S50
PS
DO

monoamine oxidase (30)
"spermine oxidase" (36)
pea-seadling amine oxidase (33)
diamine oxidase (30)




6. Mechanism of Action of Monoamine Oxidase

Monoamine oxidase (MO) catalyses the oxidation
of amines according to the following reactions (12, 16,

21):

R-CHoNHs* + 0 * R~CH=NHz' + H20» (2)

R-CH=NHz* + Hp0 -+ R-CHO + NH," (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 (30). Both of these enzymes are flavin-enzymes
(30, 87), and by analogy, it is probable that MO also in-
cludes a flavin components. The formation of Hz02 is char-~

acteristic of reactions catalysed by flavin enzymes (87).

MO reacts with molecular oxygen, probably by way
of a flavin carrier. It does not reguire pyridine nucleo-
tides and is able to by-pass the cytochrome system9, al~
though it is not known whether the cytochromes act as

"terminal oxidase" during amine oxidation in living tissues,

8
Cf. p. 26.

9

Cyanide, which is a potent inhibitor of cytochrome oxidase,
was gensrally found to be without effect on amine oxidation
by MO. Cf. p. 28.
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In manometric experimeats, MO activity is dependent on
oxygen tension, and Kokn (21) has shown that the rate
of amine oxidation under air is about one-third of that
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, althoush many of them are able to reduce
cytochrome ¢ (83). The fact that these enzymes, like
MO, require hizh oxygen tensins to effectively transfer
electrons to molecular ox gen militates 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 to
oxygen via the cytochrome system, depending on the relative
amounts of pure ox-gen and of cytochrome ¢ (op some other ¢y~
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 bé transferred iirectiy to molecular oxygen

with formation of H20z2.



- 34 -

MO requires free =SH groups for activity

(57, 8). 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 molecules
such as glutathione or a-lipoic acid; if the former com-
pound is involved, it would have to be tightly bound to
the enzyme, since prolonged dialysis does not eappear to
affect amine oxidation by MO when this is assayed mano-

metrically (16, 90).

Several dyes have been shown to act as suitable
acceptors during 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 MOs. Results obtained study-
ing the anasrobic reduction of dyes by MO has led to the
suggestion that MO may transfer hydrogens via an hitherto
unidentified H transporting system (30). Methylene blue
and toluelene blue cannot replace oxygen as H-acceptors
during amine oxidation, and in fact, these dyes inhibit

MO (15)1L.

10
Cf. Appendix I

11
Cf. also p. 24.
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7. FPhysiological Role of Monoamine Oxidase

The presence of MO in the intestinal mucosa
has led to the suggzstion that it acts here to detoxify
monoamines formed in the zut 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).

Therels much debate as to whether MO is
related to adrenergic function. The fact that adrena~
line and nor-adrenaline are substratss of the enzymes
in vitro does not, per se, mean that thsy are physio-
logical substrates for MO. These amines are in fact,
reiatively poor substrates for MO both jn vitro and in
vivo (92, 93). But Schayer et al (11) have reported
that as much as one=half of adrenaline injected into
rats is metabolized by MO., On the other hand, Griesemer
et al (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 the latter is effectively meta-
bolized by other enmyme systems. Koelle and Valk (44)

have recently studied the cellular localization of MO in

12
Cf. p' 21'
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adreneréic neurones by a new histochemical technicue, and
conclnded 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 cholinergic nerves,
Koelle and V.lk (44) have propors=d that, in view of the
ubiquity of MO in the cat, MO may participate in a phase

of amine metabolism which is co:mon to all types of nerves.

In contrast to the findings obtained using ad-
renaline or nor—aarenaline, Udenfriend and his coworkers
(93), have report=d that serotonin (5-hydroxytryptamine)
is rapidly oxidized by MO both in vitro and in vivo, and
they suggested that serotonin may be the only physiological
substrate of MO outside the intestinal mucosa. It is
possible that MO is directly involved in limiting the
physiologic 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) found that when ingested orally, a
number of sympathomimetic amines were excreted mainly as

their sulfate conjugates. In contrast with the views
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of Burn and his édypfk;%s‘(63), wﬁo support the cone
cépt that MD:is the"ﬁain‘effeéﬁive inactivating enzyme
for catechol amines, Von Euler et al (95) have recently
 suggested that while amineé which are relsaééd_éj

pﬁysioiogical processes may be metabolized chi@‘l?‘b713
MO, circuléting catechol amines are inactivatéd only ﬁo
a minor degree by this enxyme. These authors (95)
suggested that peroxidascs, which are capable of transw
forming catechol amines into inactive compounds (96), '
may play an important role in the inactivation of cir-

culating amines.,

A relation between MO and the development of 1
hypertension has been investigated by several workez?;_'
(97 to 100). It is interesting to note that the abj_ii’by
of monoamines to raise blood pressure is rel&téd £§,tﬁeir
affinity, in vitrd, to MO (99), It is bslieved Sy soé
authors that expefimental renal hypertension is due tb the
liberation into the blood stream of amines fofﬁed in fhe.

' imchemic kidney (97).

: - - T RO W A W ® . P A
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C. METAL TONS AND SNZYMu SYST.MS

Part of the work report:d in this thesis deals
in particular with the susceptibility of MO towards a

number of metal ions. It had previously been shown that

the engyme is inhibited by mercurials and arsenicals (57, 58),
but a search of thzliterature has not revealed any sys-
tematic study of the effects of ions on the oxidation of amines
by MO. 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 thz 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 view of this possibility, and also
because this is pertinent to the experimentul results obtained
in our studies on MO, we should like here to review briefly
what is known on the role of metal ions in enzyme systemslB.

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 corments along these lines

13

Bxcellent reviews dealing with the role of metals in enzyme
systems have appeared in the literature (101, 102). Earlier
work on the subject is presented in Oppenheimer and Stern's
"Biological Oxidations" (103), and in Warburg's classical
treatise, "Heavy Met:l Prosthetic Groups" (104).
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accompany the experimentzl results obtained during our

investigation.

Metals are generally known to participate in

enzymic reactions in two wayst

A : The meWd is an indispensable part of the enzyme
system, in which case, it is highly specific for the
enzymatic reactions it catalyses, and can only be dis-
sociated from the enzyme by drastic chemical means.

In such systems, removal of the metal component from
the enzyme results in a marked lowering of enzymic
activity., Metallo~enzymes of this type include the
copper-enzyme tyronsinase and iron-containing metallo~
enzymes such as the catalases and the cytochromes.

B : The metal is only loosely 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 engzymic 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

engymic reactions are found in groups la, Ib, IIa 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 alsc contain metals tightly bound to both

the flavin and protein moieties of the enzyme molecule
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(moieties of the enzyme molecule (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 well estabilished, und provides ad~
ditional conformation of thes 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 ére a group of enzymes con-
taining both metal and flavin in firm linkage with
the protein and in definite proportions...s The
metal plays no role in the inter-action of reduced
enzyme with organic oxido-reduction dyes, quinones
and molecular oxygen...» The metal is absolutely
required for the inter-action of reduced enzymes
with one-electron acceptors such as cytochrome ¢

and ferricyanide¥,

Metallo~flavoproteins hitherto described include
DPNH=cytochrome reductase (Fe'**) (106), xanthine and
aldehyde oxidase (Mo+VI) (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 iron.
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It is not unreasonable to speculate that MO
may be a metalle-flavoprotein engyme, if indeed, the claim
that it is a flavin-enzyme, is a valid one. The lack of
inhibition of MO by metal-reagents such as cyanide or Ver-
senelh 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 mediating a two-electron transfer
which, according to Green et al (105), can proceed in-
dependently of the metals in the case of metallo~flavo-
protein enzymes. It would be useful to study the effects
of metal-reagents on thz inter-action of MO with one-
electron acceptors, howeveg, no studies in which MO was
assayad in a system involving the transfer of slectrons to

such acceptors have been reported in the literaturel5.

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-slectron acceptor under the conditions of our
experiments, (Cf. Appendix II).




BAL
DPN
DPNH

FAD

GSH
GSSG

IS0

PCMB
TGA
TRIS
TRYP
YR

Versene

- 42 -

ABEREVIATIONS

British Anti-~Lewisite or 2,3-dimercaptol propanol
diphosphopyridinenucleotide
reduced DPN

flavin adenine dinucleotide
riboflavin-~5!~phosphate
glutathione

oxidized glutathione
iso-amylamine

monoamine oxidase enzyme system
p~chloromercuribenzoate
thioglycollic acid

tris (hydroxymethyl) aminomethane
tryptamine - HCl

tyramine - HCL

ethylenediaminetetracetic acid (di-sodium salt)




- 43 -

METERIALS

BAL was kindly supplied to us by Dr. O.F. Dens-

tedt,

The amine substrates employed during the course
of this work 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 Biochemical Research,

Quinine and atebrin were obtained through the
courtesy of Dr. L.£. 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 aXPiR TMENT AL

A. Effects of Ions on Monoamine Oxidase Activity of

Rat Liver Suspansions

1. Methods

(a) Preparation of Tissue

Adult male rats obtained from a commercial dealer

and weighing between 100 and 200 gms. 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 3° C for about twenty hours.
The dialysis medium was changed three times in the first three
hours and then once more thrze hours prior to use. The purpose
of this dialysis was to remove endogenous substratvs and so re-
duce the oxygen uptake of the tissue blanks, Dialysis did not
decrease the rate of oxygsn consumption in presence of added sub=~
strate (cf. Table VII), In some casss, dialysis was carried out
against cold running tap‘water, and here too, 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 well as iso-amylamine, were chosen as re-
presentative substrates for rat liver MO, and were employed as
their aqueous solutions, after being brought to a neutral pH.

The substrate solutions were made so as to give a final con-
centration in the reaction mixtures of 0,02 M, It has 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 increass MO activity.

TRIS buffer (final concentration: 0.037 M; ﬁH: T.h), was
employed instead of phosphate buffer, since the latter is known to
form insoluble complexes with a number of metals. In some 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,
(¢) Procedure

For measuring oxygen uptake, the manometric technique
was used (109). The exper iment 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. After equilibration of the flasks in the water bath
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at 380 C for 10 to 15 mins., the nanometer tapé were closed,
and one or two rezdings were taken in rapid succession to
cheek if equilibration had been reached, The substrates
was then tipped into the main compartment of the reaction
vessel ("zero time"), Readings were taken every 10 mins.
during a period ranging betwezn 1 and 1.5 hours. The re-
sults are then generally expressed as pl. Oz consumed in the

first 30 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. 1 Expt. 2 Expt. 3

L]
Liver Preparation Substrate
- + - + - +
Fresh Suspension LO 274 28 230 L0 95
Dialysed vs. distilled H20 10 255 10 65
Dialysed vs. tap Hz0 3 131

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

Substrate: expts. 1 and 2¢: tyramine; expt. 3: tryptamine,

Gas phase: oxygen.

Temperature: 38° C,

Table VIII : Model Reaction Mixture

Warburg Vessel Constituent Concn. Vol. added Final concn.

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 M 0.4 ml. 0.020 M
Eenter well KOH 30% 2 drops

Gas phase: oxygen.
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(d) Ions Tested

The ions tested for their effects on MO activity are

listed in Table IX.

The results foreach ion are presented in order of its
appearance in the periodic tabl=, 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 isotonic KC1l and employed without dialysis, the endo-~
genous respiration was very high as compared to that of non-
dialysed preparations made up in distilled Hz0. Moreover,
using homogenates made up in isotonic KCl, it was found that
the total owygen uptake in the presence of added substrate
never exceeded that of the tissue blank., This may be due to
the protecting effects of isotonic KCl on the mitochondria, .
thence on the activity of mibochondrial oxidizing enzymes which
could possibly compete for molecular oxygen (or some other H
acceptor) with the MO system (111). That the amine substrate

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

or tryptamine were used as substrates, since such pigments are

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

Table IX : Ions Tested
Group. I Group II Group III  Group IV Group VI
Sodium Magnesium  Aluminium Titanium Chromium
Potassium Calcium Tin Selenium
Copper Zinc Cerium Molybdenum
Silver Cadmium Lead Uranium
Barium
Mercury
Group VII Group VIII
Manganese Iron
Cobalt
Nickel
Table X : LEffects of Anions
Expt. Addition Final Concn pl, 02/30 mins.
dndogenous Substrate TYR
1 none o -6 80
Bl 0.01 M -2 76
K250, " -2 71
NaCl " ~5 80
NazS0, " L 99
2 none 11 8L
Na S0, 0,01 M L 79
3 none 2 78
NH,4CL 0.01 M 5 85
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2. Results

(a) Effects of Copper

Aqueous solutions of CuSOy + L4H20 (Cull) and of(CuCl)s
(CuI) were tested. Cuprous chloride was added as a suspension,

since it is only sparingly soluble in water (15 gm./1 at 25° C).

At final concentrations of the order of 0,0001 M, both
cuprous and cupric ions reduced amine oxidation. This con-
firms previous findings reported by Bernheim (60), who suggested
that this inhibition is due to the effects of copper salts on
essential -~SH groups of amine oxidase (60). We have found,
however, that within a narrow range of concentrations, copper
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‘§; ¢ Effects of Copper

Expt. |Addition }Final Concn. Endogengi; Oa%%g-gi%ﬁéﬁ-—-iga-
1 none 0 136
CusO, | 1 x 107 M 0 13
" 1 x 107M 0 135
" 1 x 10™°M 0 125
L 1 x 10~4M 0 14,7
" 3 x 1074M 0 b
" 1 x 10™M 0 88
n 1 x 10™%M 0 U
2 (a)]| none L2 69
CuSOy 2.5 x 10™°M 17 9%
3 (b)] none 37 67 114
CuS0,, 2.5 x 10™°M 37 gg | 106
" 2.5 x 107 5 12 a7
L (c)] none 13 105 6L
(CuCl)z | 5 x 10'614 17 128 72
" 5 x 10”°M 17 2 | 3
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Table: XI: (Continued).

Zxpt. |Addition |Final Concn. L. 02/30 mins.
rndogenous | TYR |[TRYP | ISO

5 none 0 128
(CuCl)2 | 1 x lO"éM 0 154

" 1 x 107N 0 132

u 1 x 107 0 91

" 1x 1072 0 105

" 1x 1072 0 27

a .
Liver suspension dialysed at 3° C two hrs. vs. 0.001M versene,

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

b
Liver suspension not dialysed.

c
Liver suspension dialysed 18 hrs. vs. TRIS 0.1M, pH 8.1 at 3° c.
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iffects of Copper Ions on Amine Oxidation by

Figure 1

Rat Liver Homogenates.

(Cf. Experimental results, Table XI.)
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(b) Effects of Silver

Silver ions were testsd in the form of silver nitrate,

AgNOs. It was found that tyramine oxidation was inhibited 50%
when AgNOs was added at a final concentration of the order of
1073M,  In some cases, silver ions activated the endogenous
respiration of the tissue after the first 50 mins. of incubation
(cf. Table XII expts. 1 and 5), ixceptionally, silver ions,
added in final concentrations of the order of lO"hM, produced

a small apparent activation of amine oxidation (cf. Table XII,
expt. 4). During the course of amine oxidation, silver ions

were reduced and metallic silv.r deposited on the walls of the

Warburg flasks.

Silver ions are known to inhibit a number of enxymes by
combining with free -SH groups essential for activity (112). It
was found that BAL could prevent the inhibition of MO by silver

ions (cf. Table XII, expt. L4).
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Tablel;;‘@' : Effects of Silver

' -
Expt.] Addition Final Concn. Jpde 02/30 mins. Extra % of
findogenous | TYR Oz control
1 none 9 n3 134 100
AgNOs | 1x 1072 M 20 0 0
n 5 x 107 23 0 0
2 none 7 124 | 117 100
AgNOs | 2 x 107°M 0 0 0
3 none 8 98 90 100
AgNO3 2 x 1074 M 3 8l 81 90
" 6.5 x 107 M 9 35 26 29
L none 8 125 117 100
pac(b) | 7 125 | 118 100
AgNOs | 1 x 107™* M 6 137 | 131 112
" L x 1074 u 0 107 | 107 91
" 8 x 1074 u 0 71 71 61
0 4 x 107% w11 115 | 104 89
" g x 107 u®) 5 113 | 108 93
5 none 0 87 87 100
AgNOs | 1 x10%M 0 go | e0 90
n 5 x ]_0-'3 M 12 62 50 a7
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Table: XII (Continued)
Expt.| Addition | Final Concn. L. 02/30 mins. E)(;'tra cf ni?:ol
Endogenous | TYR 2

6 none 11 88 77 100
AgNOs | 1 x 100 M 19 92 | 73 95

L 1x 10 M 13 87 7 96

u 1x107% M 10 w6 83

n 1x10™ M 5 2 -3 0

(%)

TRIS buffer was employed in expt. 5 and 6;

0.02 M phosphate buffer, pH 7.4, was used.

(b)

in all other expts.,

Here 1,6 pmoles of BAL were tipped in main well from second

side-arm of wWarburg flask at 'zero time'".

(see also p. 64 ).
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(c) 4Affects of Magnesium

Y

Magnesium was tested as its sulfate, MgSO4 +7 Hz0. When
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 magnesium
sulfate apparently reactivated MO activity of a tissue prepara-
tion dialysed against versene (cf. expt.2). Since, at other
times, versene did not seem to affect MO activity, this experi-
ment could not be repeated. Moreover, it is possible that this
apparent reactivation is only due to the effects of Mg304 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 ars the cause of the effects observed
on the endogenous respiration of the tissue prepération dialysed

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

Table XIII :  Effects of.Magnesium.

Expt. [ddition |Final Conen. | Wi-02/30 mins. Extra Oz
Lnaogenous LIH

1 none 0 85 | 85
MgSO, | 1 x 107 M 0 87 87
" 1x10° M 0 69 69

2(a) | pone 12(33)0) | 69(97)  27(64)
MgS0, 5 x 1070 M 20 68 48
" 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 3°C.

(b)

Figures in brackets give values for non-dialysed sample of

same liver preparation.

d) Effects of Calcium

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

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

Table:XIV sffects of Calcium

sy s : bl 02/30 mins.| _
Expt, jAddition | Final Concn, 02,20 mins. Extra Oz
ndogenous TYR

1 none 28 1Ll 113

ca(Cl)z| 5x10% M 18 128 110

L 5 x 107 M 25 125 100

2 none 2 70 68

ca(Cl)a|l 1x10™° M 12 70 58

n 1x10°M 1 65 6l
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(e) iuffects of Zinc

Zinc sulfate, Zn5S04, is a powerful inhibitor of amine oxida-
tion, and it was found to suppress the oxidation of tyramine and

of jisoamylamine when added at a final concentration of 0.001 M

(ef. Tablexy ).

Table: XV Effects of Zinc

. pl. 02/30 mins.
txpt. | Addition | Final Concn. [
sndogenous TYR IS0
1 none 0 L, 33
7nS0,, 0.001 M 2 2 0
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(f) Effects of Cadmium

Cadmium was tested as the chloride, Cd(Cl)z.
The results obtained are shown in Table XVI and illus-
trated in Figure 2, At relatively low concentrations,
cadmium may enhance amine oxidation (cf. Table XVI, expts.
3 and 4). At final concentrations above IO'LM, cad-
mium is definitely inhibitory. Flasks containing the metal
at a final concentration of lO"zM showed flocculation of

protein.

Althouzh no reactivation expzariments were carried
out, it seems likely that the toxicity of cadmium towards
MO is in part at least due to its effects on the essential
-SH groups of the enxyme. Indeed, cadmium is a well-
nown inhibitor of other -SH enzymes, and is believed to owe
its toxic effects in vivo 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 toxic effects of cadmium both in vivo and in vitro

(113).
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Table XNI 3. Effects of Cadmium
[ul, 02/30 ming |
Exptd Addition| Final conen.| Endogenoud TYR |“Extra 02" 4 of
control
1l none 5 107 102 100
ca(cl)z |1 x 10-6u 19 101 82 80
n 1 x 10™*M 0 0 0 0
2 none 11 134 123 100
cd(Cl)z |1 x 10™°M 1 |130 116 9L
" 1 x 10~4M 9 122 113 92
u 1 x 10-3M 8 109 101 82
TRYP
3 none 16 37 21 100
cd(cl)z |1 x 10-6m 5 A1 36 172
L 1 x 10~M 2 32 30 162
u 1 x 10~4M 17 L6 29 138
" 1 x 10-3M A 17 3 1
150
L none 1 57 43 100
cd(cl)z |1 x 10-6u 3 46 43 100
" 1 x 10~5M 2 56 51, 126
" 1 x 10-4M 2 67 65 151
" 1 x 10~3M 20 30 10 23
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Table X¥I : Effects of Cadmium (Continued)

ply 02/30 mins.

Expt.] Addition|Final conen.|Endogenous ?So—l“l'hcbra 021 & of
contro

5 none 16 62 L6 100

Cd)Cl)z |1 x 10-6m 2 | 38 | 83

"1 x 1079M 18 61 43 9%

" 1 x 10-4M 19 68 L9 | 107

" 1 x 10-3M 24 29 5 11

() Effects of Barium

At the concentrations tested, Ba(Cl)z inhibited oxy-
gen uptake in the presence or absence of added tyra:ﬁjne {ct,

Table XVII).

Table X¥IT : Effects of Barium

ule, 02/30 %2 s
Expt .| Addition|Final concn.|Ehdogenous| TYR ['Extra Oz"

1 none 17 137 120
Ba(Cl)z |2.5 x 10-5M I 108 104
" 2.5 x 1073M 0 9% | 94
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Figure 2 3 Effects of Cadmium Ions on Amine Oxidation b

Rat Liver Homogenates

(Cf. page 60 and Table XVI.)

]
/

:
-

OXYGEN UPTAKE AS FER CENT OF CONTROL

150

AOC  CONCENTRATION OF CADMIUM

o—0© Tryptamine used as substrate

&O—A  Iso-amylamine used as substrate
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(h) Effects of Mercury

fercuric acetate, Hg(AcO)z was found to reduce
MO activity by one-half when added at a final concentration
of the order of 10™% M, Low concentrations of Hg(4c0)2

apparently activate tyramine oxidation (cf. Table XVIII).

In an attempt to reverse the mercury inhibition
with BAL, it was found that at the concentrations used,
BAL inhibited MO in the absence of added mercury, and this
makes it difficult to draw any conclusions from the re-

activation experiments.

Our results on the inhibitory effects of Hg on
amine oxidation -corroborate previous findings reported in

the literature (835, 86).

The activating effects of mercury added in low
concentrations were more apparent when ron-dialysed liver
suspensions were employed as source of MO (cf. Table XVIII,
expt. 2). The significance of this finding has not been

explained as yet.
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Table XVIII .3:. Effects of Mercury

ple 02/30 mins.
* Expb | Addition|Final conen.|Endogencus|TYR ['Extra 02" % of
control

1 none 7 121 114 100
Hg(Ac0) 2|5 x 10-5M 10 118 108 95

" 2 x 10~4M 23 112 89 78

" 3 x 10~y 15 95 80 70

v |4 x 207k 8 37 29 25

n 5 x 10-4M L 0 -l 0

202) | none 30 13 113 100
Hg(Ac0)2|5 x 10-6M 25 186 161 12

3 none 8 87 79 100
Hg(Ac0) 2|5 x 10-TM 6 97 91 | 115

(a)
Liver preparation not dialysed for thisexpt. .
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Table XVIIIEffects of Mercury (Continued)

« 02/30 mins,
Expt| Addition| Final conen.|Endogeno "Extra 02"+ £ of
control
4 none 11 107 96 100
Hg(AcO)z | & x 10™% 9 |'31] =22 23
par(P) 4 x 1074 15 5| 63
BaL{®)
+ } 4 x 10~ 18 63 45 46
Hg(Ae0)2 '
par(P) 8 x 107k 24 s2] = 29
paL(®)
+ L x 10~hM 18 52 34 35
Hg(Ac0) 2
(v)

BAL tipped from second side-arm at "zero timen,
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(i) Effects of Aluminium

Aluminium sulfate, Ala(SO4)s ¢ 18 Hz20, when added
at a final concentration of 1072M, inhibited MO activity

more than 50% (cf. Table XIX).

Table XIX : Effects of Aluminium(a)

gxpt. | Addition [Final concn.| Endogenous TYR ||'Extra Oz"
1 none 2 119 117
A12(S04)3 |1 x 10~4M 13 131 118
n 1 x 10N 9 56 L7

(j) Effects of Titanium

Titanium sulfate, Ti0SO0,, was inert towards amine

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

In these experiments, .hosphate buffer (final concn.
0,02 M, pH : 7.4) was used instead of TRIS buffer.

Table XX : Effects of Titanium
EL‘ 02(65 mins.
mxpt, | addition| Final conen. | dndogenous TYR
1 none 22 152
Ti0SO4 | 4 x 1074M 29 168
n L x 1073M 29 164
(a)

(1]
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(k) Zffects of Tin

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

small extent at the higher concentration tested. (Table XXI ).

TableXXI HEffects of Tin

Expt. Addition | Final Conen. n;ndog:rlléug 60&%"3' T ——
bl |
1 none 26 151 125
sn(cl)z |5 x 100 u 28 138 110
n 5% 107 M 41 181 140

(1) Bffects of Cerium

Ceric sulfate, Ce(SO4)2, apparently activated amine oxidation
when added in low concentrations (cf. Table XXLI), In testing this

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

Ceric salts are known to stabilize Hz0, forming cerium pero-
xide. Wieland(l%k) has made use of this property for quantitatively
determining Hz0z formed during the oxidation of xanthine by xanthine
oxidase. In this method, cerium peroxide formed during aldehyde
oxidation by xanthine oxidase is decomposed by acid to give Ha0z
and ceric ions which are determined by titration. The Hz202 is.
then decomposed by catalase, When catalase is present in a bio-
logical system, however, it reacts more rapidly with Hz0 than does

the cerium salt, thus preventing the formation of cerium peroxide.
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Since catalase is present imour tissue preparations, it
is unlikely that added cerium salts can form peroxides

with Hz202 produced during amine oxidation,

In our experiments, all flasks containing the

ceric sulfate showed flocculation of protein.

Table XXII. .: Effects of Cerium

ul, 02/20 mins,

Expt. | Addition | Final concn. [kndogenous TYR TRYP |ISO

1@ none , 10 gL | 70
Ce(S04)2] 5 x 10-TM 0 85 | 76
v b5 x 10-6M 4 8, | 72
m 5 x 10-bM L 75 | 8s
2(b) none 13 54.
Ce(S04)2 | 5 x 10-6M 2 55
" 5 x 107K 11 54,

(a)

Non-dialysed liver suspension employed.

(b) '
Liver suspension dialysed 18 hrs., vs .03 M TRIS, pH 8,0.
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(m) Effects of Lead

Lead acetate, Pb(AcO)z, inhibited amine oxidation

at the concentrations tested (cf, Table XIIL).

Table XXIIT Effects of Lead

Expt, | Addition } Final concn. Eﬁaogenous YR

1 none 0 107
Po(Ac0)z | 4 x 10~5M 0 96
" L, x 10~M 0 ™M

(n) Effects of Chromium

Chromium was tested as potassium chromate and as
sddium dichromate, Both these compounds are known oxidiz-
ing agents by virtue of their anions, Cr04" and Cr207“, res
gpectively., Potassium chromate showed a small inhibitory
effect, whilst sodium bichromate had both activating and

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

Eabla_xlezThe effects of Chromate and Dichromate

Expt.] Addition | Final concn. |"BExtra Oz" | % of
control
1 none ' 115 100 5
K2Cr04 | 2.5 x 10~M 111 97
" 2.5 x 10-3M 105 91"




-71 -

Pable XXIV The effects of Chromate and Dichromate (Continued)

Expt. | Addition | Final conend "Extra Og"| % of

‘ control

2(‘) none 83 100

NaaCrzD7 1 x 10-3u 81 %8

" L x 10~ 60 w2

n g8 x 10-3M 418 58

3(2) ] none 11 100

Naglra0; |1 x 10-3M 128 12

" L x 10~3M 226 198

" g8 x 10-3M h2 37

h(a) none 0 100

Naalray |4 x 10~ 81 90

" 4 x 10734 57 63

(o) Bffects of Seleniwm.

Selenium salts e¢an readily combine with =SH groups
( 115),and thereby inactivate a nwsber of enzymes requiring
Ifree -SH groups for activity. Succinexidase is inhibited

(o)
In these experiments, 0,02 M phosphate buffer, pH 7.4,
was employed instead of TRIS buffer.




-T2 -

by selenite (116), although the inhibition does not occur
immediately upon addition of the salt, Bernheim et al
(117) found that a similar latent period occurs before
added selenite inﬁibits MO or choline oxidase, both MeSH
enzymes, These aﬁthors interpret this retarded in-
hibition as an indicatién that rather than combining with
the «SH groups of Lhe enzyme, in which caée, the inhibition
woﬁld'occur:immediately upoh addition of the salt, selenite
catalyzes the oxidation of the essential ~SH groups (117).
Bernheim et al have, moreover, observed that selenite can
produce a small activation of MO activity during the first
hour of incubation, which is then followed by an inhibition,
No explanation has been suggested for this activating effect

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 oxidapion during
this time. Testing selenium dioxide, it was fouhd that,
whilst at the lower concentration tested there was a small
activation, relatively high concentrations of SeOz inhibited
MO activity during the first hour of incubation. (Cf. ree

sults shown in Table XXV).
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Table XXV ! Effects of Selenium

ul, 02/60 mins. :
Expt.| Addition | Final concn.|[Endogenous TIR |"Extra Oz % of
control |

1 none 30 258 228 100

Se02 5 x 10~6M 20 266| 246 108

n 5 x 10-3M 52 250 198 89

2 none =l 135 139 100

Na sele 4 1 x 1073M 13 156 3 103

nite
n 1 x 10~2M 15 154 139 100

(p) Effects of Molybdenum

Molybdenum was tested both as the trioxide, MoOs, and
as the ammonium salt, (NH‘*)é Mc>7021+ * L H20., Molybdic trioxide
which is only sparingly soluble in water (1.06 gm./l. at 18°C),

was added as a suspension.

Since the results obtained with either MoOz or the
ammonium salt were very similar, only the effects of ammonium

molybdate are reported (Table XXVI ).

Ammonium molybdate reduced amine oxidation to one-
half when added in concentrations of the order of 10™M,
Figure 3 illustrates the fact that the effects of Mo were very

similar, regardless of what substrate was employed,
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Table XXVI.: Effects of Molybdenum
1l O%ZQO mins,
Expt, | Addition| Final concn.| bndogenous } TYR JTRYP | ISO
1 none 0 Ll 39
ML (2) | 1 x 10~k 0 53| 42
" 2 x 10~k 0 52| 30
" L x 10~4M 0 25| 13
2 none 5 108 541 56
Me'Z 5 x 1074 L, 70] 30| 20
" 1 x 10-3M 0 25] 21| 12
" 2 x 1073M 0 ofl o] o
3(0) 1 none 3, | we| 62 e7
Mo'! 1 x 1074y 30 78
" 2 x 10™hy 32 123} 52| 7
" L x 10=4 35 45| 53
4(b> none 31 151] 71| 86
MoVL 5 x 10~4M 33 1530 59
n 1 x 10-3M 2 3| 17| 18
n 2 x 10-3M 5 18] ] s
() o _
Mo'~ stands for ammonium molybdate.
(b)

Liver preparations not dialysed in these experiments.
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Figure 3 ¢ ZEffects of Ammonium Molybdate on dmine Oxidation

by Rat Liver Homogenatcs

(Cf, ps. 73 ~ 74)

Substrate used: Tyramine &6—o
Tryptamine A

Iso~amylamine X
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(q) &ffects of Uranium

Uranium acetate, UOz (CzHs)z)z » 2H20, at neutral
pH, exists in solution predominantly as UO++ ions, other
forms bezing unstable. Dounce et al have reported some work
on the effects of uranium on & variety of enzymc systems in
(Pharmacology and Toxicology of Uraniwm Compounds" (118).
They found that uranium acetate does not affect MO activity,
using adrsnaline as substrate. (In their experiments, the
uranium z:1t was employed at the relativsly low concentration
of 5 x lOéhM). The same authors also found that UO2'* ions
have no affinity for ~SH groups, while they readily form com-

plexes with ionized ~COOH groups.

In our experiments, it was found that UOz++ ions
inhibit only when added at concentrations of the order of
10~ (cf. Table XXVII). At low concentrations, uranium
acetate sometimes activatfd amine oxidation; t{the cause of
this activating effect is not known. When aided in con-
centrations above lO-BM, uranjum acetate produced a floc=-
culation of proteins in the flasks, It is possible that
the inhibitory effects observed when the metal is added in
high concentrations is due to the precipitation of proteins,

and not to some specific elfects on MO.
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Table XXVII : Effects of Uranium

_aki
ul, 02/30 mins,
Expt, Addition Final concn.| Endogenous | TYR ]|TRYP
1 none 20 92 59
uranium acetatel5 x 10-7M 15 59
n n |5 x.1076 1 137 | 13
" n |5 x 10mM 12 52
n v |5 x 107 16 56
L v 15 x 10-3M 29 53
n no 12,5 x 107 0 18 | 16
o(a) none 27 103
uranium acetate|5 x lO"éM 39 166
" no 2.5 x 10" 0 15
3 none 18 101 55
uranium acetate |5 x 10~TM 19 06 | 54
" v |5 x 10-6M 16 100 | 55
" n |5 x 10~5M 13 98 | 50
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(r) Effects of Manganese

Manganese was test:d as its sulfate, MnSQ4 and as
its permanganate, KMnO4.  MnSO4 was inhibitory at all con=-
centrations test:d except in one 3xperiment, where MntL pro~
duced an zpprarent activation wien added in high concentrations
(cf. Tatle XXVIII, expt. 1). In this last cas2, 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" iéns can ap-
parently activate amine oxidation when added in high concen-

trations (cf. Table IV).

Potassium permanganate, at relatively hi-h con-
centrations, reduces MO activity (cf. Table XXVIII), When
TRIS buffer was employed, it was found that KMnO4 was im-
mediately decolorized and reduced when added to the reaction
mixture prior to the addition of ths enzyme preparation, In
this case, no inhibition of MO activity was observed until
relatively hish concentrations of permanganate were added.

On the other hani, using ghosphate buffer, permunganate produced
a marked inhibition at low concentrations. The inhibitions
observed with permanganate may be dus to oxidation cf ~SH
greups essential for MO activity. It is known that perman-

ganate readily oxidizes free -SH groups at neutral pH (112).
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Effects of MnII and Potassium Permangénate

ul. 02/30 mins.
txpot. | Addition |iFinal conen. | #ndogenous TYR | "HExtra O0z"
1 none 0 86 86
NMnS04 1 x 1074 2 85 83
" 1 x 10~M 13 82 69
L 1 x 1074 7 18 111
n
(duplic.) 9 121 111
2 none 3 77 7L
MnS0, |1 x 107M 2 55 53
3 none 18 141 123
MnSO,, 2.5 x 1074 9 118 109
n 1 x 1072 30 123 93
), (a) none 17 137 120
KMnO,, 1.5 x 1079M 21 140 119
n 3 x 10™M 3 85 82
5 rone 0 132 132
KMnO,, 1 x 10™M -5 69 7
L L x 10~hM £ 27 33
(a)
Here, TRIS buffer was used (0,037 M, pH 7.4). In all other

experiments, phosphate buffer was em:loyed (0.02 M, gh 7.4).
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(s) affects of Iron

Fell II1

and Fe were tcsted under varicus sxperimental

conditions; the rasilts obtuined arc sw.marized in Table XXIX.

(i) Affects of FeSOs

Ferrous sulfats, at final concentrations of the order
of lO—ZM, reduced amine oxidation to one-half. It was found,
moreovar, that low concentrztimns of the salt produced an ap-
parent activation of amine oxidation, (cf. Table XXIX, expts. 5,
6 and 7). This finding confirms data rzported in the literature

(84).

(ii) Effects of Ferric Salts

In the absence of added substrate, ferric salts pro-
duced a marked activation of oxygen uptake when added in final
concentrations of the order of lO"hM or higher, However, in
the presence cf added substrate, the oxygen uptake never exceeded
that of the tissue blanks when in the presence of added ferric

(a)

ions . It would appear from such experiments that amine oxi=~

dation is supprsssed. However, there is fcrmation of pigment when

tyramine or tryptamine are used as substrates, and this may be
taken as an indication that amine oxidation did occur to some ex-

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

endogenous respiration was observed both when incubations were car-

ried out under air and under pure ox-gen. It is possible that the
increass oxygen uptakes are due to a peroxidatic reuction for which

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

(a)
Cf. Figure 4.
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Table XXIX : BEffects of Iron

Hl° Og[;O mins,
Expt. Addition Final concn.|Endogenousf TYR | TRYP|ISO
1(2) none 33 1| 100
Fe(Cl)s 5 x 10=°M 42 111,
n 2.5 x 10-2M 178 61| 112
Fea(S04)3 2.5 x 10~2M 105 105
2 none 0 198
Fe(Cl)s 1x 10~ 184 170
3(®) none 0 30| 39
Fe(Cl)s 1 x 10~4M 158 123 | 123
B(b) none 0 35
Fe(Cl)s 1 x 10~4M 130 178
h(a) none 35 115 65
FeSOy 5 x 10~4M L2 118 70
" 2.5 x 1072\ 25 60 35
(a)

Liver suspension not dialysed 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 XXIX Effects of Iron (Continued)

9]

0. mins
Expt. Addition Final concnd Endogenous { TYR | TRYP} ISO
5 none 0 86
FeSOs 1 x 10-6M 0 100
" 1 x 10-5M 0 106
" 1 x 1o0-iM 0 108
6(b) none 0 L6
FeSOs 1 x 1077M 0 66
" 1 x 10-3M 0 38
7(b) none 0 35
FeSOs, 1 x 10-3M 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 80 and Table XXIX.)

pund
——23 BDIME + Fe oI
Yk ENZYME + TYRAMINE + Fe
Y ° ENZTME + TYRAMINE

% o [ )

19
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Effects of Cobalt

Cobaltous nitrate, Co(NO3)2, enhanced MO activity

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

The activating effect of cobaltous salts found in
our experiments confirms some results reported by Perry et al

who were using guinea-pig liver brei as source of MO (82 ).

Table XXX - Effects of Cobalbt

ple 02/30 mins.

Exptd Addition Final concn.] Endogenous] TYR | "Extra Oz"
1 none 30 143 13
Co(NO3)2 5 x 10-6M 20 140 120
" 5 x10-3M 23 168 145

Effects of Nickel

Nickelous ions, added as Ni(Cl)z, inhibited MO
activity at the concentrations tested, Some flocculation

was observed in the flasks containing added nickel. The

results are shown in Table XXX1 ,




Table XXXI ¢ Effects of Nickel
ixpt. | Addition | Final concn. | zndogenous TYR TRYP|Mixtra 02"
1 none 12 75 63
Ni(Cl)z L x 10~ 0 69 69
n 8 x 107%M 7 49 L2
2 none 2 50 L8
Ni(Cl)2 1 x 10™u 0 32 32
B(a) none ¢ L0 40
Ni(Cl)z | 1 x 10™M 0 28 28
(a)

In this experiment the gas phase was air instead of pure Oz.
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SUMMARY

In Table XXXII are listed a number of ions
which were found to produce an apparent activation of

amine oxidation.

A number of metal ions inhibited amine oxi-
dation. The Table X{XIII are shown the corcentrations

at which specific # inhibitions were observed.

The following ions were either inert towards

amine oxidation or slightly inhibitory (less than 15%):

TiIV, CeIV, BaII and CaII.
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Table X¥XII : Activation of MO by Metal Ions

Ion Table Final % of control
Ref. conen.

cul x1 |1 x 10-6u 120
5 x 10-% 122
cull XTI |2.5 x 10~5M 133
1 x 10~hM 108
Agl x11 |1 x 10-4M 112
Mgl | XIII |5 x 10-6u 177
5 x 10=3M 197
call | XvI |1 x 10~ 172
1 x 10-5M 14
1 x 10~4M 132
Hg™ |xvizz |5 x 10-™n 115
5 x 10~6M L2
snil |XT |5 x 10~3M 12
or' |xav |1 x 10-3u 112
set¥ |xxv |5 x 10-6m 108
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Table XXXII ;Activation of MO by Metal Ions (Continued)

Ion Table Final |% of control
Ref, conen,

W | xxviz |5 x 10-6u 162

Mntl| XXVIIT |1 x 10-2M 130

coll| xxx 5 x 10-3M 141

Table XXXIIT Inhibition of MO by Metal Jons.
Concentrations at which specified
% inhibitions are observed.

Ion [Table % Inhibition

Ref. 25 - 49% 50 - 4% 75 - 100%
cl | x1 |5 x 20-2(2) 1 x 10-24(b)
cell | XI |1 x 10~3M 1 x 10-2M
agl | xiz 6.5 x 105 | 1 x 10~3M
7nII XV 1 x 10-3M
cgll | VT 1 x 10-3y
Hgll | XVIIL 3 x 10-4M L x 10=M1
mIl | oxmx 1 x 10™u
Poll | xx1IT |4 x 10~3M
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Table XXXTII : Inhibition of 10 by Metal Ions. (Continued)
Concentrations at which specified
% inhibitions are observed

Ton Table [ % Inhibition

Ref. 25 ~ L9% 50 - 4% 75 - 100%
cr'T L xxTy L x109% |8 x 103M
Mo'l |XXVI Lx107 |1x107M | 2 x 107
vVl | xxvrT 5 x 1072
Mntl |x0wIII | 1 x 107
rell | xxix 2.5 x 1078
Pel Tl | xx1x 1 x 1074M
N1l | o 1 x 1073M
(a)

Using tr;ptamin=z as substrate

(b)

Using tyramine as substrate
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B.Effects of Sulfhydryl Compounds

Starting with the obssrvation that MO activity could
be inhibitzd by BAL (c¢f. p. 64), a number of preliminary ex-
periments were carried out in order to assess the effects of
Bal as well as some othzr -SH compounds. Testing the effects
of -SH compounds manometricully, it was found that in general,
added BAL, thioglycollic acid, cysteine and oxidized glutathione
(GSSG) inhibitsd MO activity, while reduced glutathione (CSH)
produced an activation when experiments ware carried out in an
atmosphere of air (this is in cotrast to results obtained when
the zas ghase was oxygen). Tables XXXIV to XXXIX, summarize
the results obtained, Someof the manometrical.y obtained re-
sults were further confirmed assessing MO activity spectro-
photometrically (cf. Table XXXVIII), by themethod of Sourkes et
al (119). Finaliy, it was found that dialysis of the tissue
preparation azains 14/50 cysteine, pH 8.1, consistently inhibited
M0 activity (cf. Table XXXVII).

1. Procedure

Rat livor suaspensions were prepared as indicated pre-
viously (c¢f. p. 55). Reaction mixtures for the manometric assay
follow the same modsl system previously described (cf, p. 45).
The sulfhydryl compounds and substrates were added in separate
side-bulbs of the flasks containing the re:ction mixtures, and
both were ti ;ed at "zero time",

Spectrophotometric agsay of MO activity was carried

out according to the method described by Sourkes et al (119).

Briefly, th2procedurz consists in the foliowing steps. After
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incubation for a xiven time in the Warburg bath, during which time

0z consumption is measured, 0.1 ml. of 60% HClO4 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 mp in the Beckmann DU spectroe
photometer. The aldehyde formed during enzymic oxid ation is pre-
cipitated with proﬁeins, end does not interfere with the optical
density readings, Therefore, by examining the optical density

of the deprote{nized flask contents at different time intervals, one
can measure the amount 6f tryptamine remaining (i.e., not deaminated
by MO). Subtracting the C.D. values at a gziven time from those fourd
for the 'zero time" flasks; which contain the original amount of amine .
.added,_pgéldetermines the amount of tryptamine which has disappe#red,
and this in ﬂurn ié a measure of MO activity. - This method is par=-
ticulariy useful in cases where Oz consumption measurements alone can~
not tell us whether any amine is being oxidigzed.

<. 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 lO”BM,
BAL itself is being rapidly oxidized and thus produces high 0z uptake
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 BAL, and this could be done in at least two
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ways: in virtue of the metals pfesent in the tissue; or in virtue
of enzymes present in the tissue capable of catalyzing the oxidation
of BAL," ‘ It is known that BAL can be rapidly oxidized in the absenceA
6f enzjh;tic catalysts by ﬁracés of copper, iron or manganese, heavy
metals %hich form unstable complexes with thiol groups, in contrast to
Cd, Hg,'Ag, which form merdaptides with small dissociation constants
(112). ’
(b) Effscts of Thioglycollic Acid
Thieglycoliic acid (TGA) inhibited MO activity consistently

(cf, Table XXXV), and this was confirmed spectrophotometrically (cf,
Table XXXVIII), Like 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 céntaiﬁing TGA., This is possibly due to complex formation of

IT V1 IT

the mercaptan with metal ions such as Fe or Sfi" g which are

» Mo
known to form yellow complexes with TGA and neutral pH.

(e) Effects of Cysteine and Cystine.

Cysteine, like BAL, was found to inhibit most readily when it
was itself beingz oxidized to some degree, thus raising the endogenous
respiration, (cf. p. 64, Table XXXVI), For this reason, it was thought
useful to find what effects dialysis of the tissue against cysteine
would have on MO activity. Most of the cysteine was then reﬁoved by
further dialysis against distilled water. Table XXXVII indicates 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) Effects of Glutathione

Added zlutathione was found to enhance MO activity, when
the gas phase was air (Table XXXIX), without affecting respiration
of the blanks to any extent. In addition, it was found that DPN
soretimes increased the activating effects of GSH.  Under oxygen, GSH
either activated or inhibitad MO activity to a small extent. On the
other hand, oxidized glutathione (GSSG), inhibited under oxygen, but
not under air. These preliminary results warrant further investiga-

tion on the effects of zlutathione,

Table XXXIV : Effects of BAL

pwle 02/30 mins.

Expt. Addition Final concn. #ndogznous TYR "Extra Oz ¥ of
control

1 nona 9 113 104 100
BAL 4 x 107%M 15 11 26 92
" 8 x 1074y 25 8l 59 57
2 none 11 107 96 100
BAL L x 10~hM 15 75 60 62
" 8 x 10~ 2l 52 28 29
3(a) none 8 125 117 100
Bal 8 x 10~4nm i 125 118 100

(a)

Phosphate buffer (final conen. 0.024; pH 7.4) is employed instead of
TRIS buffer.
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Table yxxTv : Effects of BAL (Continued)

ol mﬁrsﬁl'm
“Expt, [Addition Final concn. ogenousr TExtra 02" [6 of
control
488) | none 0 127|127 100
BAL 8 x 10-4M 10 108 98 77
5 none 0 113 113 100
BAL 8 x 10~MM 11 92 81 72
6 none 0 90 90 100
BAL 8 x 10~3M 152 202 50 56
" 1.6 x 10°3M| 232 278 L6 51
n noom (J"A 126 116 -10 0
7 none 5 100 95 100
BAL L x 10-4M L2 114 72 78
" " n\((b) 21 13 -8 (&)
(b): .
No tissue added to flasks.
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Table XXXV Bffects of Thioglycollic Acid
|u; 02/30 nins
Expt. JAddition Final concn. ogenous| TR |"Extra 02| % of
control
()
1% ‘1 none 0 100 100 100
TGA 2 x 10-3M 48 22 =26 0
2 none 0 8L 8L 100
TGA 2.5 x 1072M 9 25 16 17
3 none 5 100 95 100
TGA 5 x 1073M L6 L7 1 1
] n ft 56 55 -] 0
n it l&b) 6 -3 =9 (o]

(a) .
)Phosphate buffer (final concn. 0,02M; pH 7.4) is employed
instead of TRIS buffer.

(b)

"Boiled enzyme preparation employed.
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Table XXXVI 3 Effects of Cysteine and Cystine

° 0 0 minS‘
Addition Final conecn. {Endogenous| TYR|IRIP

"Extra Oz"J % of

Expt.
control
1. none 15 99 84 100
cysteine 3,16 x 10~M 5 2 -3 0
cystine 3,16 x 10-2M 1, 95 81 97
" 632 x 10=2M 7 |91 81, 100
2‘@ (b) none 56 99 43 100
cysteine 4 x 10-3M 85 104 19 L
3@®) | none 20 o]l 120 100
cysteine 2 x 10=4M 42 1152 110 92
" 2 x 10-3M 75 140! 65 51
" 5
(a)

Phosphate buffer (final concn,

instead of TRIS buffer,

(b)

Tissue suspension not dialysed.

: 0,02 M ; pH 7.4) employed




Table XXXXVI ¢

Effects of Cvsteine and Cvstine (Continued).

1. 02/30 mins.
Expt. Addition | Final Concn. | #ndogenous TYR TRYP |"Extra O0,"{% of
control
A(a)(c) none 0 81 81 100
cysteine |3.2 x 10 6 85 79
" 8 x 107 2 8L 82
" L x 107 6 91 85
" 2 x 100 9 88 79
" 1x 107 55 87 32 40
P(d) none 8 Ul 133 100
cystine 6.16 x 107°M 8 117 109 82
(a)

Phesphat: buffer (finazl conen.

of TRIS buffer,

()

: 0.02 M ; pH 7.4) employed instead

Values represent ul, 02/20 mins.

(d)

In this experiment, the dialysed liver preparations were re-~
homogenized in a Teflon homogenizer in thz presence of 20 mg.
A control was run by re-
homogenizing a sample of the suspension in the absence of added

cystine/ml, of tissue suspension.

cystine,

the untreated liver tissue,

This last preparation gave exactly the same value as
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Effects of Dialysis against M/50 Cysteine(®)

ul, 02/30 mins.
Expts | Preparation Endogenous TYR |"Extra 02" | % of
control
1 control 10 125 115 100
experimental 20 85 65 57
2 control 25 165 140 100
exparimental 20 120 100 71
3 control 7 122 115 100
experimental 24 107 83 72
Table XXXVIII : Effects of Cysteine and Thioglycollic Acid
g£xpt. | Addition |[Final conen. | M 02/30 mins. | 4M TRYP lost
in 30 mins.
1 none 1.34 3 z75
TGA L x 10~ 0.02 0
2 none 2.2 6.1
Cysteine 3.16 x 1072M 0 L1e3
(a)

Tissue suspensions were dialysad 6 hrs. against ¥/50 cys=
teine, pH 8,1, then 12 hrs. against distilled Hz20 to remove

the cysteine.
for 18 hrs.,

Controls were dialysed against distilled Ha0
All dialysis were carried out at 3° C.
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Table Y¥XIX Effects of Glutathione

lo 02£hr'-
Expt.} Gas phase| Addition per Edogenousﬁ ISO | "Extra O2¢
flask
1 Air none 6 53 L7
3 mg. GSH 3 116 113
3 mg. GSSG 0 L9 L9
Oxygen none -0 183 183
| 3 mg. GSH 2 166 164
3 mg. GSSG 1, 134 120
2 Air none 12 L8 36
3 mge. GSH ivA 62 L8
GSH + DPN 16 76 60
é‘a) Air none 3 68 65
2 mg. GSH 5 112 107
Oxygen none 12 194 182
{2 mg. GSH 16 211 195
1.

(a)

used per flask,

In this experiment , 140 mg., wet wt. of

tissue suspension was




- 100 =

DISCUSSION AND CONCLUSIONS

In a previous section, the results of a study
of the egfects of ions on the monoamine oxidase enzyme
complez} of rat liver suspensions have been presented.
The purpose of this study was to scan various metal ions
in order to obtain an over-all picture of their effects
on the oxidation of monoamines. Since routine assay of
monoamine oxidase (MO) consisted in measuring total oxy-
gen uptake, it was not possible to determine whether the

ions acted specifically on the MO oxidizing system or on

secondary reactions which occur concomitantly with amine
oxidation, An increase in the net oxygen uptake, for
instance, can result from an inhibition of catalase,
(cf. Footnote 16, reaction (3) as well 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 enzymes
involved in the following reactions:

"amine oxidase"
(1) R—CHzNH3 4+ 024 H0 ~— R~CHO + NH;, + Hy02

"aldehyde oxidase"
(2) R=CHO —3» R~COOH

Catalase
(3) Hp0y ~———> H0 + 1/2 0

(4) net reaction: R-CHpNH3 4 02 XMO"HR-COOH -4 NH[?-
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The ions which produced an apparent activation of
MO did so only when added in concentrations of the order of
10-5M or less. It is possible to attribute these effects
to an inhibition of catalase. A survey of the literature
has not revealed many previous studies on the effects of

metal ions on catalase, but CuII

,» and to a lesser extent,
PbII, have been claimed to inactivate catalase of wheat
sprout. Alternately, the activations observed may 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
towards MO. These include Hg,Cd,CuI, CuII and FeII 17.

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 concentrations of the order of lo-hM,
activated amine oxidation when tyramine or tryptamine were used
as substrates, but not in the case of isoamylamine, it is pos-
sible that the activating effects are due to ring oxidation
of the substrate, or to some other effect on the ring of the
substrates,
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The activating effects of Mg , U ,Ti ,Sn
and CoIIhave not been explained. When used in higher
concentrations, these "fons where less inhibitory towards

amine oxidation than those previously mentioned.

The most toxic metals tested were heavy metals,
whose common property of forming stable mercaptides 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 that metals which form
mercaptans with thiols can also react in a similar way with
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 form insoluble mercaptides with thiols (120),

It is suggested that the heavt metals tested inhibit,

in part at least, by combining with -SH groups essential for
MO activity. In support of this suggestion is the observ-
ation (Table XII.), that the inhibition of MO by silver
salts can be prevented by the addition of BAL to the
reaction mixtures, The results with respect to the in-
hibition of MO by Hg, confirm the findings of Friedenwald
et al (57) and others (85). In comparison with other
"SH-enzymes", MO appears to be relativrely imsensitive to-

wards Hg.
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In spite of the above considerations, one cannot
exclude the possibility that heavy metals may combine with
other functional groups of the enzyme protein, For
example, Haarmenn (122) reported that mercury salts were
able to combine with carboxyl and amino groups in proteins
as well as with -SH groups. Benesch, in a recent sym-
posium (123), has warned against the too-commonly-asccepted
idea that mercury salts and other "~SH reagents" combine
exclusively with thiol groups in proteins;

Several other metal ;fbns tests were only moder-
ately inhibitory towards amine oxidation. In contrast with
the more toxic metals, these jions did not inhibit maximally
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 sogie group on the enzyme (as do for
example Hg, Ag, Cd, etc). A progressive inhibition (with
time) can also mean that a product of the enzymic reaction
is cause of the inhibition. For example, in the case of
amine oxidation, it is possible that certain metals inhibit
aldehyde oxidase, leading to an accumulation of the aldehyde
formed during the reaction, which would then act itself as
an inhibitor of MO. Liver aldehyde oxidase is an "SH-
enzyme", and the comments concerning M3 inhibition by
metals apply to this enzyme also. Moreover, it has been
shown by Oster (97) that addition of aldehydes to the re-

action mixtures can depress MO activity.
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In view of the interest in the -SH groups of MO
elicited from the experiments on metal effects, it was
decided to test the effects @f various -SH compounds. Thiol
groups generally can affect enzyme systems in two ways:

(1) by combining with metals which have an effect on the en-
zyme; (ii) by acting as reducing agents, It is known that
certain thiol compounds can activate enzymes by the removal
of traces of toxic metals. On the other hand, thiol com=
pounds are capable of inhibiting a number of enzymes by come-
bining with metal ifons of metallo-protein systems. For
example, Webb et al (124) have shown that BAL, in con-
centrations of the order of 19-31{, markedly inhibits phenel

11 11 111
oxidase (Cu ), carbonic anhydrase (Zn ), catalase (Fe )

and peroxidase (relll),

We have found that thioglycollic acid (TGA), cys-
teine and BAL all inhibited amine oxidation when added in
concentrations of the order of 10-33. At these concentrations,
moreover, these thiol compounds are themselves oxidized
to some extent, and it was necessary to check their inhibitiory
effects with techniques independent of oxygen uptake measurements,
Employing the MO assay of Sourkes et al (119), measuring
substrate disappearance, the inhibitory effects of BAL and
TGA were confirmed. Moreover, it was found that dialysis of the
tissue against weakly alkaline cysteine (M/50) caused a decrease
in MO activity. Addition of cobalt, iron, manganese and copper

did not restore the MO activity of the dialysed preparations.
Two conclusions emerge from
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these experiments: firstly, the thiol compounds men-
tioned inhibit amine oxidation, and this inhibition is not
silmply due to elevated blank values becauss of the oxida-
tion (or autoxidation) of these substances; secondly,

the effects of dialysis against cysteine are probably not
due to the removal of iron, copper, cobalt or manganese
from the MO system, since these ions did not reactivate
the system. Whether other ions can reactivate it re-

mains to be ascertained,

Barron et al (125) have reported the inhibition
of succinoxidase, cytochrome oxidase and, to a lesser ex-
tent, cholinesterase by BAL. These authors attributed
the inhibition to the reducing effects of BAL., A similar
explanation may be applied to the case of MO, Possibly,
SH compounds maintain the sulfhydryl troups of MO in the
reduced state; alternately, the inhibition msy be due
to the oxidized form of the thiol compounds tested (the
disulfides). This may explain why inhibitions by BAL,
cysteine and TGA occur most markedly when there is oxida-
tion (or autoxidation) of the thiol compounds tested.
Additional evidence in support of this possibility comes
from the observation that cystine and oxidized glutathione in-
hibited MO, We have also found that other oxidizing substances are
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inhibitory towards MO: KMnO4 and NaZO7 depressed amine
oxidation markedly when added in concentrations of the
order of 10—3M. Others have reported the inhibition of
MO by iodine, a very reactive oxidizing agent, which is
known to inactivate "SH enzymes" (85). On the other hand,
we have found that ascorbic acid can, in some cases,

inhibit MO, presumably by virtue of its reducing power.

To explain the effects of thiol compounds on MO,
the following suggestions are made, It is conceivable
that the funetional =SH groups of MO act in a shuttle-
like mechanism, being alternately reduced and oxidized in
the course of amine oxidation. The addition of compounds
which maintain them in either the oxidized or reduced state
would then prevent the normal dynamic function of these
groups, hence inhibiting the enzyme. Furthermore, a possible
mode of action of the functional SH groups of MO is proposed.

This is illustrated below:

+ +
R - CHp NH3 R - CHy NH3 R - CH = NHy + HyO~»R-CHO + NHL"

ad B

S5 S=—3

JLoLl LIl ew

enzyme protein

In such a reaction, all the primary products of amine oxida-

tion are accounted for,
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Linderstrgm-Lang (126) has formulated an attrac-
tive hypothesis to explain the functioning of thiol groups
of proteins. He postulated that the ~SH groups (those
of the sluggish and masked types) do not exist as such,
but are combined in the form of cyclic reversible struc-
tures such as the thiazolidines. The -SH groups of such
compounds become freely reacting in the presence of am~
monium salts which readily open the thiazolidine ring.

This is 1llustrated below:

H,C ——8 H,C~—SH
| /ccH3 —>
HpC=— N / HyC =N = C(CH3)NHy

Finally, we may mention a number of preliminary
experiments reported in this thesis concerning the effects
of glutathione, when amine oxidation is assayed under aip
instead of under high partial pressures of oxygen. It is
recalled that under air, amine oxidation proceeds at only
one~third of the rate under oxygen. Reduced glutathione
(GSH) was generally found tb stimilate amine oxidation under
these conditions. On the other hand, oxidized glutathione
(GSSG) had no effects, Under oxygen, GSH inhibited or
activated amine oxidation to a small extent, while GSSG usually
inhjbited., No explanation has been found to account for the

stimulatory effects of GSH., From considerations previously
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stated in this thesis (cf. "Introduction"), the possibility
exists that amine oxidation proceeds through different
routes under air than under high partial pressures of oxygen.
Further studies on the mechanism of action of MO under air
are needed before any attempts are made to explain the ef-
fects of GSH, The possibility that GSH activates by the
removal of metals to which MO is more sensitive under air

than under oxygen remains to be explored.
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SUEKMARY

1. The effects of ions andi monocamine oxidase activity
of rat liver suspension was studied manometrically measuring
oxygen consumption (cf. summary of results obtained given on

pages 86 to 89).

2. The effects of sulfhydryl compound on MO activity
was studied. It was found that BAL, thioglycollic acid,
cysteaine, and to a lesser extent, cystine and oxidized zluta~
thione, depressed amire oxidation when this was studied manO-
metrically, measurin; oxygen consumption, Confirmation of
these results was obtained assaying MO by the spectrophoto-
metric method of Sourkes_et al (119). Glutathione, on the
other hand, apyrears to activate MO activity when this is as-

sayed manometrically and the gas phase is air instzad of pure

oxXygen.

3. The anaerohic reduction of tetrazolium salts during
amine oxidation was studied (cf. Apyendix I). It was found
that cyanide, c¢ysteine ani atebrine, as well as the iron-bind=-

ing agent, o-phenenthroline, markedly inhibited this reaction.

4. Preliminary experiments indicate that ferricyanide
can act as an electron acceptor during the enzymic oxidation
of amines by rat liver suspensions. MO activity could be
assayed measuring the reduction of ferricyanide spectro-—

photometrically.
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5. Preliminary studies were carried out testing
the effects of various metal-tinding agents on amine
oxidation by MO., These experiments did not yield con~

sistent raesuits, (cf. Appendix III).
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APPENDIX I

The Reduction of Tetrazolium Salts by Amine Dehydrogenase

A, INTRODUCTION

1. General Properties of Tetrazolium Salts

Tetrazolium salts (TTZ) are a class of compounds whose
properties make them a useful tool in the study of cellular
metabolism, They were first described by Pechmann et al (127)
in the last decade of the nineteenth century, although it was
only in 1941 that attention was drawn to their possible utility
in biochemical research (128),

Nineham (129) has recently provided an extensive general
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 available (128).

Tetrazolium salts are easily soluble quaterniged tetrazoles
containing a ring of 1 C and 4 N atoms, one of which is quaternary.
The formazans belong to the groups of "formazyl compounds" (132)
which contain the characteristic side-chain:

-l Oel-HE-
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The most characteristic property of TTZ salis is the ability
of these comparatively colourless compounds to accept hydrogen
from suitable donors with formation of coloured water-insoluble
formazans., This presents a marked advantage over a number of
other dye-stuffs (e.g., indophenols, azines, oxazines, flavins,
etc.) which, upon reduction yield colourless (or leuco-) compounds,
The reduction of TTZ salts occurs with the rupture of the tetra-

zole ring as illustrated below:

o it He, ,
Rz — Nz"'";”t‘ﬂa R,— N/ N—R,
Y +@HeRe) P
i -(ZH+ZQ) \\9/
s Rs
tetrazolium (colourless) formazan (coloured)

TTZ salts, as well as their formazans, are light-sensitive
(133). Exposure of these salts to ordinary light transform 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 usually

attributed to a reversible cis-trans isomerization (134).

2. Bischemical Applications

TTZ salts have been successfully employed for the localization

of several respiratory enzymes (129), Kuhn and Jerchel (128) found
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that plant tissues reduce a number of TTZ salts to their forma-

zans according to equation (1):
TTZ _2H 4 2e’ged.formaza.n (1)

This reaction occurs at pH 7.2, and could not therefore be
attributable to substances such as glutathione, cysteine or ascorbic
acid, normally present‘%p cells, since they only reduce TTZ above pH 9
(129). Moreover, sugars are only effective at highly alkaline pH
values (ca.,pH,11). In 1947, Lakon (135,136) showed that plant tissues
heated to 80°¢C do not reduce TTC (triphenyltetrazolium chloride),
and suggested therefore that the reduction is an enzymatic one.

This suggestion is borne out by subsequent investigations.

The demonstration of particular dehydrogenases by means of
TTZ salts has been reported by several authors (137-140). In 1951,
Seligman and Rutenberg (139) detected the presence of several
enzymes, including succinic oxidase, cysteine desulphurase, lactic
ﬁn& malic dehydrogenases, by incubating thick slices of animal tissues
with Blue Tetrazoltum (BT). In 1951, Kun demonstrated that several
flavin-linked enzymes could reduce TTC (140). He further observed
that the reduction of TTC by glycolytic enzymes was demonstrable
only when mitochondrial fractions were added to the system (140).
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Brodie and Gets (141,142) presented evidence that the reduc-
tion of TTZ salts necessitated the mediation of a flavin carrier.
This was shown in particular in the case of a bacterial flavo-
protein which, when dialysed against dilute HC)l and potassium
monophosphate to remove the flavin moiety (143), lost its
ability to reduce TTC or NTC (Neo-tetrazolium chloride)., Acti-
vity could be restored by addition of FAD (flavin-adenine-dinu-~

cleotide) to the dialysed enzyme preparation.

Farber et al (144) detected the presence of several DPN-
and TPN-linked dehydrogenases after incubation of frozen rat kid-
ney slices with TTZ salts., These authors were able to show that
dye reduction necessitated the participation of a flavin carrier
between the reduced DPN and TPN and the dye. ("DPN diaphorase"
and TPN diaphorase"), (1l44). This confirmed the findings of
Brodie and Gots (141,142).

In conclusion, it may be said that flavin carriers seem to be
essential for the enzymic reduction of TTZ salts. Whether or not
the reduced flavin directly transfers electrons to the dye is not
certaih, If, for example, the cytochrome system were involved
in the reduction of the dye, it should follow that cyanide would
inhibit the reduction of TTZ salts by dehydrogenases., Seligman
and Rutenberg (139) have reported that the reduction of BT by

tissue slices is not affected by KCN (at_least anaerobically),
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while Rutenberg et al (138) found that KCN completely inhibits

the reduction of BT by tissue homogenates.

3. Reduction of Tetrazolium Salts by "Amine Dehydrogenase'

In 1953, Dianzani (145) detected amine oxidase activity in
isolated mitochondria by means of di-tetrazolium salts., Comparing
the activity of this enzyme with that of D-amino~acid oxidase,
lactic and malic dehydrogenases, Dianzani (145) found that "amine
oxidase activity" was quite weak. Later, Francis (79) obtained
more successfud results using NTC (Neo-tetrazolium) salts as H-
acceptors, He incubated frozen sections of guinea-pig and rabbit
liver with tyramine, and found that NTC reduction was abolished when
the sections were pre-~incubated for three hours without substrate,
in the presence of octyl alcohol (79), which is a powerful in-
hibitor of monoamine oxidase (78). KCN, at a concentration of

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) forms a red reduction product in the presence
of a fresh amine oxidase preparation and tyramine"(29)., We have
been able to confirm this observation using dialysed rat liver and
brain suspensions as source of MO (cf. Tables I and Figs.I and 2),
We have also tested the effects of a few inhibitors on TTC reduction
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by amine dehydrogenase (cf. Tabie II). Preliminary work reported
in this thesis has warranted further investigations on the
ability of tissuerhomogenates to reduce TTC and NTC in the
presence of amines, and a systematic study of amine dehydrogenase

is presently under way in our laboratory.
B, EXPERIMENTAL
1. Erocedure

Rat liver and brain suspensions were incubated in the presence
of TTC: and various amine substrates at 38°C in small test~tubes,
More or less anaerobic conditions were maintained, since only a small
surface of the reaction mixtures was exposed to air., The red
water-insoluble reduction product of TTC, formazan, was extracted
with acetone after the reactions were stopped by the addition of
a 100% trichloracetic acid solution (0.2 ml./tube), and the amounts
of formazan formed were measured spectrophotometrically in the
Beckmann spectrophotometer (DU model) by reading at 485 wfd, the
wave-length at which the formazen shows an absorption peak ’(129).

The O.,D. values obtained are then converted to #g of formazan, on
the basis that a solution of 20.6"g formazan/ml, give a reading of
1,000 0.D at 485 mf;.
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2. Preparatjon of Tissues

Rat liver suspensions were prepared as previously described

(cfe pe 44)e Rat brain suspensions were prepared as follows:

rat brains were excised from the guillotined and bled animal,
weighed,'then homogenized in phosphate buffer (0.0l M,pH 7.4)

to give a 20% suspension. This suspension was then spun at

20,000 g. (International Refrigerated Centrifuge) in the cold,

and the residue, which contained most of the MO activity was
re-suspended in 0.01 M phosphate buffer, pH 7.4

C. RESULTS
1. Time Curve

Fig.Il shows that reduction by rat liver suspensions
in presence of tyramine is linear with time, after the first

10 mins,, during which there is a lag in activity.

2, Effects of Enzyme Concentration

Reduction of TTC increases with increasing concentration of
enzyme (cf. Fige. 2), although there is no straight line relation-

ship between enzyme concentration and activity.
3. Effects of Substrate Concentration

Using tyramine, it was found that in some cases, high
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concentrations of substrate werzinhibitory. This was

always the case when iso-amylamine was tested (c¢f. Fig. 3).

L. 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 results are shown in Table I. It can be seen
that both mono- and diamines reduce TTC, although there are
some marked differences in the reduction rates when one come

pares liver and brain tissues.

Table I : Enzymic Reduction of TTC by amines

Substrate Formazan / 35 mins. / 120 mg. wet wt. tissue

Brain Liver

=

Tyramine 0 25.80

| Iso-amylamine 1.34 27,50

Adrenaline 20,25 21.30

1,2-Ethylenediamine 1.15

1,4-Diaminobutane 5.68 5295

(cadaverine)

1,6~Diaminchexane 0 13,82

Reaction mixtures contain : 200 mg. (wet wt.) of rat brain suspen~
sion or 100 mg. (wet wt.) rat liver suspension ; 40 uM substrate
(neutralized ; 20 WM Phosphate buffer, pH 7.4 ; 0.2 ml. Tri-phenyl-
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tetrazolium chloride solution, containing 5 mg. of dye/ml,

In control tubes, substrate is replaced by eguivalent

volume of distilled HzO. Volume made to 2.0 ml. with dis-
tilled H20. Reactions are stopped by the addition of 0.2 ml,

100 % trichloracetic acid and 5 ml. of acetone are added to
extract the formazan.
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5. Effects of Inhibitors

Cyanide, cysteine and atebrine inhibited the
engymic 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. Interestingly enough, we also found that with
such tissue preparations, succinic dehydrogenase activity
as measured by TTC redﬁction, was also abélishéd. Normally,
this enzyme shows'very gtrong activity with the TTC redue-
tion method. (For manometric results on the effects of o~
phenanthroline, see Appendix III).

Table II : Effects of Inhibitors

Inhibitor | Finel Conen. Substrate % of control™
NaCN 5 x 10™4M TYR 81
150 89
IvacN 5 x 10™M TYR U
IS0 23
LNaCN 2 x 107°M ' TYR 0
IS0 10
adrenaline 25
1,2-ethylenediamine 0
1,4-diaminobutane 0
1,6~diaminohexane 3
¥*

% of control (no inhibitor) as measured in pjg. formazan produced

in excess of blank values,
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Table II : Effects of Inhibitors (Continued)

Inhibitor | Final Concn. Substrate % of control
Cysteine | 1 x 10-3M TYR ¢

150 0
Atebrine | 1 x 10™2M TYR 29

1S0 17
o~phenan- | 1 x 107N TYR 0
throline IS0 0

Reaction mixtures contain : 100 mg. (wet wt.) rat liver
suspsnsion ; 4O WM substrats (neutralized) ; 20 pM Phosphate
buffer, pH 7.4 ; 2 mg. triphenyltetrazolium chloride (contained
in 0.2 ml, distilled !20 ; inhibitor, as indicated. Volume
made to 2,0 ml. with distilled Hz03




N‘gm. formazan
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Figure 1 : £feduction of TTC durin- Amine Oxidation: Time Curve

SO- Py
o
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Reaction mixtures contain : 100 mg. (wet wt.) of dialysed

rat liver suspension (preparsd as indicated on p. 44) ;

20 pM phosphate buffer, pH 7.4 ; 4O M tyramine-HClL (neutral-
ized) ; 3 mz. TTC (contained in 0.2 ml. Hz0) ; dist. Hz0

to mak: final vol. : 2.0 ml., Control tubes contain no sub-
strate (replaced by same vol. of dist. Hz0). Reaction stopped
with 0.2 ml. tri-chloracetic acid and formazan extracted with
5.0 ml. acetone. The formazan was then measured by reading
solutionsin the Beckmann spectrophotometer at 485 mu. 0.D.
values converted to pgm. formazan on the basis that a solution
containing 20.6 pgm. formazan / ml. gives an 0.D. reading of
1.000. In Fig. 1, pgm. formazan formed in excess of that pro-
duced in control tubes is plotted against time (= time when
reactien is stopped).
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Figure 2, : Effects of Fnzyme Concentration
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Figure 3 : £Effects of Substrate Concentration
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Reaction mixtires: as in Fig. 1, except for substrate
concentration.
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APPENDIX IIX

Reduction of Ferricyanide as a Method ef

Assay for Amine Oxidase

A, Introduction:

In 1937 Haas (147) showed that ferricyanide could accept
electrons from reduced coenzyme I (DPN), Later, Quastel and
Wheatley (148) developed a manometric assay for dehydrogenases

using ferricyanide. The reactions involved are:

(1) Substrate (2H) + DPN - substrate (oxid.) + DENH + H™

(2) DPNH + 2 Fe (CN)g1'! > DPN + H* + 2 Fe (on),
Addition of (1) and (2) gives the net reaction:
(3) Substrate (2H) + 2 Fe (CN)g'1' > substrate + Fe (EN)611"

The H* ions liberated during these reactions then react
with the bicarbonate in the medium and 2 molecules of CQOz are

evolved per molecule of substrate dehydrogenated.

This simple method has been used extensively in the
study of many dehydrogenase enzymes, including succinic de=
hydrogenase, which, althouch not couples to pyridine nucleotides,

reduces ferricyanide via cytochrome b .

Potassium ferricyanide absorbs maximally at 420 my.,

while the reduced ferrecyanide does not. It should then be
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possible to follow an enzymic reductim of ferricyanide
spectrophotometricallj'meésuring the decrease in abw |
sorption during the reduction. On the suggestion of
My, P. Ottolenghi (Depértment of Biochemistry, McGill
Uﬁiversity), this wﬁs tried as an assay for amine oxi-

dase activity;

Be Experimental

Although only préliminary experiments have been
carried out, the results shbwn below indicate that ferrie~
cyanide can act as an electron acceptor during the enzymic
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

I. | In a first experiment, it was found that dialysed
rat liver suspension, in th= presence of tyramine, reduced
ferricyanide as measured in a Beckman spectrophotometer (DU
model). The decrease in absorption of ferricyanide at

420 mp, was followed during 20 minutes., From the results
illustrated in Fig. 1, it is seen that in the absence of
enzyme or of substrate, negligible decreases in the absorption

take place.
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II. Effects of ‘Enzyme Concantration

Figure 2, shows that ferricyanide reduction is linear
with enzyme concentration. 1In this and subseguent experiments
using ferricyanide, 10% rat li&er suspensions were homogenized
with a 0,5 or 1.0% oxbile solution prior to dialysis against
water, This treatment disperses the mitochondria and "solue
bilizes" the amine oxidase bound to these pafticles (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 éon—
venient readings in the Beckman, althoush the amine oxidase
activity appears somewhat.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 enzyme preparations with
original amounts of activity,

ITIT, Enzymic Activity using Tryptamine and Iso-amylamine
as Substrates.

The results which had been obtained using tyramine
(ef. Fig. 1, curve 1) were qualitatively confirmed with both .
tryptamine and iso-amylamine (cf. Fig 1, curves #eand § re-

spectively),
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Figure 1 : Enzymic Reduction of Ferricyanide by Amine
Oxidase.

5

DECREASE 1IN OPTICAL DENSITY ( 420 mp )
(]

Beckmann cuvettes (lisht path : 1 cm.) contain the fOl%Owlng
ingredients: 0,03 ml. of a 204 rat liver suspensmn a

TRIS buffer, 1.4 x 10~ (pH 7,4); amine, 1.5 x 10~2M {neu-
tfalized); KsFe(CN)g, 5 x 10~b7." Pinal volume of 2.6 ml.
made up with dist. PzO (1) &=—© , represents curve
obtained usinz tyramine as substrate, and rzad vs. control
containing only buffer and H20; (2)g—® , same as (1)
replacing substrate by eguivalent volume of Hz0; (3)@8—@
same as (1) replacing liv:r suspensicn by equivalent vol, Hz0;
(4) &—A , same as (1), but usinz tr ptamine as substrate;
(5) % % , same as (1) using iso-amylamine as substrate.

(a)

prepared as indicated on p. 44,
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Figure 2 : Affects of fnzyme Concentration

050 =

DECREASE IN OPTICAL DENSITY / HR. ( 420 m )

Cuvette contents: As in Figure 1 (curve 1), except for
amount of enzyme added. Read vs. control containing only
huffer and Bx0. Final vol. : 2.5 ml,
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Reduction of DPN by Amins Oxidase

Fizure 3 :
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Cuvette contents: TRIS buffer, 0,2M, pH 7.4; tyramine,
1.6 x 107<M (neutralized); 0.03 ml. of a 20Z rat liver
suspension{as for Fig., 1); DPN, 0.5 mg. Final vol.
made up to 2.5 ml. with dist HzO.

ERRATA: Ordinate in Fig. 3 should read INCReASE instead
of DICR&ASE in 0.D.



D. Comments

In a recent paper, Pressman (149) studied several
enzymes concerned vith the processes of oxidative phosphory-
lation, ani on the busis of his findings, he suggassted that
ferricyanide functions as an electron acceptor acting in fhe

proximity of cytochrome c.

Undsr the conditions of Juastel and Wheatley's
assay, ferricyanide accepts electrons from DPNH, TPNH, or
cytochrome b. In that method, hizh concentrations of
ferricyanide are employed (0.2 M, final), &s opposed to the
low concentrations (5 x 10~% M, final) used in our experi-
ments, the latter beinz comparable to those employed by

Pressman (149).

Assaying amine oxidation by the ferricyanide method
of (uastel et al, we obtained negative results both in the
presence and absence of added DPN.  Presumably, then, DPN
is not involvad in amine oxidation by our crude enzyme
preparations., we have found, moreover, that DPN was not
reduced by thesc enzyme preparations, measuring the reduction

of DPN spectrophotometrically at 340 mu. (150) (ef. Fig. 3).
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APP=NDIX III

offects of Metal-Binding Agzents on MO

Pr:=liminary experiments were bagun to test the
effects of some known metal-binding agents on amine oxida-
tion, assayins MO activity by the manometric technicgue.

It was found, in particular, that cysteinel and ortho-
phenathrolinc inhibited amine oxidation when added in high
concentrations, while oxine (8-hydroxyquinoline) inhibits
25% when it is added at final concentration of about lO"AM.
Pyrophosphate produced a small activating effect when added
in hish concentrations, while Versene and a,a!-dipyridyl were
without effects at the concentrations tested. These re-

sults are presented in Table I,

Dialysis of the enzyme preparations (rat or ghinea-
pig liver homogenates) against ortho-phenanthroline (0.0l M),
cysteinel (0.02 ¥, pH 8) and sodium cyanide (0,0L M, pH 8),
resulted in a decrease in activity towapds monoamines.,
Dialysis against Versene (Q.OOl M) did not usually affect MO
activity. The results of the dialysis experiments are sum-

marized in Table II,

Whether or not theinhibitions of MO activity pro-
duced by somz of the reagents tested is due to the removal of

metals involved in amine oxidatin is difficult to assess,
According to

1

The effects of cysteine on amine oxidation are ;iven in
Tables XXXVL to XXXVIII. (Cf. "Effects of Sulfhydryl Com-
pounds", p. 89 of this thesis).
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Mahler and Zlowe (106), enzymic reactions involving
2-zlectron transfers, for example, reactions in which
molecular oxygen is the H-acceptor, are independent of
the metal components of metallo—enzymesz. In our ex-
periments, MO was assayed manocmetrically, in which case,
molecular oxygsn is theprimary H-acceptor.  Then, if
Mahler and zZlowe are correct, the inhibition of MO by
some of th: metal-binding rsagents would not bes due to
the r:emoval of metals from the enzyme moleculeB. It

may be that cysteine, ortho-phenanthrolin:z and cyanide owe

their inhibitory effects of their action on essential -~SH
groups of MO, These three substancss were also found to
inhibit markcedly the reduction of tatrazolium salts by

"amine dehydrogenase" (ef. Appendix I, Table II).

2
Cf, "Metal Ions and inzyme Systems", p. 38 of this thesis.

3

We have also found in the course of our zxperiments, that
the inhibition of k0 produced by cysteine could not be re-
lieyfd by aildition to the reaction mixtures of Fe*t, it ,
Mo™V+ , Nittor Co*t.
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Table I : Effects of Metal Reagents

Expt.] Addition Final conecn.| Substrate | € Control
1 o~phenanthroline| 1 x 10™°M TYR 1y
1 x 1074 " 114
1 x 10~3M n 100
1 x 10-2M " 50
2 oxine 2.5 x 10~4M 150 75
3 pyrophosphate 1 x 10~ IS0 124
a,at~-dipyridyl 1 x 10-21 150 100
L, | Versene 2.5 x 10=hM 150 100

Reaction mixtures in Warburg vessels contain 0,5 ml. of enzyme
preparation (rat liver homogenate, except in Expt. 3, where
guinea-pig liver is employed as source of MQ); 2.x% 10-2M
potassium phosphate buffer, pH 7.4, 2 x 10~2M substrate(neu-
tralized), and metal reagent as indicated, 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 timen). Gas phase was pure Oz. Values
(% Control) are based on the pl. Oz 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 HzO.
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Table II: Effects of Dialysis

Expt. Dialysis Substrate % Control
1 Vs. NaCN (0,01M, pH 8) 15 hrs., TYR 56
then 10 hrs., vs, dist. H20
2 Vs. O-phenanthroline (0.01M, pH 7) TYR 80
then 5 hrs, vs, dist. Hz0
3 Vs. Versene (0,001M, pH 7.4) 12 hrg., TIR 93
then 3 hrs., vs. 0.01M TRIS buffer
(pH 8)
L Vs. oxine (0.001M, pH 7.4) 2 hrs., TYR 129
then 2 hrs. vs. 0.01M TRIS buffer
(pH 8)

Contents of Warburg vessels: as indicated for controls in exper i-
ments in Table . For dialysis controls, enzyme preparation was
dialysed against distilled Hz20 instead of against reagent. Gas
phase: pure 0z, Otherwise, conditions same as indicated for
experiments in Table I ,



