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Lbstract

Monoomine oxidase (M406) (Monoamine: 0y~oxido-reductuse (deaminating) E.C.1.%.3.%)
was partially pqrified from soluble extracts of guinea-pig liver, which eontain
shout 10 per cent of the activity present in whole homegenates., Iigher yields
of enzyme were recovered in soluble extraocts derived from sonicated homogenates,
e subatrate ;E inkibitor specificity of the soluble enzyme was very similor
to that for crude p;;ticulate fractions or mitochondrial fractions when measured
by manometric assay with molecular oxygzen as final electron acceptor. The
behaviour of the‘énz&ée‘in other oxido-reductase systems, nomely in the reduction
of tetrazolium egliérand NAD,were studied extensively. Harked differences in
substrate sﬁécifiéi£y were found for the soluble enzyme depending‘on the nature
of the final electron zcceptor and on the type of prepagﬁtion used a8 source of
enzyme, The soluble enzyme showed o marked dependence on added NAD for tetra-
zolium reduction, the extent of this effect varying according to the substrate
tested. The NAD dependence was correlated with the ability of various amine
substrates to stimulate the enzymie reduction of NAD in the absence of tetra-
solium salts, NAD had no effect on the enzyme when assayed manometrically.
However, soluble enzyme derived from sonicated homogenate showed marked alterations‘
in its substrate specifieity in the NAD-reductase assay, In addition, the effect
of added NAD in the tetrazolium-reductase assay was negligible eompared to that
seen in unsonicated preparations. Various data led to the conclusion that the
NiD-dependent step(s) in the tetramolium-reductase system of seluble enzyme
prepaorations was probably inactivated by sonication, &lthough the total amine-
tetrazolium reductase activity wos in Pact increazed by sonication,

These findings led to the formmlation of possible pathways involved in the
enzymie reductio# of NAD and tetrazoliwm by monoamines, These are discussed
in the light of curremt concepts about the chemical constitutien of the enzyme.

Various ottempts were made to detect isoenzymes of momoaminedoxidase by gel
electrophoresis. In the best preparations, only one mobile (enodic) form of the

enzyme was demonstrated aiver polyaryiamide gel electrophoresis of seluble extracts

from puinea~pig liver.
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CHAPTFR ONVE

INTROTUCTION

SECTION T¢ A RUVIEW OF MOVOAVINT QYIDAST,

At Ceneral Survey of Tarlier Wistory of Amine Metaboliam,

In 1928, Nare(l) described an enzyme present in liver
extracts of rabbit, rat, pig, sheep, ox and dog. The enzyme
was shown to catalyse the oxidative deamination of tyramine
with the formation of stoichiometric amounts of ammonia and
hydrogen peroiide. This enzyme was named by her 'tyramine
oxidasge',

later, Fare-Bernheim (2) condueting detailed studies with
cuinea plg liver extracts, demonastrated that one, two or even
four atoms of oxygen could be absorbed per molecule of tyramine
oxidised, depending on the pH, concentration and age of the
extreact. Bérnheim(2) ébserved a decrease in enzyme activity
with increasing time of incubation. This she attributed to
product 1nhibition. As ammonium sulphate and p-hydroxyphenyu
lacetic acid were not inhibitory, Hare-~Bernheim suggested
pf;ydroxﬁpcetaldehyde as a possible candidate, Indeed, she
showed that cell-free extracts of an incubation mixture
containiﬁg tyramine as the substrate inhibited oxidative
deamination of tyramine by about 80 per cent. She explained
thet the inability to detect the aldehyde was due to &
Cannizzaro type of reaction in which the aldehyde would con-
denge with an available molecule of tyramine to form a Schiff's
base.

Accordingly, she proposed the following equations to
show the stages of the oxidative deaminationi~



HO~ABCH,CH,NHy+0, > HOD-CH,CHENH+H .0,

Tyramine ° -» imine + hydrogen peroxide

HO—~O}-CH,CH=TH+H,0 » HO=Q}-CIL,CII0  + N,

p-Hydroxyphenylacetaldehyde+ ammonia
HO~S}-CH,,CHO+F1I,CH,, CHy~<O}=O0H -» HO~<O-CH, CH=I"CH,, CH, ~D-OH+H,0

Cannizzaro type of reaction Schiff's base

Perhaps it may be of some interest to state that Alivisatos
et 81.(3,4) have recently applied the concept of the formation
of a Schiffts base by an aldshyde and an amino group to explain
the incorporation of indoleamines and their aldehydes during
mitochondrial protein blosynthesis in vitro,

Before the discovery of 'tyramine oxidase' by HFare(l) much
evidence had been accumulated concerning the metaboliem of
biogenie emines in organiams(S—ll). Such evidence, however,
came mainly from pharmacological and physiological experiments,
Thus Schmiedeberg(5) by feeding benzylamine to dogs produced
the first convincing evidence that i1t was metabolised, Ve
recovered‘hippuric acid, the glycine conjugate of benzolic
acid, from the urine and suggested the formation of emmonia

in the course of the reactiont-
{O)-CH,TH, ~> (S)-COOH+I'T,
benzylamine -» benzoic acid

{S-COCH+CH,NH,CO0H» G)-CONHCH,COOH + H,0

be"%_"éC atid + glycine -> hippuric acid
Later, both Schmiedeberg(6) and Minkowsky(7) isolated
free benzoic acid.

Iinkowsky(7) incubated benzylemine with minced rabbit



tissues and isclated benzoic acid, This showed that deamin-
ation could also occur in vitro,

Mosso(8) 4njected benzylamine subcutaneously into dogs
and recovered more than 90 per cent as hippuric mcid in the
urine,

Twing and Iaidlaw(9,10) investigated the metabolism of
tyramine end tryptamine in rabbits, cate and dogs and found
that when certain tissues were perfused, complete deamination
occurred and the corresponding aclids were recovered.

Twins and Laidlaw(9), believing the deamination occurred
firet by hydrolysig;and finally by the oxidation of the alcohol
intermediate, propoéed the following equatibn for the deamin-
ation of tyraminé:-

| 1{0-@-0H20H2N112+H20 > no@czizcnzon+m3

tyramine - > tyrosol (tyramine alcohol)
HO~(Q)-CH,CH,CHl o] HO~-(Q-CH,COOH+H,0

tyrosol -  p-=hydroxyphenylacetlc acid

Similarly Cuggenheim and Loffler(1l) studies the metabol=-
iem of phenylethylamine and isoamylamine in rabbits. Cuggen=-
heim and Lgffler(ll) fed them phenylethylamine and recovered
the acid, R&pbit's liver was perfused with iscamylamine and
isovaleric aéid was similarly isclated(ll). These workers,
too, assumed the first reaction to be hydrolytle; the oxidation
step occurred In the second stage resulting in =en acid. It
was Hare who flrst demonstrated by manometry that the first
step of the deamination was oxidative and not hydrolytic,

Later(2) she showed that no deamination occurred under anaerobie



conditions.

The discovery of tyramine_oxidase(l,z) stimulated great
4nterest in the metabolism of the metabolism of the biogenic
amines in the early thirties. Vaiious investigators (12-15,
17-19) extended the study to & number of amines in mény other
tiasﬁés. ; | | .

Thus Pugh end Quastel(12,13) demonstrated that slices
and extracts of nervous tissues (brain) and liver could catalyse
the oxldative deamination of both aliphatic and aromafic
monoamines and also. showed that the enzyme wag not identical
with Krebs® amino acid oxidase. These workers(l3) demonstrated
isovaleraldehyde as an intermediate of isoamylamine oxidation
by precipitation of its phenylhydrazone. They drew attention
to the characteristic smell of isoamyl alcohol during oxidation.
Pnilpot(14), and Pugh and Quastel(l3), confirmed HWare's claim
that oxygen was required for the deamination.

Philpot detected p-hydroxyphenylacetaldehyde as a product
of tjramine oxidation by its phenylhydrazone.

Richter(15) extended this method to other monoamines by
trapping the aldehydes with semicarbazide and crystallieing
them as their phenylhydrazoneé.

Richter found that semicarbazide Gid not inhibit oxygen
uptake of the gulnea pig liver extracts as expected when
isoamylamine was used as substrate. Weiner(16) confirmed
Richter's observation and thought this apparent discrepancy
to mean that isovaleraldehyde i1s not further metabolised.
Perhaps this insengitivity may be explained by the fact that

isoamyl alcohol is easily formed. The alcohol is, of course,



insensitive to semicarbazide. Ve will refer to this topie
in our results, |

In 1937, Pugh and Quastel(l3) PBlaschko et 8l.(17,18) and
Eohn(19) concluded that the 'aliphatic aﬁine»oxidasé‘, (12,13)
the adrenaline oxidase of Blaschko et 81.(17,18) and the |

tyramine oxidase of Harg(l) were identical. The conclusion
was based on distribution, competitive studies with mixed
substrates and inhivitor studies.' These workers(13,18,19)
sugecested the term 'amine oxidase' for the enzyme,

Tater, Zeller(20) confirmed the claim of Blaschko et al.
(18).that emine oxidase had no effect on the dlamines,
putrescine and cadaverine, and it did not attack histamine.
He therefore proposed the term 'monocamine oxidase' to dis-
tinguish it from diamine oxidase which differs not only in
subgtrate specificity but also in its distribution and ‘
inhivitor specificity, e.g« in being sensitive to carbonyl
reagents such as semicarbazide and cyanlde. (See tables
I aﬁd II).

Thie term 'monocamine oxidase' (¥AO) 1s the name by which
it is still commonly knowﬂ; Recently, according to the
classification of the International Fnzyme Commission(21)
it is more speciflcally known as "monoamire oxidage"
(monoamines C, oxidoreductase (Geaminating), TC l.4.3.4).

Alles and Heegaard(22) conducted an extensive study on
the distribution, substrate and inhibitor specificities of
A0 from various soureeé and concluded that the enzyme
appeared to be a group of multiple enzymes or a family of

closely related enzymes. This was at a time when there was



TARTE T3  SURSTRATR SPTCIFICTITITN OF &”IE?

Enzymes‘ Source
: of
Tnzyme
Monosmine Ilver
oxidage = and other
(MAO) mammalian
tissues
Human
Plasma
Tiamine Pig kidney
oxidase
(TAO) . Human
placenta
Plasma Pig ‘
Amine plasma
oxidasges Human
plasma
Ox
plasnma
xﬁacterial Asper
Anmine gillus
oxidase Niger

~CH,TH, ~CH,THR ~CH,NRIR?

' eg. TFpinephrine eg. Hordenine| .-
. § SRR P

+4 ++ ++

- ++ +4

+ - -

+ ™ -

++

4

“+- - -

++ +

Act wpon a terminal Amino group

++ = very strongly oxidise&

i+
%

poorly oxidised
- = not oxidised

reduces cytochrome C

YIDAS™S FROM ATIITATL $TSSTTS.,

<33

. Aet upon Yain or
e ) Preferential
Histamine l-methyl- substrate
4 histamine
- + Tyromine
- ‘ Tyramine
++ : Fistamine
Cadaverine
+ Cadaverine
I + Renzylamine
+4 + Penzylamine
¥ + Spermine
++

'Ref.

23,27,65

- 28

23,27,65
23,65

23,65
23,65

23,65

26



TABLE TI: INHIBITOR

SPTCITICITIES OF AMINE OYIDASTS

¥ono- Iﬁ:ﬁine Speimine Benzyl=- Anine
: ‘ amine oxidase oxidase amine oxidase
Inhibitor . x5 (Da0) (s0)  oxldase from
- dase . Aspergillus
(mac) niger
Amphetamine, + -
ephedrine ' +
Pyridoxamine - ‘ + IR
-~ thiamine (Bl - . ot
d,1 Trans- -
- phenyleyclow ' ' *
ropylanine R » ' +
%Parnate) + ‘
Isonicotinyl-
isopropyl-
hydrazide ++ + +
(iproniazide
11H)
Isoniazid, e 4
Aminoe- . , , o
guanidine ' - + + +
Anidines +
Hydrazinoph- | .
thalazine + + + +
(Hydralazine) ' ' S
Cyanide, hydro- + + +
xylanine, ’ +
Semicarbamzide - “+ + "+ +
Quinacrine =+ T+ 4
Vercuric chloride, +
gilver nitrate, + L o +
p=chloromercuri-~ + : ' - +
benzoate

(PCIB) ' B

Modified from F, Puffoni, ref. 65; T.L. Sourkes, ref. 48;
and Pletscher ref., 52,

+ = inhibition
- + 1o inhibition



no concept'of the existence of isoenZymes. Subsequent re-

gearch has either tended to aupport or contest this view.

B: Vonoamine oxidase (MA0) T.C. 1.4.3.4) its distritution

and properties.

1. Speéies distributicn of I7AO.

MAO is very widely distrivuted in the plant, animal and
vacterial kingdoms(23-26). o

In invertebrates it occurs in molluscs, echinoderms,
aﬁnelids and in insects (tﬁe cockroach)(23). The richest
source of EAO appeéred to be the hepato—panéreas (tlivert)
of the cephalopods, sepia and octopus(23,27).
- vin plants, it.is esﬁeciaiiyrconcentrated in pea seed-
lings(23,24).

In bacteria, MAO is found in Pacilus pyocyanes, Tscher—

‘dchia coli(25) and in Aspergillus niger(26).

The enzyme hés been found in all the representatives
of vertebrates tested(23,27). In mammals, the richest de~
ppsits are the liver, kidney, gut and brain, in that order,
Rat kidney is an exception as it is reported to lack the
enzyme(23). - In man, however, the richest sources are the
submaxillary and parotid glanda(23). Recently, the 'clasg-
ical! MAO was detected in human plasma(28) held for a'long
time to lack the enzyme(23). The plasma enzyme firsf described
by Werle and Roewer(29), Hirsch(30) and Tabor et al.(31) was
later identified as spermine oxidase. However, the recent
isotopic studies of Oteuka et 21.(28) on human plasma leave
1ittle doubt that their plasma enzyme is not spernine oxidase
- but the classical MAO thus indicating that human plasma



TABLY IIT

ﬁISTRIBﬁTIOM OF MONWOA™INY OXITASE TN ORGANISNMS

Vertebratess

Invérte-
brates:

Plantsxi

Bacterias

Source

Mammals, birds, reptiles,

"~ smphibians, fishes (bony

and cartilaginous)

eg. Torpedo marmorata

Molluscs, echinoderms,
annelids, insects -
cockroagh

Higher piants such as

pisum sativum L. (pea),
Cannabis indicsa,

‘Yomordica balgamina

- B, servginecsa, ¥, coli,

ocyenea,
Agpersillus niger

Peference

- 23y 27

24, 27

25
26
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contains both oxidases,

It is neéeésary to etress in passing that great care
muat be taken before concluding that the enzyme»is absent or
pientiful in a‘pafticular gpecles, orgﬁn of tiasue,.‘ Studies
méde with a few substrates may not give a true measure of
MAO in a particuler material since the substrate specificities
| vary greatly with eﬁzymes fiép different aources(l6).‘ Table
III briefly suumarises tbe‘distribution of MAO,

2?): Intfacellﬁlar distribution of monocamine oxidase,

There is coqsiderable»evidence to show that the enzyme
is mainly partieulaté(3?~42) in g@inea pig liver, bréin,‘kidney
and many other organs of mény enimalas, Some activity is also
found in microsomes(32,33), De Tuve et al,(37) confirmed
the claim‘of Cotzias and Polfs!(32) and Hawkins(33) that MAO.
is‘mainly‘i;artioulate in distribution. De Tuve et al,
believed the bulk of MAO activity (ca.80 per cent) to be of
mitochondrial origin,’. Oswald and S@rittmatﬁer(SG) investi-
gated the distribution in guinea pig and rat‘tissues and
found that about 70-76 per cent of the‘enzyme activity was
mitochon@ria; while scme activity Wgs also present in micro-‘b
pomes, . More recently,,Schnaithann et 21.(41) applied more
cafefully controlled techniquee to .the atﬁdy,of fhe subcellular
distritution, - These authors found that MAO was so concen-
trated in the mitcchondrial'outer membrane that it could be
used as a marker, Tipton(42) applied similar methods of
digitonin treatment,,mitochondriél swelling, scnication, -
coupled with phospholipase digestidn and centrifugation to
show that in rat liver the enzyme is mainly found in the
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outer mitochondrial membrare. In rat brain, however, the
concentration of MAQ in the inner membrane is considerable(42).
The possible significance of this will be referred to later

in connection with iso-enzymes.

Weissbach et 21.(35) claimed that guinea pig liver, and
to a much lesser extent, other tissues of several marmalian
species, also coﬁtained a soluble form of NMAO which could be
extracted by conventional methodss Since they obtained their
tsolublet MAQ from hypotonic aqueous tissue homogenates, it
wag possible that some of the enzyme activity might have
arisen through mifoéhondrial lyais. This is conceivable in
the light of the more récent findings of Schnaitmann et 2l,(41),
and Tipton(42). Particles can easily detach from the mito-
chondrial membrane into the supernatant, which may not easily
be sedimented by‘ultraceﬁtrifugation(38). Since Veisesbach
et al1.(35) did nbt say whether or not their enzyme preparation
contained~succinic oxidase activity, 1t is difficult to draw
any firm conclusion. o ‘

Later, Cswald and Strittmatter(3s6) épplying more care-
fully controlled methods of mitochondrisl extraction (1.e. by
using O.QSM sucrase homogenates) tb the study of the inter-
cellular MAO distribution, confirmed the claim of Welssbach
gﬁ_gl.(35}. - Cewald and Strittmatter d1d not detect succiric
oxidase activity in the scluble IMAQ fraction of guinea pilg
liver, |

'The possibility, therefore, should not be overlocked that
there is a distinet cell supernatant MAO with propérties
itentical with or overlapping those of the mitochondrial and
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TARLE IV: STRWITOCHONTRIAL LOCALIZATION OF|MONQOAVINE OTITASR® TW RAT LIVER A™T) TRATYN
According to K.F. TIPTON (Modified) |+ ¢ See ref. 42. '

Tnite of activity are expressed as atoms of oxygen consumed
1

nin™ ng protein'l in cases of cytochrome oxidase and MAO, and
. -1

as moles NAD or dye reduced min — mg protein"l in the cases

of malate and sucoina‘te—dehydrégenasess

Tnzyme ] content (total units)

: Yono= - “Felate Succinate
Treatment Tescription Source ami;e g]ggme " dehydro- dehydro=-
: oxidape oxlidase genase genasge
(A0) L
1 Swollen mitochondria Liver 1.8 80 © 17000 180
large i . Brain - 0,8 116 © 1 10CC0 170
Amplitude Outer membranes SRR Liver 1.7 8,55 267 - 8.2
Swelling : Drain 0425 43,1 0 347 : o
: . Irner membranes Liver 04347 66 - 16600 205
Train 0.21 116 . +7800 198
Soluble portion of outer Iiver 1.27 0 0
Phospho= membranes - Erain o} 0 o0
lipase Particulate portion of Liver 0 642 1.6
diges-~ + - outer membranes Brain 04153 1.2 o
tion Inner membranes . liver 0456 47.0 117
R S : . Prain 0,206 12,1 27
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microsomal enzymes. Table IV deale with intracellular dis-
trivbution of MAQ.

3+ Ihysiological yole of MAO.
The main rvole of ¥AQ is said to be the oxidative deamin-

ation of some of the important amines of tiological and
pharmacological interest. ¥ost naturally occurring amines
are substrates (Table V). There has been congiderable
speculation concerning the significence of the widecpread
dietritution of VWAC. Tt is now well establiched that the
enzyme catalyses the oxidative decamination of many pharma-
cologically activé moncamines(23,27,43,44)s Thus it has been
suggested by Phagvet gg;gl;(43) that the presence of relatively
large emounts of MAO in intestinal mucose implies, in this
case, & protective function of MAO, The enzyme, by virtue

of its activﬁty would prevent any toxic moncamines produced

in the infeéfiﬁe bty the bacterial decarboxylases, from enter-
ing the circulatory'system. These authors(43) also stressed
the constancy of MAO's presence in placenta, where 1t has

been shown that the monocamine content can be quite high in
certain physiological astates, '

Adrenaline and related pressci amines have been suggested
as some of the physiologigal substrates for MA0(27)e In this
connection, 1t may be stated that Schayer et 2l1.(45,46) have
ghown thaf as ruch a8 50 per cent of adrenaline and noradren-
aline injected into rats isvmetabolised by MAC.,  Cther
metabolic pathways of catecholamine metabolism are known to
exist(47),

In plants, KAO may play a pivotal role by supplying

the precursors of auxins, Indole acetie acid, a well-known
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plant hormone (auxin) is an oxidation product of indole
acetaldehyde, the main metabolite of tryptamine oxidation.
So far, MAO is the only enzyme known to catalyse tryptamine
oxidation.

There are claimg that MAO may be active in alkaloid
synthesis in plants(27,48).

In mammalian brain the enzymé may be especlally import-
ant in regulating the levels of serotonin(l16,23),

Thé hecessity of MAO for the metabolism of aliphatie
monoamines in brain and other organs(12,13,35) as well as
the metaboliem of aromatic monoamines(l,2,12-20,23,27,29,35)
is well known,

There are claims that MAO may supplement the action of
DAO. Thus l,4-methylhistarnine (cf. table V) is said to be
oxidised mainly by MAO instead of DAO(23).

Perhaps owing to the newly developed methods of preparing
relatively pure and actlve MAQ, better information may soon
accunulate on the physiological functions of 11AQ,

4. Mechanism of the reaction catalysed by monoamine oxidnse,

The 'tyramine oxidase' ~ catalysed reaction was originally
formulated by Mare-Bernheim(2) thuste

RCHéEHé+029'R - CH = NH+3202 (1st step) . i.
R~-CH= NH+120-)RCHO4HHB (2nd step) ii.

In these series of reactions, the imino group fgrmed in
the first step spontaneously and nonenzymatically hydrolyses
to form an aldehyde and ammonia, Fichter(l5) modified the
Hare-Bernhein equation to include hordenine; a tertiary amine,

which is fonic, The modified equation according to Richter,
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therefore, is as followg:=

R - cggﬁ H R'y+0P R = CH = # R 41,0, 111,

R - CH = ¥ Rt +H,0%ROMO+Y m,R*, iv,
The overall equation 1e the sum of 1ii and iv:-

* CTI04+T
R - CH2L " E'2+ 02-ﬁ>ﬁCH0+h H2 H'2+H20 Ve

This modified formula, (v) although correct, pre=-
supposes the absence of catalase, In crude tissue suspen-
sions where catalase 1s active, the hydrogen peroxide, H202

formed at 1ii 1s broken down by catalase thus:-

catalase
CF0p TSN Hp0420, vi.

The overall équation is the sum of v and vii-

'HCHQW H R'2+%Ck-* RCHC+H32R'2+H20 - vid,

Under ideal conditions, therefore, one molecule of
anine is oxidised by an atom of oxygen. Sometimes, however,
the oxygen absorbed exceeds that expected sccording to equation
vii. This apparent discrepsncy may be due to two main
factors:~
(a) The-hydrogen peroxide may escape the catalatic reaction
(vi) and may take part in a peroxidatic reaction, eg. the
peroxidation ¢f an alcohol, eg. isocamyl sleochol, to 4its
corresponding acid.
(b) The aldehyde (vii) may be further oxidised to the corres-
pording acid by aldehyle dehydrogenase. Poth reactions can
occur in liver and other tissues, .
(e} A third factor may be the spontaneous oxidation of the
aldehyde to the corresponding acid bty air. Creasey(42) found
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that the excess oxygen consumption when tyramine was used as
substrate for rat liver MAO was caused by this factor. FHe
corrected for it by including KCN in the reaction mixture.
KCN stops this spontaneous oxldation without affecting the
general oxygen uptake,

Pelleau et el,(%) demonstrated that MAO could show stereo=
specificitye. They also suggested on the experimental evi-
dence, that the enzyme-substrate interaction involved a three-
point attachment; the rate~controlling step in oxidation
included the breaking of a C=N bond,

The need for adequate oxygen supply for the catalytie
activity of MAQO has been stressed(1,2,13,14,19)., Thus,
liver MAQ activity, with tyramine as substrate, was thrice
greater in 95 per cent oxygen than in air(19). This suggests,
by enalogy to other enzymes, that MAO reacted directly with
molecular oxygen and behaved as a typical flavoprotein oxldase
eg., D-amino acid and xanthine oxidasee; Recently Tipton(51)
reinvestigated the kinetics of MAO~catalysed reactions in
relation to the effects of oxygen and substrate concentrations
on catalysis. By keeping the oxygen concentration conétant
and varying that bf the substrate or vice versa,.Tipton obtain-
ed reciprocal plots of initial velocities in which the slopes
remained constant irrespective of the concentration of the
second substrate. This was interpreted as Yeing consistent
with a reaction mechanism in which a modified form of the
enzyme is produced,He supported this claim by product inhibi-
tion and the demonstration of haif-reaction at very low

oxygen tension. The formation of a modified form of the
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enzyme indicates that the flavin prosthetic group is either
fully of partially reduced in the presence of substrate.
According to Tipton then, the enzyme is partially dbound to

the product, hydrogen peroxide, thusi-

* hz {
ES== EP_k
%é?ﬁ - kikz;

Ei§§% KZZ?

-5 i

AYE 0 ==E0,

Tipton's finding is reminiscent of a mééhanism given by
Blaschko(23). In this reaction, the enzymé~suﬂstrate inter-
action is initiated by a reaction between the éarbonyl group
in the enzyme and the Nﬂé egroup of the aubstréte:»

Fnz ¢ = Q+H,N:CH,R  Fnz~-C = WHCH,R+H,0

enzyme substrate Schiff's base
In the second stage the double bond shiftsi:-
Enz e C = NHGHQR-a-EnZn»uCHzNH = CH R

The new double bond is then hydrolysed and the amino
(NH2) group 1s oxidatively removed from the enzyme. This
may mean, however, that oxidation is not necessarily the first
step in deamination by EAO.

This mechanism was postulated to apply to those amine
oxidases such as pea seedling MACO amd MAQO from some animal and
bacterial sources which are sensitive to carbonyl reagents

and which are now known not to attack N- substituted amines(23),
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5e Inhibitors of monoanine oxidase.

(General references 23,27,52,65),

Perhaps the most extensively studied single property of
monoamine oxidase is its inhibvitor specificity.

So far, five main types of inhibitors are described.
Representatives of each group wo&id be found in Table VI,
These five main groups may be simply clessified as followsi-
Ag Hydrazine type of inhibitors which include isonicotinyl-
isopropylhydrazine (iproniézid, marsilid or IIH), - phenyl-
isopropylhydrazine (pheniprézine or catron), and isopropyl=-
hydrazine; | |
Bs Cyclopropylamines, represented by transphenylcyelopropy-
lamine (tranyleypromine or parnate)s
Ci Amidines, represented by pentamidine;

Ts I?phédrine and amphetamine type of inhibitofs and the
hafmala alkaloids, eg. ﬁammaline and reléted compounds;

Es The miscelianeous class of irhibitors 1ncluding éyes
such 88 methylene blue, certain aliphatic alcohola and quina~
crine. . .

The inhibitors are subclassified into ieadily reversible,
less readily reversible and miscellaneous irhibvitors,

(1) Readily reversible:- Generally, when any of the 24N

atoms of a substrate of WAO is substituted by -OH or -CH3

group, it affects the enzyme = substrate complex formation,

Such substrates are in faect inhibitors. Poth ephedrine and
amphetamine have a substitution in the d-C atom, cf, table VI,
They are competitive inhibitors which are readily reversible(23).
0f the phenylisopropylamine series (amphetamine group), the
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~general rule is that compounds with the side chainsi-
CHQCH.MeNHQ or €H,CH Tt.NH, areAinhibiﬁore(23). This rule
ig equally true in the inddle and Sahydroxyindole series(23).
ﬁarmaline and the related harmala alkaloidg {cf, table
VI) are also powerful, competitive and eaéily reversible EAO
inhivitors(23,52,64). | 1

When an animal, eg. the rat, is pretreated with harmaline
before administering such potent MAO inhivitors as iproniazid
or pheniﬁgazine (catron), the action of the 1af£er inhivitors
is antagonieged(52,64)., The effect of catron is completely
suppressed while that of iproniazid (IIH) is greatly reduced
(52,64). A

It is known that harmaline and related compounds compete
wi@h the hydrazine derivatives, IIH and Catron for the same
site on the enzym§(61,64). This antagonistic effect is not
displayed toward the cyclopropylamines which probably attack
a different site on the enzyme(52).

Gorkin(38), working with rat liver A0, found that
harmine inhitited serotonin oxidation 1,000 times more strongly
than that of tryptamine or tyramine,

(i1) less readily reversible or irreversible irhibitors.

This group comprises the amidines with the common radical
-C»;(NH)EHé eg. pentamidine; hydrazine derivatives, eg., TIH
and catron; and the e¢yclopropylamines, eg. parnate(23,52-58).

The abllity of amidines to inhibit MAO varies from species
to species. Thus pentamidine is known to inhibit radbdbit
liver MAO about 50 times more strongly than the guinea pig
enzyme, while the squid liver enzyme is hardly affected(23).
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_ ‘'The cyclopropylamines, eg. parnate, and the hydrazine
derivatives - such as IIH and eatron - are competitive and
irreversible inhibitors(52). Gehérally, both groups of
inhivitors need aerobic preincubation for full irhivition(52,53),
but parnate may not require any preincubation depending on the
gsubstrate(52). Parnate 1tself is said to be the active in-
| a;g;toriéieoies,-attacking an&‘inhihiting the enzyme chemically
fﬁ(éé;éS)er Belleau and Moran(53) recovered 14C labelled parnate
| ﬁnchané;; . . N

The mode of action of the hydrazine derivative of inhib-
itofs guch as‘ipfoniazid is etill very speculative. Fare(l)
and Da#ison(53) demonstrated that KCN has no effect on MAO,
Tevison(53,66) found, however, that KCN sensitims the enzyme
towards JIH. He suggested that iproniazid forms & highly
oxidative product which is the effective inhititor. This
author. observed also that isopropylhydrazine was a better
inhibitor than iproniaezid(53).

Recently, Smith et 8l.(57) and Kory and Miglioli(56)
demonstrated that the actuzal inhibitor formed by IIH, cyclo=-
propylhydrazine or benzylhydrazine is volatile. The formation
of the inhibitor is dependent on EKCN or thiourea. It can be
formed in the absence of tissue at high pH up to pH 12(56),
and it requires oxygen. The actual process of irhibition,
however, is independent of oxygen,  The absorption spectrum
of the inhibitor is different from that of any known chemicals
of the hydrazine group(56).. ,

It is reported(52,60) that the hydrazine types of in-
hiritors, eg. iproniazid can also inhibit other enzyme systems.

Such enzymes are! choline dehydrogenase, aromatic amino acid
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decarboxylase and diamine oxidase (DAO), The concentration
of IIH to produce such inhi@ition is however greater than that
for MAO(52,60).,

It has been shown that while generally MAO inhibitors
may increase the storage of endogenous and exogenous amines
in many species, they may not have any significant effect in
others, and in some cases they actually stimulate the depletion
of aminesg52,63). Thus Coldberg and Shideman(63) showed
by fluorescent assays that administration of the potent MAOD
inhibitbr, parnate, to cats and rats caused a markgd depletion
of the myocardial catecholamines of cat while that of rat was
increased as expected, Pletscher(52) suggested this straﬁge
phenomenon might be due to thé fact that in the cat the myo-
cardial catechclamines (norepinephrine and epineph;ine) are
mainly metabolised by the catechol 3~O-'methy1transferase
(COMT) pathway c.f. figure 1.

(ii) iscellsneous Inhibitors,

Quinacrine, once a véry common antimalarial drug, was
found to inhibit flavin linked cnzymes in oxidative systems
(67-63)s- Allegrettl and Vukadinovic(70) found that the oxi-
dation of epinephrine by ¥AO was inhibited by quinacrine both
in vivo and in vitro, TIiver and kidney MAO were more strongly
inhibited than brain and heart HAQ. This difference in in-
hibition was thought to be either due to the greater difficulty
of quinacrine to penetrate'to the brain énd heart enzyme than
to the liver and kidney MAQ or possibly due to the fact that
the brain and heart MAO hold more tenaciously to the flavin
prosthetic group than liver and kidney enzyme(70). As it im
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‘now known that though MAO from liver and other organs are
quicker to Inhibit than brain enzyme, the effects last longer
in the brain(52), this may mean that the differences in in-
hibition were due to the firmer binding of the liver and
kidney A0 to the flavin than the brain end heart enzyme,

Lagnado‘and Sourkes(71) showed that quinacrine strongly
inhivited rat brain IMAQO, This inhibition was partly reversed
by Flls .

A number of organomercurials were also shown by these
authors to:inhibit MAQ, This wag interpreted as inhibiting
mainly the SH‘grcupa of the eﬁzyme(?l);

Lagﬁ%&o and Sourkes(72) also showed that a large number
of metals may inhibit MAO as the result of the inhibition of
shlphydrﬁi, groups and probably other groups such as the
‘amipo group of the enzyme. Scne of the inhibition byp-chloro-
meicuribenzoate ~PCHB- may be reversed though not too readily
by glutathione(72). The inhibition of MAO by PCIB has ieen
confirmed by other workers(73,74). | A

Lagnado and Sourkes(72) slso demonstrated that British
anti-Lewigite (DAL) may protect the enzyme against inhibition
by Ag+ ions. A number of other heavy metals known to in-
hibit enzymes by complexing with SH groups were also found by
these authors to inhiblt MAO.

O-phenanthroline which forms chelates with Fe is shown
by some workers to inhibit MAO(73,74) but it is claimed by
others to activate it(75).

Other metal chelators such as hydroxyquinolines, eg.
quinolinol; the naphthols, ege & gnd ( —nmephthol may elso
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inhibit MAO not necessarily by complexing with metals‘such as
Cu but instead by their phenolic function by forming charge
transfer complexes with flavins(74). Such transfer complex
formation has been demonstrated for amino acld oxidase and
MAC(74). |

Activators, cofactors and prosthetie prouns of monoamine

oxidase.

Lagnado and Soﬁrkes(72) made an extensive‘study on the
effects of metal ions on MAQ and found stimulation by a number
of salts, some of which ﬁere at very low concentrationa of the
order 10~% to 1077 moles/litres These compounds include
cuprous chloride, cupriec sulphate, cadmium chloride, cobaltous
nitrate, ferrous sulphate, mercuric acetate, silver nitrate,
sodium selenite, uranyl acetate and stannous chlorides A%
higher concentratioﬁé these salts were definitely inhibvitory.

For some time there was much speculation as to whethexr
MAO conteins flavin prosthetic groups cr not. It is quite
‘possible that while copper may not be necessary for enzyme
activity in certain cases, it may be required by the same
enzyme obtalned from different species. In other words,
these may well represent the heteroenzymes of MAO.

A similar case in point is the observation on the pro-

perties of Aspergillus nicer enzyme(26) which combines the

properties of the classical MAO and those of DAC(65,84).

This peculiar crystalline enzyme from Aspergillus niper was
shown by lMuraoka and mesociates(26) to reduce eytochrome C
both aerobically and anaerobically, but the anaerobic re-

duction was more pronounced. Polyamines were not substrates,
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Perhaps especially striking was the observation that tyramine,
tryptamine and serotonin, typical MAO substrates were the
best substrates for the anaerobic reduction of cytochrome

Ce Tistamine, a classical substrate for DAO, was an equally
good substrate for cytochrome € reductiom, fhe reduction

of cytochrome C by histamine was stinulated by such eléctron
carriers as menadione and X- and [(3-naphthoguinone,

Ithylene diesmine, formerly thought to be inert as a
svbstrate to MAC, was found to reduce cytochrome C without
anﬁ%noticeable oxygen uptake.
| | Thege peculiar observations pose the question as to
whether the enzyme is a diamine or a moncamine c¢xidase. They
also ralee another question as to the rdation of MAO to
conponents of the electron traﬁsport chain,

The question concerring the possible participation of
MAC in the electron transport chain is of some interest.

The insensitlivity of MAQ, to cyanide and azide, known
inhibitors of the cytochrome system of enzymes, may not be
cited as immutable evidence egainst the involvement of MAO
in the electron transport chains After 211, it is now known
that the inhibition:of the cytochrome chain by azide and
cyanide is:n;t neoeséarily due to the specific poeisoning of

.metai catalysis(SS). |

Carbon nonoxide, a more specific inhibitor of copper-
and iron - containing enzymes, is 8leo ¥nown not to inhibvit
all enzymes containing these metals(85).

Axelrod et 81.(76) end Rossiter(77) found marked fe-

creese in D-amino acid oxddase activity of rivoflavin
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deficlent rat liver homogenates. As MAO and D-amino acid
oxldase have similar properties in that they are both insen-
sitive to cyanide, and also catalyse.similar reactions with
the production of Hy05, Hawkins(78) compared the activitiés

of T-amino acid oxidase, known to be FAD-linked, and that of
MAO in rat liver in riboflavin deficiency. She found D-amino
acid oxidase activity was only about 20 per cent of the
control while that of MAC was about 50 per cent. Restoring
rivoflevin in the diet readily reactivated T-amino oxidase
activity but that of MAO was restored with great difficulty.,
By supplementing riboflavin with inositol, she readily reversed
the deficiency effect on MAO. Hawkins was unable to cone-.
clude exactly whether riboflavin was required by MAO es a
prosthetic group or whether it was needed for the enzyme
synthesis,

Lagnado and Sourkes(79) Iistler and Sourkes{30) and
Youdim snd Sourkes(81) confirmed Hawkins' results,

By selectively omitiing ingredients known to affect rat
growth, Lagnado and Sourkes(79) found that by omitting ribvo-
flavin from the diet, MAO activity was greatly reduced. By
omitting-pﬁridoxine nodeficiency effects were obeérved; howe
ever, the omission of both riboflavin and pyridoxine eppeared
to slightly‘alleviate the riboflavin deficiency effect. The
results of such experiments are summed up in Table VII,

To ready explanation of these results is apparént at
the moment, | |

Tara et_81.(82) claimed that purified beef liver mito-
chondrial MAO contained both copper and FAD, TFrwin and
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Pellerman(74} chowed that a highly purified bovine kidrey

I’A0 Contained FAD which they however failled to isolate as

it vas too tightly linked with the enzyme. These authors(74)
showed that the enzyme exhlibited seven to eight sulphydryl
equivalents per 100,000 g. of protein, Tipten(73), later,
suceeeded in i1solating PAD from purified pig train ¥AC,

T'e later showed that when the FAD was removed the enzyme

was indctivatedy restoring the FAT reactivated the enzyme(23),

The requirement of copper iz not 20 clears Some authe
critics c¢laim that copper is necessary for full enzyme
activity(22) but others conteat this(74).

So fzr, copper has been found in a large number of
¥AQ preparations from &ifferent sources including the pea
gcedling enzyme(24,65) and the plasma MAC(23) which elso
contains pyridoxalphosphate,

It may well be that oxygen requirement is din faet minimal,
Yeing raquired mairnly for reoxidlsing a reduced prosthetice
croup, such aa FATy, which im now proved to be the prosthetic
croup of socme TAC preparations{73,23). In connecticn with
trhe mivimal reguirement ¢f oxygen, it is worth while to state
that Welssbach et 21,(63) have demonstrated that A0 oxidises
TeV=dinmathyltryptonine ~F= oxide fuster anaercbieally than
acrcbically. These muthors ghiowed that high tengions of
exyren inhivit the oxidation(86),

Taoet MAC may enter the electron transport cheln through
eytochrome v5 ig z2lso worth concllering since Tipton(42)
appears to have detected this eytochrome in MNACG-enriched

submitochondrial preparations from rat itiscues. Indeed,
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TARIT VITs  TIFFEICT OF RIPOTFIAVIN (Vitamin B,) °

AT PYRITOXINT (P6) DTFICIFICITS OF

ITAQ ACTIVITY OF RAT TIVIR- .
Aétivity is expfessed as pl.di absorbed/hr/100 mg wet

wie tissue,  All values are corrected for substrate blank,

Tiet | ’ Week

Al Tyramine

éompleté 230 225 352 - 380 270
Teficient in 6 340 234 352 340 354 375
Neficient in B2 98 165 132 132 60 75

Teficient 4n both 254 210 228 128 155 105

B, Isoamylamine

complete 94 132 « 90 90

Teficient in B6 102 136 106 120 105
. Teficient in P2 70 76 63 30 30
Teficient in both T2 - B4 T2 60 45

Datas Froanagnado and Sourkes see ref. 48,79.
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cytochromeqbs, formerly thought to be confined to microsomes
(87), is now found to be also present in mitochondria(83).

It is” alsc worth noting that the two enzymes found to be
more or less exclusively associated with the outer mitochondrial
membrane ares:= MAO and a rétenone insensitive NWATH - cytochrome
€ reductase(89),

The view that oxygen regulrement may be only minimal
is however very difficult to reconcile with other experimental
data showing the strong dependence of MAQ on high oxygen ten-
gion(1,2,13,14,19,51)s TFurthermore, Tipton's(51) recent
postulated reaction mechanism for plg brain MAO suggests the
involvement of the superoxide anlon (Oé or I03) in amine
oxidation, This could indicate a similar pgthway to milk
xanthine oxi&ase(154,156).

Homeogeneity of monoamine oxidase.

The view that MAO was a single enzymeMspecies distin-
guished from TAC by distribution, substrate snd inhibitor
specificities (see table XVIII) was first challenged when
Alles and ¥eegaard(22) published their extensive studies on
¥AQ, Since then there has been much controverey as to
whether MAO is 2 eingle or a multiple enzyme with overlapping
substrate and inhitritor specificities(lﬁ,29,36,91,92,120)‘

Verle and Roener(29) elaimed tb have éepérated from
rabbit liver, by acetoné treatment, an aliphafic.amine_oxidase
catalysing the destruction of butylamine from an aromatic
amine oxidase, Thie claim is subject to confirmation.

Hagen and Weiner(9l) ahd Hope and “mith(92) demonstrated
the existence of different substrate specificities by MAO
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from different organs of the same animal (mouse). Weiner
(16) demonstrated similar results with MAO from different
nervous tissues. Tlaschko(23) commenting on such findingg
stateds “The differences shown are such that it must bve
aasumed e¢ither that enzymes from different tissues are
entirely different proteins or that each organ contains a
mixture of oxidases in differing proportions",

Cswald and Strittmatter(36) confirmed the findings of
Nagen and Weiner(9l) and Nope and Smith(92) with their studies
on different tissues of rat and gulnea plg (see table VIIT),
These authors(36) found remarkable differerces in Km values
not only between the two animals but also among the different
organs of the same species,

Dy means of heating experiments, they showed convine-
ingly that the metabollism of certain substrates were more
profoundly affected than others. Oswald and Strittmatter
remarkeds "These differences might indicate that:

(a) various tissues contain different monoamine oxidases

(b) contain a different group of monoamine oxidases

(e) contain different proportions of several monoamine

oxidases common to several tissues",

Youdim and Sourkes(8l) and Gorkin et 21.(59) also arrived
at similar conclusions by means of inhibitors.

These results suggest indirectly the possitle existence
of different molecular species of MAO, Progress for clari-
fying this state of affairs has been hindered by the great
difficulty in obteining relatively pure, soluble and active
MAQO preparations., Vhile this research was in progress,

several papers have since oppecared deseribing such preparatior
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methods(73—75, 82' 90' 93 } .

Preparation of monoamine oxidase.

Various methods have been recently developed by modi-
fying the former conventional methods of enzyme extraction.

It has been known for years that acetone treatment of
MAQ to yield powder gives a relatively active enzyme which is
stable(27). It.ie algo known that MAO 1s stable to freezing
and thawing(94), or to freeze drying(93).

Treatments with bile salts or with lysolecithin yield
relatively clear solutions(é?)s "Solubtle" forms of MAO
have been recently obtéined by mitochondrial lysis followed
by sonication and sedimentation at high speeds(95). Guha
et 81.(93) showed that sonication of sucrose mitochondria
from rat liver yielded a soluble active enzyme which could
be purified 350-f01d 5y repeated chromatography on DEAR
cellulose, Similarly, Corkin(38) showed that sonication of
mitochondria in an atmogsphere of hydrogen converted the mem-
branes into fragments which were sedimented by spinning at
high speed for two hours and purified by chromatography,
density gradient electrophoresis or by Sephadex G 200
filtration.

The recent methods for preparing IMAO include the use
of éonication, detergent treatment, high speed centrifug-
ation, ammonium sulphate fractionation, chromatography and

repeated freezing and thawing techniques(73-75,82,90),
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STCTION IT3 THT TNZYITIC RETIICTICN OF THIRAZOLIUM SATTS

AND OTHTR TYTS BY FOVOANINES,

At Mistorical.

Hare(l) found that neither methylene blue nor l#naphthol~
| 2-~sulphonate-2:6-dichloroindophenol were reduced in‘her
anaerobic experiments in presence of liver extracts and
tyramines . Dyes with moré poegitive potentials were so rapidly
reduced by the extracts alone that she could rot draw any
conclusions.

Thilpot(14) later found that methylene blue and toluylene
blue strongly inhibvlted the encyme activitye. Among the other
dyes she tested, c-bromophenolindophenol and o-creosolindo-
phenol were not inhibilteory in presence of substrate (tyrumine),

Tanzaml (96) first applied the tetrazolium method (blue
tetrazolium) to the study of MAQ activity in isolated liver
mitoehondria.'

Francis(97,98) extended this technique histochemicelly
to the distribution study of the enzyme in tissues.

Plaschko(27) found that the tetrazolium method d4id not
parallel the Warburg manometric technique. Fe observed that
acetone powder could still absorb oxygen in the presence of
anines while 2,3,5~triphenyltetrazolivm (TTC) could not be
reduced. This led Blaschko to conclude that a factor(s),
or possibly a second enzyme was necessary for catalysing
tetrazolium reduction in such preparaﬁions.

Lagnado and Sourkes(94) demonstrated that the tetrazolium
technique could serve as an important method for studying
MAO activity in 1solated tissues. These suthors also found



35

that the ierricyanide, methylene blue and 2,6-dichloropheno-
lindopkenocl methods could be employed in the measurements of
MAO activitys They observed that the tetrazolium salts,
(TTC) and neotetrazolium chloride (FTC) could not be reduced
either by washed mitochondria or well-dialysed crude fissue
extracts, In the presence of either purine, NAT, hypo=-
xanthine or incsine as a cofactor, together with a superratant
fraction, the 2bility to reduce TTC and ¥TC was reconstituted,

These authors also found that a heat stable, non-dialy-
sable factor could replace the chemicuzls already mentioned.
Teither the nondlalysable factor nor the chemicals alone could
restore the ability of the washed mitcchondrla for reduveing
tetrazolium; the supernatant fraction was also essential,
Among the substances studied, nicotinamide and ademine strongly
inhibited the cofactor function of VAT, Cyanlde, azide,
atabrine, o-phenanthroline and PCN3 irhibited tetrazolium
reduction,

Tlaschkot's suggestion for the regquirement of additional
factors for reducing tetrazolium was confirmed and extended.

Welssbach gz_gl-(99} reneated Tsgnado and Sourkest
experiment on mitochondria with a different tetrazolium salt.
These aﬁtﬁbrs postulated that aldshyde was the pogsible
reductant of tetrazolium. The cofactcrs of lLagnado and
Sourkes(94) were not required in the systems with INT as
the dye. | | _ |

The results of other workers in recent years in other
erzyme systems have shown that different tetrazolivm salts

accept electrons at different places in the respiratory
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chain (100-103).

Since the experimental work of this thesis largely
involved the use of tetrazolium salts as final electron
acceptor of the amine oxidase system of glinea pig liver,
it may be of some interest to preseni the reader with a
brief review of tetrazolium salts, with particular reference
to their spplication in enzymology to oxidoreductase systems,

B: Some properties of tetrazolium salts,

Tetrazolium salts (TTZs) are quarternary ammonium salts
with a carbon skeleton and four nitrogen atoms, one of which
is quarternary, thus conferring saltlike properties on the
product.

All tetrazoles are synthesised from the parent compound,

formazan, with the general formulag- {
R,-N 1 “ - R, The nature of the substituents
N N R1s» Bpy Ry varies from salt to
N/ ! salt, but all the common salts
R, are substituted in all the

three positions by phenyl groups.
Tetrazoles are colourless or weakly coloured, water-
soluble salts which are readily reduced to intensely coloured

water - insoluble and non-autoxidisable formazana, as shown

for TIC(104). T | .
Colle ~N—N —C s -’ R=CoMs
e/ e
l \
GHF Cé“:
243,5=triphenyl tetrazolium TTC formazan
chloride (TTC) pale yellow red

Formazans are scluble in organic solvents and each has
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its characteristic absorption maxima at which it can be con-
veniently measured spectrophotometrically.

C: The enzymic reduction of tetrazoliuvm salts,

Kuhn and Jerchel(105) were the first to demonstrate
tetrazolium reduction in organisms (bacteria and germinating
seeds), Since then TTZ'e have been widely used in solving
biological problems especlally in enzymology.

Perhaps of the enzyme systeme most extensively studied,
those‘involving the pathways of tetrazolium reduction by
succinate, . and by the reduced nicotinamide nucleotides have
received the greatest attention(100-103,105~112), Thus Prodie
and CGots(105) showed that the reduction of TTC by yeast
alcohol dehydrogenase, a flavoprotein diaphorase, caused a
simultaneous oxidation of NATH,

Kun(107) demonstrateq that the amino acid oxidases could
catalyse the same reaction. The glycolytic enzymes, how-
ever, required mitochondria for catalysing the reaction.

Shelton and Schneider(108) showed that purified xanthine
oxidase, and NATH/cytochrome ¢ reductase of bacterial origin
were able to reduce TTC and NTC with a concomitent oxidation
of FWATH.

Brodie and Cots(1l09) found that purified crystalline
rabblt muscle alcohol dehydrogenase, yeast alcchol dehydro-
genase and glyceraldehyde dehydrogenase from Fscherichia coli

were capable of reducing NAD at 340mu , but incapable of
reducing TTC and NTC, These enzymes lacked the flavo-
protein diaphosase system., These authors, therefore,

extracted a flavoprotein enzyme from F. co0li and destroyed
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- its dehydrogenagse activity by sonication, In the presence
of this bacterial enzyme, rapid reduction of TTZs by NATH
could be followed, By prolonged dialysis of the extract ag-
ainst dilute ¥CIL and 2cid potassium phosphate, the flavin
component was separated from the apoenzyme. This apoenzyme
lost its power to reduce NTC in the presence of NAIH, FTecon=-
gtitution of PAD reactivated the system 60 per cent but
neither FAD nor FADH aloﬁe, nor both together, could result
in TT% reduction. Theyfalso showed that the rate of NTC
reduction was proportional to FAD concentration. These
observations showed convincingly that the enzymatio reduc-
tion of the tetrazoles by reduced nicotinamide nucleotides
required a flavin-linked diaphorace system~.

These diaphorase systems have been sghown %to include the
dicoumarol»seﬁsitive, menadione-~-NAD(P)H oxidoreductases
(ECe146,5.2)(110) and lipoamide dehydrogenase (T.C.l.6.4.3)
(111). | '

D: Sites of interaction of tetrazolium salts with the rese

piratory chaine.

That the mechanism of enzymic reduction of tetrazoles
is a complex reaction has dbeen atressed in recent years by
several authors(100-103,110,111). Thus Nachlas et 21.(1C0),
Lester and Smith(101), Slater(102), Slater et al.(103), Vesco
Cuiditta(110) and Guiditta and Strecker(11ll) have shown that
a nunber of factors may determine the point of reduetion of
a single tetraiole by en enzyme preparation.

Slater(102) and Slater et 8l.,(103) have shown that the
point of reduction of FTC by rat liver homogenates may vary
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depending on whether oxygen was present or absent (zercbic
and anaerobic conditions); on the tissue concentration -
dilution effect of cofactors, the presence or absence of
" added quinones, eg. vitamin K3 (menadione), the presence or
the absence of added cytochromes when succinate was the sube-
strate. Slater(102) found that under aseroblc conditions,
about 90 per cent of NTC reduction by liver homogenates in
the presence of succinate, cccurred at the level of cytochrome
¢ through an unknown factor, and 10 per cent was reduced at
or near the level of ubiquinone. Under anaeroble conditions
(by carrying out the experiment in Thunberg tubes), he found
that the proportion of the two sites waz changed, NTC re-
duetion was about 50 per cent at each side. Slater also ob=
gerved that the rate of NTC reduction by rat tissue homogenates
with suvecinate as the substrate was not proportional to the
amount of tlssue added. This was contrary to what was found
with beef heart muselé preparations. ¥hen external electron
carriers such ag phenazine methosulphate and menadione were
added in the presence of ascorbic acid (vitamin C), the rate
of NTC reduction was proportional to the tissue concentration,
However, the point of NTC reduction shifted from the level
near or at cytochrome C, where it was antimycin A sensitive,
to a level insensitive to antimyein A, Cyanide and azide had
no affect on the system.

In the presence of ubiquione, the succinate~-NTC reductase
reaction was proportional to the tissue concentration. Thie
would mean that enother pathway was in operation.

Vhile KFTC couples at two points on the respiratory chain,
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ags stated, TTC was shown to couple at only one point, i.e, at
the cytochrome oxidase level,

Similarly, 2,2'=«di-p-nitrophenyl-5,5'~diphenyl-3,3*
(3,3'~dimethoxy~4,4'~biphenylene) ditetrazolium chloride
(nitro blue tetrazolium or WET) was shown by Slater et 21,(103)
with the succinate electron transport chain at one point only,
that is at the ubiquinbne level. Two other tetrazoles, INT
and Wred,5-dimethylthiazole2-y1l-Cl-diphenyltetrazolium
bromide (MTT) interacted with the chain at two points, i.e. at
the level of cytochrome C and at'or near ubiquinone level,

So far, none of the tetrazoliﬁm salts tested has been
shown to react directly with soludble succinate dehydrogenase.,
Machlas gﬁ_@l.(lGC) found that in the presence of cytochrome
b, NBT and INT were reduced by the soluble succinate dehydro-
gonase. If phenazine methosulphate wos added to the soluble
succinate dehydrogenase, all the tetrazolium salts tested were
readily reduced, This would mean‘that electrons were trans-
ferred by the primary dehydrogenase - a flavofprotein, toc
tetrazolium salts through phenazine methosulphate &s an
intermediate electron carrier.

¥hile RTC couples with the succinate respiratory chain at
two sites as shown by Slater et _al.(103), it has been shown
by Lester and Smith(101) to couple with the electron transport
chain at a region of the NADIU-flavoprotein level in the
presence of WATH-linked substrates. This would mean that
NTC interacts with the electron transport chain of rat liver
preparations at three specific sites which zre suggestively

eimilar to those proposed by Slater(1ll3) and others for oxi-
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dative phosphorylation(114), The fact that tetrazolium
salts have been found by Clark and Greenbaum(115) to inhibit
oxidative phosphorylation in rat liver mitochondria is worth
mentioning. _

So far, it appears no definite prediction could be made
ebout the point of interaction of a tetrazolium salt with
the electrop transport chain on the basis of its site of
interaction with the chain in another enzyme systems Vosco
and Giuditta(ll0) have shown that the pathways of NADH-tetra-
zoliun reductaee_in mitochondria and microsomeg from the
game source may be different depending on the assay conditions.
The tetrazolium reductase system of the microsomal preparation
wes shown to be sensitive to Sl-inhibitors but the mitochondrial
enzyme was unaffected, The microsomal system could also
catalyse HATH cytochrome C reductase reaction and was slightly
antinyecin A~ and amytal-sensitive. In the presence of NWATH,
INT, ERT and MTT were rapidly reduced by the microsomal
system, while NTC and TIC were not. Thaese authors have shown
that lipqaﬁide dehydrogenase, HAiﬁ—ferricyanide reductase and
TAD(P)H menadione reductase may all contribute to tetrazolium
reduction by flavoproteinse.

Similarly, Lester and Smith(1Cl) have shovn that a
nunber of quinones, including ubiquinone end menadione,
¢ytochromesg, long chain fatty alcohols and detergents eg.
triton x - 100, may all be required for tetrazolium reduction
by isolated beef heart muscle mitoghondria which had been
subjected to acetone fractionation in order to selectively

extract lipids from the perparation.
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The sckeme given in Fig. 2 Priefly summarises some of
the points of interaction of tetrazolium salts with the

electron transport chain of mammalian tissues,.
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CITADPTTR TWO

MATFRIALS AND METHOTS

A: MATTTTIATS.

Tyramine and tryptamine were obtained from Xoch ILight
Laboratories Ltd., Colnbrook, Pucks.

5-Hydroxytryptamine (serotonin), isoamylamine and other
amines were bought from Pritish Trug Fouse (P.T.T.).

Tetrazolium salts were purchased from Koch Iight 1td.,
and Sigma Chemicals Itd., ILondon.

1-Isonicotinyl-2~ isopropylhydrazide (marsilid phos-
phate or IIH) was a generous gift from Roche Products Ltd.,
Vanchester Square, London. All other chemiezls were pur-
chased from Sigma Product Itd., Armour Chemicals Inc. and
FeTeH. Itde, and were of the highest quality evailable.

Adult guinea pigs of both sexes were used and they were
obtained from Alderwood, CGeneral Livestock Suppiies, Camden

Town, London.

Bs EXPTRIMENTAY, METHOTS,

The reduction of INT, NAD and oxyeen by soluble and particulate

MAO preparationa from gainéaApig liver.

le Preparation of soluble and particulate monoamine oxidase,

Unless otherwise specified, the following method was
empoyed routinely for preparing soluble MAO.

Adult guinea piges (irrespective of sex) werelkilled by
cervical dislocation. The liver was immediately removed
ané washed in cold tap water and chilled on ice, it wag then

cut into small pieces with a pair of scissors and weighed



45

after removing fat deposits and connective tissues,

Aqueous homogenates were prepared by homogenizing 1
part of tissue with 5 parts cold distilled water in an M.S,.F.
homogenizer at 0-4°C, for 3 minutes with cooling at one
ninute Intervals. Further steps for enzyme extraction were
as follows:i~

Centrifugation: The homogenate was first spun at 20,00Cg

for 20 minutes in a refrigerated M.S.F. "High speed 18%
centrifuge, the residue was discarded, and the supernatant
fluid was further centrifuged at 10C,000g for 2 hours in a
refrigerated M.S5.%. "Superspeed 40" centrifuge. The residue
cbtained was resuspended in C.01M sodiuvm phosphate buffer,

PH T.6 and wag designated PARTICTLATE ("P") ¥AO. |

Ammonium sulnhate (FH,)Q SC;)~prec1pitation.

- The high-speed supernatant was mede 25 per cent with
respect to (NH‘,‘)ZSO4 by the dropwise addition of a saturated
solution of the salt (pH3) at 0-4°C. and with continual
stirring to prevent any local precipitation. After standing
in the co0ld for 30 minutes the solution was centrifuged at
10,C00g for 10 minutes af O-4°C; the precipitate was dis~
carded. The supernétant vas brought to 40 per cent satura-
tion with ammonium sulphate solution. - The final residue
oﬁtainea was aissblved in 0.C1¥ phosphate buffer, pH T.6 and
wag dialysed overnight in the cold against several changes of
the same buffer, The soluble preparation 6btained will bYe
referred to as soluble or 'S' MAQ.

Preparation of the acid fraction from 'St MO,

Part of the 'S* ¥AQ was further fractionzated by acidi-
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fication (at 0-4°C) to pH 5.0 with 0,57 acetic acid., The
residue obtained after spinning the extract for 5 minutes at
10,000g (at C-4°C) was dissolved in 0.05K phosphateﬁbuffer, -
pH 7.6 and was dilalyeed overnight against changes of the
tuffer. The resulting preparation was designated, soluble
acid or S pl% IMAC.

It i3 to be noted that the Sp¥5 NAO could be prepared
from an undialysed S5-ITAO. In fact that was the method fre-~
quently adopted as it saved time,

Any modifications in the preparaticn of enzyme will be
described alongside the experimental results.

2a The enzvmie reduction of tefrazolium aalt (INT) by amines,

It 19 not known with certainty whether tetrazolium salts
accept electrons from the dehydrogenase or ffom some O0ther
component of the monoaﬁine oxidase system (see introduction:
anaerobic reduction of dyes)s The enzymie reduvction of INT
by MAO substrates will, therefore, be referred to as amine-
tetrazolium (INT) reductase activity.

Prineiple:
Substrate (211) + Tetrazolium »substrate (oxid.) + Formazan,

The method is based on the change of colour of tetrazolium
salts from pale coloured or colourless water scluble salts
when in the oxidised state to intensely coloured water insol-
uble and non auto-oxidisable formazans when reduced in enzymie
dehydrogenase reactions where tetrazoliunm salts act as final
electron scceptors(100-112). The formazan produced from
2-{p~-iodophenyl)=3~(p~nitrophenyl -~5-phenyl tetrazolium chloride
(INT) 1s readily soluble in ethyl acetate and absorbs maximally
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at 520 mu in a Hilger bench colorimeter at which wavelength

it can be convenlently measured.

Reagents:
(a) Substrate: 0.1 amine solution in 0,1) sodium

phosphate buffer, pH 7.6

(b) Tetrazolivm salt: 0.00396] INT solution in 0.1M
phosphate buffer, pH 7.6

A1l solutions (a,p) were Xept in the cold in dark bottles.
(¢) Puffer: | O.lﬂfﬂaéﬂ?0¢/NaHéPO4 buffer pH 7.6
7 was used in all assays except when
stated otherwise,

Amine/INT reduectase assay: The standard reaction mixture

contained in 2.0 ml, 20/\1. moles aminey 50 !umoles phosphate
buffer pH 7.65 1.2 Hmoles tetrazolium salt (INT); enzyme
vp to 0.5 ml. Water was added to make a final volume of

2.0 mly water was substituted for amine in substra%e controls.

The ingredients, excluding substrate and dye (INT), were
plpetted into 13 mm.x 100 mm,. fest tubes and preincubated
for 2iminu;§s in a water bath ﬁaintained ;f 37%. The re-
actioﬁ wasmstarted by addipg the dye and then the substrate
(at 37°C) ;n rapid succeséion.

This method served to reduce or abolish endogenous
tetrazolivm reduction which was observed when INT was pre-
incvbated with the enzyme; probably this was due to the
utilization of oxygen and/or endogenous substrates.

The reaction was etopped after incubation for 10 or
15 minutes (depending on the enzyme activity) by adding
3 ml cold neutralised 50 pef cent trichloroacetic acid per
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tube.. 10 ml ethyl acetate was added to each tube to extract
the formazan. The tubes were vigorously shaken and the
ethyl acetate iayer was pipetted off into suitable cuvetties
and the OD was read at 520 mp in a Hilger bench colorimeter.
Iﬁ earlier experiments 50 per cent trichloroacetic acid
(unneutralised) was used insteazad of the neutralised acid.
It was found that the unneutralised acid caused excessive
adsorption of formazan to the enzyme protein thus making
extraction difficult with subsequent inaccurate reading.

Activity nmeasurementas

Activity was expressed in terms of u mbles formazan
(iodoformazan) on the basis of a calibration curve constructed
for iodoformazan. The molar extinction coefficient of the
iocdoformazan obtained by chemically reducing INT with spectro-
photometrically measured amounts of WATH in presence of
phenazonium methosulphate was identical to that of commercially
purchased iodoformazan, both of which gave a molar extinction
coefficient of 13300 in ethyl acetates. On the basis of the
calibration curve (fige 3) it was found that the 0I/520 mM
for C.5 r4mole formazan in 10 ml ethyl acetate was 0,650,

The molar extinction coefficient for some stocks of INT
purchased from Koch-Tight Ltd., was 6320 when chemically
raduced. However, when ldentical guantities of the INT were
reduced enzymically in sn amine INT reductase reaction, the
0D at 520 np was identical to that obtained for the same
quantity of INT from Sigma Chemical which gave a molar ex—
tinetion coefficient of 13300.

The lower extinction coefficient of the former INT wasg
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probably due to impuritiese.

A1l the results reported in this thesis in terms of u
meles formazan were, therefore, based on the molar extinction
coefficient of the Sigma type lodoformazan since it was found

t0 be in agreement with what was obtained by other authors{lln).
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FIG. 3. TVT CATLITRATION CTMVE FrR

JCTCTCRITAZ AT,

The calibration curve was éonstmcted by dissolving
accurately weighed amount of commercially purchased lodo-
formazan in 100 ml ethyl acetate. The stock solution was
then diluted with the solvent and the wvariocus concentrations

were measured at 520 mM as indicated in the figure.
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3. Activity measurement by substrate disannearance method.

Principle: The oxidation of kynuramine by MAO can Ye con-
veniently assayed measuring the decrease in absorption at
360 mp\ due to kynuramine disappearance(116}, The fall
in optical deunsity is directly proportional to the enzyme
activity and is independent of aldehyde oxidase and other
enzymes wh;§h may be present(116). Traces of diamine oxidase
may interfere, as TAO also oxidises kynuranine though of
about a tenth of rate of ¥A0{116).

Teagentss 0.00307TM kynuramine dihydrogen bromide in 0,1M
sodium phosphate buffer, pH 7.6 kept in the cold in a dark
bottle

0.25M sodium pyrophosphate buffer, pH 8.8

Peaction mixtures and procedure: The following ingredients

were pipetted into quartz glass ?ells of 1 em light path
containing a final volume of 3,0 mli~ 0.6 pmoles kynuramine;
125 Nmoles pyrophospﬁate buffer, pH 8.8; enzyme up to 0.2
ml and water to make up the final volume. Vater was sub=
stituted for the substrate in blanks. After 5 minutes of
preincubation in a Peckman mo8el IE spectrophotometer (c.30°C),
the reaction was started by adding the subgtrate and'readings
were taken every 2 minutes for 20 mi;utes.

The enzyme activity was expressed in terms of the 0D

change at 360 mM per 100 mg protein/nr. in excess of the

© 0D change due to endogenous enzyme activity.
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4 Weasurement of A0 hv exveen untake,

e Tarbure manometrie technione,

Princinle:
, }MAO
RCH, sNH+0,+H 0 <= RCHO+NH,+H,0, (1)
catalage
1,0, —> % 0,%1,0 (2)
+*s RCHp.RHy+§ 0, —>RCHO+H, (3)

overall egn,

The manometric methed is tased on the stimulation of
oxycen consumptlion by tissues in the presence of anine sub-
strates(1,15,16)s The reaction is catalysed by IMAC as
shown in equation (1). One molecule of oxygen is absorbed
per molecule of substrate metabolised with the concurrent
formation of ammonia, aldehyde and hydrogen peroxide in
stoichiometric amounts (eqn 1) The hydrogen peroxide 1s
destroyed by catalase present in the reaction medium (eqn 2},
thus contrivuting half a molecule or an atom of oxygen per
molecule of substrate oxidised, In the presence of catalase,
therefore, the overall reaction is as shown in equation (3},
which ig the sum of the first two equationse. A

The zldehyde intermediate can be trapped by adding
gsemicarbazide to the reaction mixture to prevent further
oxygen uptake due to the oxidafion of the aldehyde to the
corresponding acid(15,16).

Activity meagurements.

A0 activity was expressed as mw moles of oxygen consumed
per hour/100 mg protein in excess of the endogenous respiration.

Unless otherwise stated, the values were basged on the results
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of the first 30 minutes of incubation, when oxygen uptake was
linear as a function of time,

Reaction mixtures,

The enzyme preparation (1.0 - 1.5 ml) wag pipetted into
the main ﬁell of the Varburg flasks containing the following
ingredientst-

In main well:s 50 ymoles Na,MPO,/VaM2ro, buffer pH 7.6
In side arm: 20 pmolea substrate (neutralised), or water
In control mixtures. .

centre wells 0.1 ml 40 per cent XCH and filter paper.

Water was added to the main well as required to make a
final volume of 2.5 nml,

Semicarbazide (neutralised) at 0.C16¥ (final conc™) was
added In meost cases to trap the aldehyde intermediate,

The gas phas; waé air,. |
Procedures

Stoppered flasks were attached to their manometers and
inoubated at 37°C in Warburg water bath. After 5 minutes
preincubation the taps were closed and two or three readings
were taken in rapid succession to check whether the temperaw
ture equilibration was edequate and whether the apparatvs was
alrtight.

The reaction was stasrted by tipping the substrates
from the gide srm into the main well ("zerotime"), Readings
were taken every 5 or 10 rminutes depending on the enzyme
activity, for at least an hour,

5« Proteln estimation.

This was done by the method of ILowry et 2l.(118),
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i
A, 2 per cent sodiwa carbonate in Q.17 TaCH {
|
§

B. 0.5 per cent copper sulphate in 1 per cent sodium citrate.&i
Ce 1 ml reagent B mixed with 50 ml of reagent A. RN
T. Folin-Ciocalteu reagent diluted HO 2.3 with ﬁater, giving
a solution 1IN in acide Teagents C and D were pre-
pared daily and discarded after use,
Tethods
0«8 ml of the sample containing 10-1C0 uge protein was
mixed with 4 wl. of reagent C at room temperéture and wasg
gllowed to stand fcr 10 minutes. Q.4 m;; of reagent D was
rapidly added with shaking and thofough~mixing. The colour
developed was read after 30 minutes in the Iilger bench colori-
meter at 700 mﬁ;

A standard'crystalline bovine serum albunin was sinul-

taneously run with each protein determination.
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CHAPTTR THRTE

RESULTS

Tnless otherwise specified, guinea pig 1iver tissue
was used throughout this thegis. Any change in tissue will

be indicate& alongside the experimental resulise.

THT RITUCTION OF TETRAZOLITH SATT (INT), NAD AND ﬁOLFCHLNR

OXYGTN RY SOTUPLE (S AND S—pH5) AND PARTICTULATE (P) MOWO-

AMINE OFIDASRE PREPARATIONS FROM CTTINTA TIG LIVTR.

SUGTTCN T

Ae The énzvmic reduction of tetrazolium salts by amines.

1. Soluble preparations: (S. Mi0) etc.

The result for amine/INT reduetase activity of S-lA0
is presénted in table IX.

It can be seen that all the substrates reduced INT
enzymically, though to varying degrees. Tryptamine was the
best substrate for the system and enzyme activity towards it
was more than fourfold that seen for isocamylamine, benzylamine,

~phenylethylamine and tyramine.

Since Lagnédo and Sourkes(79,72) l.d already shown that
amiﬁe/tatrazolium reductase activity of ret tissues, using
neotetrazolium chloridé (F1IC) as acceptor could be stimulated
by NAD andlctherAcofactors ineluding hypoxanthine, the effects
of theae‘cofactors on the'amine/INT reductage system of the
S5-MAQ was investigated. If was found that apart from NAD,
which was efféctive, none of the other cofactors was stimu-
latory. (NAD (0.15 ml final cone™) consistently caused
a 5~10 fold stimulation of the enzymic INT reduction by
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TARLT IX,  WAD STIITTArIcN - (CF INT RETTCTICN TV SOTIMIT

%40 (S-MA0) IN THT PREATNCE CF AMINES OR ACTTATTTITYTYT,

Substrate Additive Final Mk moles | [ moles “u .
o » molar formazan/ | - extra" : 7
conc, 100 mg .~ | formazan/ Stimulation
() prouein/hr. -, 100 mg protein/hr,
1 Water C - - 4 1.87 | - ‘ -
{blank) WAD . 1.5x10- 3.46 1.59 85
2, Isoamylamine - -4 6.33 S 4.51 -
’ NAD 1.5x10 ‘5045 ’ 47.04 : 940
3. DBenzylamine - -4 4,37 2,50 -
NAD 1.5x10 Te2 : 3.74 50
4., Phenylethylamine - » 5,27 : 3.4 -
. KAD 1.5x10 ‘13,00 R R 9.54 181
5. Serotonin - -4 10.60 S 8.3 -
TAD 1.5x1C 24.00 : 20454 135
6. Tyromine - ' - T7.23 k = 5¢36 ‘ -
o NAD 1,5x107* 27.9 S Y P R !
Te  Tryptomine : - -4 >25.87 : . 24,00 -
NAD  1.5x10 27.86. o 244 2
8+ Acetaldechyde : - - -4 10,3 L 8443 -
NADP 1.5]{10_4 1043 : 8043 -
mAD - 1.5%10 23.0 : 24,54 191

Leéends The etandard reaction mixture contained in a final volune of 2.0 mls ~ 20 Hmolea amine eubstrate
(p¥ 7. 5), 50 Nmoles sodium phosphate ‘buffer (pH 7.6); 1.2 |Amoled INT; enzyme up to 0.5 ml. (about 4 mg protein),
Water was added to make up the volu.me. Water was substituted for! veuhstrate in blanks, Incubation was for 10
minutes. ' ‘ ‘ ”
Further de’cails are glven under "Methods",
) = 0,05 per cent (final concn) of acetaldehyde was used in this |e¥periment,
"Ixtra" formazan was that in excess of the endogenoug enzyme 5510-151\'1‘637- (1.e. no substrate), except in

the case of (l) where it refers to the effect of NAD on endogenovs tetrazolium reduction.
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iééamylamine and tyramine and about 2-3 fold of that by
phenylethylamine and serotonin but it had no significant

effect with tryptamine as substrate, NAIP was:not a cofactor.
in this system. This was in sgreement with the fiﬁ&ings of
Lagnado and Sourkes who observed that NATP had ﬁo effect on
their systene | |

TAT hlso caused a slight stimulation of the endogenous
engymi¢ activity (85 per cent) but this effect was increased
withllonger incubation. mis endogenous enzyme activity was
either abolished or very greatly reduced in other experiments
by longer preincubation with the ingredients in the sbsence
of INT in which case probably the endogenocus substrates were
inactivated towards INT reduction by being oxidised by such
aerobic preincubation in the absence of INT. If the pre-
incubation step was omitted by adding INT and enzyme simul-
taneously, the endogenous enzyme &ctivity could be so great
as to mask the effect of amines, especially if NAD was present.

Nicotinamide and adenine were found by Lagnado and Sourkes
to strongly inhibit the cofactor functions of KAD in the
amine/NTC reductase system of rat tissues, were not inhibitory
in our sysfem. | In fact, nicotinamide was routinely used
in the amine/INT reductase system of S-liA0 of guinea pig liver
to protect NAD from breaking down . This may reflect differ-
end properties between the rat and guinea plg enzymes. However,
éince I have confirmed with the guinea pig enzyme that dialysis |
abolishes NTC re&ucfaae activity(94), which could be restored
by added pufines, it is very probable that the differences may
be due to the fact that the tetrazolium salts, INT and NTC,
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accept electrons at different places in the amine/tetrazoliunm
reductase electron transport system. A paxallel obgservation
has been éémonstrate& for the succinate/tetrazolium reductase
systems b§'51ater and others(100,103).

Succinic dehydrogenase activity was not detected in the
S-IfAC preparation. SuthS—MAO preparationg, however, contained
~active aldehyde dehydrogenase activity which was about twofold
stimulated by NAD in the INT reductase assay when acetaldenyde
was the subsatrate.

2e Pzrticulate preparations.

Table X shows a typlcal result when the amine/INT re-
ductase activity was assayed for the particulate system.

In the particulate system also, tryptanine was the best
substrate for demonstrating enzymic tetrazolium reduction and
was about 77 fold as efficient as isoamylamine.

“hen the NAD effects on the two amines to reduce INT
enzynically in the system are compared, 1t will be seen that
while FAD strongly stimulated enzymic IET reduction by iso-
anylanine that‘by tryptanine was slightly inhibited, This
apparent inhibition of INT reduction when tryptamine was sub-
strate was in fact due to the stimulation of endogenous INT
reduction by AT, Thus, though tryptamine reduced IN
enzymically to the same extent in the presence and ahéence
of UAD (see table X Toe 5), when the endogenous value was
Geducted a smaller value was ottained for tryptamine., Again
if the data of tables IX and X are compared 1t will bé seen
that though there was NAD stimulation of the endogenous enzyme

activity in both the S and P systems, NAD stimulated enzymic
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INT reduction by tryptamine to such an extent, that the deduction
of the endogenocus value did not show inhibition of the enzymice
aetivity for thie substrate. In faet, thovgh MNAD 4id not
appear to etimulate INT reduction by tryptamine in any of the
enzyme systems being deseribed, YAD was found éé stimulate
the enzﬁme gctivity in the initial stages by abolishing}a
lag phasgse of a minute or two which was consistently seen in
almost all experiments involving tetrazoliuvm refuction.

Table ¥ indicates that generally the pathway for INT
reduction by trystamine was different from that of all the
other amines which were found to be aided to é certain extent

in all cases.



TARLY™ X,

THT TRFECTS OF MAT 0Y

THM RfﬁﬂCTIﬁN?%AHTICHﬁATP(g)

WAC PRTPARATION TN TR PROGTNMCT OF WOWOAMTII™S,

1.

2

3

4

5e

Added
Sube
gtrate

None

Iscamyl=-

amine

Tyremine

Serotonin

Trypt-
amine

Additive

HZD
NXD
NXD
NAD

TATD

Final
molar

(2)

CONeC o

1.5x10~4
1.5x10™4
1,5x10™4
1-.‘5}{10"'4

1.5x10"4

" J* moles

formazan/

100 mg

protein/

hr,.

11.1
16.2

13.3
32.2

21.5
42.7

4645
52.8

155.0
155.0

K moles
textral

formazan/

10C m
protein
hx PY

’ Y
stimu=
lation

# negative sign before a number shows inhibition.,

~Legend: The particulate preparation used was the residue ob=

tained by centrifuging the first supernatant at 100,00Cg for

2 hourse.

overnight agsinst the buffer.

All other conditions are as in table I¥,.

It was resuspended in phosphate huffer and dialysed
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3. The effects of prolonged centrifugation of the S MAQ

on NAD stimulation of emine/INT reduetase activity. — *

The first two results just Gescribed suggested that . Ly
tryptamine oxidation by the two enzyme systems might operate $
through a different pathway from that of the other emines |
tested, Attenpts were therefore made to dissect this out
physically, As i1t had been reported by Seiden and Vestley
(95) and Gorkin(33) that part of the MAO present in sucrose
nitochondria from rat tissues (brain and liver) could te
released in a soluble form which does not sediment after
centrifugation at 1€0,000g for an hour, it was decided to
increase the time of centrifugation at 100,000g for more than
'three hours. This prolonged centrifugation at 100,000g was
| intended for removing any lysed mitochondrial or microsomal
particles which might be present in the S-MAO. After such
treatment, the different fractions (supernatanf end redipg-
solved residue in 0.0l phosphate buffer pH 7.6) were assayed
for amine/INT reductase activity. The result obtained by
_centrifugation at 100,000g for 3 hours is shown in table XI.

A much higher stimulation of INT reductase activity by
YAD was observed. Ieoamylamine oxidation in the supernatant
was found to be abeolutely dependent on added FAD while that
of tyramine was 8390 per cent stimulated. TUmexpectedly, 2
twofold etimulation of INT reduction in the presence of
tryptamine as substrate was observed when NAD was incorporated
with the system (supernatant fraction). The effect of NAD
on serotonin oxldation was the same in the supernatant as

seen for the whole enzyme (unspun) system, about 80 per cent
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stimulation in both cases.

INT reduction by the re-dissolved residue was not
greatly affected by WAD when it was assayed with the mono-
amines though a 9 per cent inhibition of the reaction by NAD
was observed when tryptanine was the substrate. Such redis-
solved residues, however, showed actlve tetrazolium reduction
with the substrates (on bases of specific activity). The
enzyme activity (epecific activity) was about fourfold for
'Ehe first three substrates (see table XI) and about twice
for tryptamine over that for the whole enzyme (unspun),

The endogenous enzyme activity was negligidle for both
fractions derived from the unspun enzyme showing that the
variations in NAD effect on the two systems had nothing to
do with the endogenous enzyme activities,

%ith longer centrifugation time at 100,0C0g (i.e. be-
tween 6 and 9 hours), all the substrates tested became
definitely dependent on NAD to reduce INT enzymically.

In the case of tryptamine as the substrate, in the absence

of NWAD there was a lag phase for at least 8 minutes when the
ingredients including INT were incubated at 37°C. Iscanyl-
amine and tyramine did not give any visually detectable INT
reduction by the supernatant when all the ingredients were
incubated at 37°C for an hour in the absence of FAD., However,
even at room temperature the presence of 1,5:{1()"6 M (final
concn) of NAD in the reaction mixture resulted in visible
tetrazolium reduction by all the substrates testeds TFAD
stimulated reduction of INT by tryptamine was not further in
the supernatant fraction by further high speed centrifugation
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1000,000g for 6 or 9 hours though the lag phase was either
abolished or greatly reduced by NAD.
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S=AQ APTTR SPIFNTNG TUT TUZYHT AT 100,000z

Fracticn

Vhele
enzyme
{unspun)

Supere
natant

. Redig=-
solved
residue

1.

2e
3.

4o

1.
2,
3.

4

1.

2,
3.

4.

TOR_3 MOTRS,

Subétrate

Isoanyle
anine

Tyramnine

Serotonin

Trypt=
amine

Isoamyle
amine
Tyranine

Serotonin

Trypt=
anine

Isocmyle
amine

Tyramine

Serotonin

Trypt=-
anine

Additive

NAD
HAD
TAD
WAD
RAD

FAD

NAD
HAD

HAD

Final

nolar

conch
()

1.5x10™4

1.5x10~4
1.5x10™4

1.5x10~4

1.5x104

1.5x10~4
1.5x10™4

1.5x10~4

1,5x10~4

1.5x10~4

1.5x10~4

1.5x10~4

JI moles
formazen
per lCOmg
protein/hr.

4450
27.02

6.8
27.4

10.0
18,0

13.5

13.4
0.00
3,00

0.225
19,10

1.70
3.09

242
Te3

4,01
8.1

5.0
1C.2

8.1
8451

15,0
13.7

.

stimile-

ation

500

300

80

8390

82

232
102

104

5

-0 »x

® Yot possilble to determine the NAD stimulation because of zero
CD for the control.

*x Inhitition by KAD,
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4, The effects of VAD concentration oh amine/INT reductace
acetivity of S-MAQ,

- FAD effects on enzymic IN& reduetion by emines was
investigated further by determining the concentration of it
neceséary for cofactor activity in the systenm. Since
isoanylamine showed the greatest requirement of KAD in the
anine/INT reductase systems already describeé, it was chosen
a8 thé ideal substrafe for the investigation.

It was found that the stimulation of enzymiec INT reduction
by isbamylamine in pfesence of added NAD was proportional to
the amount of NAD added, as shown in Fig, 4., It will be
observed that the veloelty/NAD concentration curve appeared
to follow the general types of curves obtalned for systems
coverned by Michaelis-Menten equation, When the initial
velocity of the reacfioh was plotted as a function of WAD
concentration, the X, was found to be 2%10™7M, 'Eeciprocal
plots of ﬁ%ﬁ /'%vgave en intercept on the 3%5 axig from which
the apparent K, was found to be 2x107°MN,

The NAD concentration plots showed that'added NAD very
quiekiy saturated the amine/INT system of S~MAO and caused

no further stimulation of the reaction.



FIG. 4. TS TEETCTS OF WAD CONCTTTRATTON

O _INT RTTIeTYICY DY ISOAMYTATINT TN TR

PRTSTIOT O S.MA0,

The reaction mixture comprised 20 rcmoles isoamylamine

(neutralised); 50 pmoles sodivm phosphate buffer, pH 7.63

1.2 Fmoles tetrazolium salt (INT); 0.5 ml S,MAO0 (about 4 mg

protein); NAD concentrations were as indicaféd in the graph.

Water was added to make a final volume of 2,0 ml, Water

replaced the substrate or NAD in controls.

- o & - “s:——uj—?;
Reciprocal of NAD conc™ CRRE =10
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B Tnzyniec WAD redunetion bv amines,

Since it.is not known for certain whether the NAD
reduction by the system is due to the éminea theﬁéelves or
by an unknown product, though others have claimed that it is
the aldehyde intermediste which reduced WAT(35), MAO activity
ag measured by this method will be simply referred to as
"Amine/NAD reductase" activity for convenienée.

In view of the WAD stimulation of enzymic INT reduction
by amines already desc¢ribed in this‘thesis, attempfs were made
to assay the enzyme activity spectrophotomefrically at 340 m
using NAD as electron acceptor., The following reaction
nixture was employedi~

A total volume of 3.0 ml In 1 cm quartz cells contalined
6.7r4m01es amine substrate (neutralised); 4 pgoles/hl.
nicotinamide; 1.06 ﬁmoles NAD; 83.67funoles NaZHP04/ﬁaH2PO4
vuffer, (pH 8.2); enzyme, 0,25-0,5 ml (about 4 mg protein in
most experiments); water was added as required to make up
the final volume. Water replaced the substrate in controls.
The reaction mixture was preincubated for 10 minutes at about
30,C in the Beckman model TP speectrophotometer. The reaction
wag started by adding the substrate.

l. Solvble MAO prevaration,

It was found that NAD reduction could not be followed
at 340 mﬁ because of the oxidation of the reduced NAD by the
tissue preparation. Indeed, it was observed that after en
initial increase in absorbance of about 0,150~0,250 0D per
minute with isocamylanine, for example, as substrate, there was

an equally rapid fall of the CD to zero. This confirmed the
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findings of Weissbach et 81.(35) who could not assay the
enzyme activity at 34C mw with a similar preparation.

. Attenpts were therefore made to stop the NATH oxidation
by the tissue by incorporating (in final concentrations)
elther 2pg/ml of antimycin A or 3.3x10731 sodiun amytal, |
known potent inhibitors of the respiratory chain(122) in
the reaction mixture,

These inhlbitors, however, were ineffective in stop-
ping the oxidation of TATH., This would, therefore, suggest
that the mitochondrial NATH oxidases were absent from the
system of the S-MAC.

Another factor which could also account for oxidation
of NADH was the pH of assay (8.2)., KNATH is known to be
more stable at high (alkaline) than low (acid) pH. Sodium
pyrophosphate buffer (pH 8.3) was chosen instead of the
sodium phosphate buffer stated above. Though a higher pH
would be certainly more favourable than the chosen pH 3.8,
at this pH there was no oxidation of WADH, ~ The result of
a typical assay is presented in table XII., This would
suggest, therefore, that the oxidation of reduced NAD by the
former system was c‘(lxﬁ ‘Emos zﬁirgq}?l}li’briwn of the réaction &
FAD + ~>NWATH + H' (relatively acid pl 8.2 as compared to
pH 8.8.

At acid pH the excess " pushes the reaction towards
YAD" while at alkaline pH the equilibrium shifts towards
NATH + 17



TAPTT XIT,  FAD RTTUCTION TY €-17A0

INM PRUSTECT O MOMOAMTINIS .

AT pit 2,8 IN a0TTT PYROPHOSPHATR PITFRTR,

TXDo Substrate ] moles NADH/1CO mg protein/hr.
1 | Benzylamine ~ 8.16

2 Isoamylamine 29 .40

3 Tyromine 23440

4 Serotonin 23,10

5

Tryptemine ‘ 21.8

Iegend: 1In a final volume of 3.0 nl contained in 1 em light
path quartz glass cells were the following (in f;pal conecen~
trations)i= 6.7 o moles amine(neutralised; 4 p,moles nicoting~
mide/ﬁl; 1.06 R moles NAD; 150}u moles sodium pyrophosphate
buffer, (pH 8.8); enzyme: 0.25 ml (4 mg protein); water was
added as rejguired to make up the final volume. Water replaced
the substrate in controls. After 10 minutes preincubation

in the spectrophotometer, the reaction was started by adding

the substrate. Readings were taken every minute for 30

b



70

2. Acid fraction of S5-MAO (i.e. S-pH% MAQ)

The results reported for the S-MAO were different from
those obtained for the acid fraction derived from it (for
preparation see the Methods section,

This S-pH5 MAO caused little oxidation of FATH at pH 8.2
(Nagﬂjpoa,/mng\\/maf buffer) at which pH the enzyme activity
was therefore assayed in order to compare the results with
those obtained for a eimilar preparation by Weissbach et al.
(35). Table XIII (below) compares the results obtained in
this’thesis with those for a similar prepasration by Weissbach
et al, The results of these euthors were expressed as per-
centages, based on serotonin destruction as measured at
340 mja in the presence of added NAD.

It will be seen that tyramine was the best substrate for
NAD reduction enzymically according to the authors. Accord-
ing to them tyramine oxidation by soluble (acid fraction)
from guinea plg liver extracts was'BO fold higher than that
of P-phenylethylamineg Isoamylamine was not tested (figures
in brackets).

Tata by the present author show that p-phenylethylamine,
and not tyremine, was the best substrate for the S-pH5 MAO
in the amine/NAD reductase system; followed by iscamylemine;
tyramine was the third best substrate, In fact, with some
preparations, the rate of oxidation of P-phenylethylamine
was twice that of tyremine (see table XIII). The authors
algso claimed that excess aldehyde dehydrogenase was required
for full enzyme activity (for serotonin). This eclaim, how=-
ever, could not be confirmed by the present authorAin his

experiments, These dliscrepancies might te prodably either



TAPL™ YITT. WAT BTTICTION BY Qanlil§ a0

I1T_ T PRTRIYCT OF MONOAMTIN TS

“Rxp. Substrate inmolesf:fNArﬂ/lco rg protein/hr,
1 Isoanmylamine 32,5
2 [~Fhenylethylenine 33.1 (6) =
3 Tyramine 16.2 (180)
4 Serotonin 1c.0 (100)
5 Tryptemine 9.27 (93)

a = Tata in brackets represent values obtained by Velssbach

et ale(ref, 35) for a eimilar enzyme preparation from the sane
gource. Fesults obtained by these aunthors were expreesed as
percentage activities relative to serotornin oxidation, taken

a3 100 per cent.
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due to strain differences or to the differences in centri-
fugation speeds during enzyme extraction,

A comparison of the results of the amine/ND reductase
‘system (tables XIT an& XIII) with those of the amine/INT
reductase system (tables IX-XI) will show that apért from

ﬂ-phenylethylamine, those substrates which were most gensi-
tive to NAD stimulation in the amine/INT reductase system
were also the best substrates for the amine/NAD reductase
pystem of guinea pig liver soluble MAO extracts.

3. Iitochondrial suspensiong (substrate)..

_ An attempt was made to study the enzyme activity in
mitochondrial guspensions in relation with thelr abillity to
reduce NAD enzymically as compared with the enzyme activity
in the soluble systems.,

Mitochondria were prepared according to the method
described by Fogeboom(11l9) but with slight meodifications in
centrifugation speeds as followst-

A 10 per cent adult guinea pig liver homogenate in 0.25 I
sucrose wag prepared by homogenizing 1 part tissue with 9
parts 0.25 I svecrose in a Potter-Tlvehjem homogenizer for 2
minutes at 0+4°C, with cooling at 30 second intervals,
;A}i!subsequeﬁ%7é$eps were also carried out at 0-4°C.  The
nuciéar fraction was isolated by centrifugation at 2,000 g
for 10 minutes and was discarded. The supernatant was then
centrifuged at 10,000 g for 10 minutes. The mitochondrial
pellet obtained was resuspended in 1C ml Q.25 sucrose and
was respun at 10,000 g for 10 minutes. This preparation

should be asgumed to be contaminated with microsomes,
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The reaction mixture was as already described.

There was a comparatively rapid enzymle reduction of
NAD with a eimilar rapid oxidation of NADI by the system in
the presence of tyramine. This gave rise to fluctuations in
apparent NAD reduction with time.

Ty incorporating either %ﬁgﬂml entimyein A or 3.3x1073
M emytal (final concentrations) in the reaction mixture,
it was nevertheless possible to follow enzymic FAD reduction
by tyramine for 15 minutes only., After that time the CD
gradually declined (see fig. 5R). This was especially
noticeable when amytal was the inhibitor, Antimycin A is
known to be a more potent inhibitor of NADH oxidation by
tissue than anytal(122). Vhether the decrease in absorbance
wag caused by mitochondrial breakdown or nct was not investi-
gated; It could be possible however, that NADH was oxidised
by NATH-cytochrome C reductase type of reaction., Tig. 5w
ghows NWATH oxidation by mitochondrial suspensions in the
presence and absence of respiratory chain inhibitors.

Generally it was observed that the rate of amine/NAD
reductase reaction in the soluble NAO systems was féster
than in the mitochondrial eystem. This was contrary to
what was expected since MAO is lmown to be mainly mitochon-

drial in distridution(32-42).
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FIG. 5h'. TYRATTINT/TAT RETTEM ST ACTIVITY OF

STCIOT VINOCTONINT AT SYTRINOICNS TE SATITH

TUCSET LT TYTTTTN, pil 7.6,

The complete reaction mixture of 3.0 ml contained 6.7
umoles tyrzmine hydrochleride (neutralised)s 83.67/«m01es
sodivm pyrophosphate buffer/ml, pH 8.8% l.Céﬁmoles TAT;

4 /Vmeles/ml nicotincmidel C.5 ml enzyme; antimycin A or
anytal was present in the same strength as indicated in $B14.

“here gemiecarbazide was present (eee Eh.:iv), it was in a .

final concentration of 13.3::10"33-:?.
Vater was adlled as required to make up the final wvolure,

It replaced the svbatrate in blanks,

i mo semicarbagide
w + Sewmicarbayide
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i
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FIG. ‘56’.

NADH oxidation by guinea-pig liver sucrose mitochon-
drial suspensions in phosphate buffer,. PH T.6. The reaction
nixture contained in 3,0 ml:O.S/‘mole NATH; 0.5 ml enzyme
(about 4 mg protein); 83.6%1:10195 sodivm phosphate buffer
pH 8,2, VWater was added as required to make a final volume
of 3.0ml, Water replaced NATI in cgmtrols. At the arrow,
elther antimycin A (2 f«g/ml) or sodium amytal 3.3x10*'315
(final cone™) was added (%U%e ii1).
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C. Comparison of substrate epecificities in the amine/IHT

reductase and amine/NAD reductnee syvetems of S-plS MO,

The acid fraction derived from the S-Mao was found to
be more active in reducing INT in presence of added monoamine
subs#;ates than the S-MAQ itself., NAD, which was obligatory
;ﬁ fﬂ§ amine/INT reductase system of S-MAO for oxidising some
guﬁstféfes in particular, isoamylamine, was found to be dis-
pensable when ihe acid froction was assayed for its ability
to reduce INTe Indeed, the presence of FAD in the reaction
mixture csused the inhibition of tryptamine oxidation, though
that of isoamylamine and tyramine was etill twice stimulated
in some experiments. Vhen the amine/INT reductase activity
~ 48 compared with that of TWAD reduction, i1t would appear that
the two systems are not equivalent. The reduction of NAD
wag linear for at least 30 minutes; ond iscanylamine and
ﬁ ~pheﬁy1ethy1amine were the best substrates for the system,
Tor the IHT reductase system, however, tryptamire which,
incidentally; Wés the poorest substrate (cpart from benzyla-
mine) for FAD reduction, was consistently the best substrate
for tetrazolium reduction. Vhatever the reasons fof sveh dis-
crepancies, 1t is apparent that FEAD can act as a hydrogen
carrier under the experimental conditions and could coneceivably
act as an intermediate carrier in tetrazoliuvm reduction.

Table XIV compares the results of the two oxide reductase
systems., A comparison of tables XIV(B) end IY will reveal
that there are appsrent differences between S~MAO and its acid
fraction. Table YIV(B) shows that in the presence of added
WAD the enzyme activity with tyremine as substrate was twice

that of tryptamine while in table IX the same value was obtained
for voth substrates.



TART S YTV, STTRTREATT SPTCIFICTITT ™G

07 _ACIT FAfTION CT S=17i0 TRUDLnsTTeN

IT_TT0 OXITORTIICTAST SYSTUTS (A 2 R)

Activity in &

Cxidoreductace ) : MAmoles per
gyaten Substrate Addition 1C¢C mg protein
par hovy ’
. :
A Amine/iTAD
reductinoe 1, Isoomylamine - 245
2. (-Thenylethylemire - 33.1
3. Tyramine . » - ‘ 16.2
4, Serotonin - 10.0
5« Tryptamine - 2,2
-3
B® Amine/INT
raductage . Teoamylamine - 9.0
Cel5m™M TAD 24,2
2, (3 ~Thenylethylamine - 12,4
C.15mM WAD 16.2
3. Tyraminre - - - 239
4, Serotenin - 18,2 ?
C.15mlt BAD 13.6
" 5e Tryptamine - - 271

X getivity was expressed}l noles BATH

# activity was expreesed }1 moles formazane
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D. The reduction of molecular oxyeen by S and P-MAO preparations,

The Werburg manometric technique. i

Table XV shows the results obiisined when MAO activity was ‘
assayed by the conventional Warburg manometric technique, ’
measuring oxygen uptake by the soluble and particulate MAO
preparations. The oxidation of serotonin was advout 150 per

cent stimulated by 0.15mM NAD (final cona®. ). FAD, however, did
not stimulate the oxidation of any of the other substrates,

It was, therefore, presumed from the results (of table XIV)

that the sldehyde intermediates were further oxidised since

0.016M semicarbazide (final cone™.) inhibited the oxygen up-

take; and in the case of the last three substrates (tyramine,
tryptamine and serotonin), it also abolished pigment formation,

The degree of inhibition, as measured by following the reaction

to completion, clearly indicated that en atom of oxygen was

uged up per molecule of substrate oxidised according to the
following equationt=

(1) Amine + 02~%§%4> Aldehyde + ammonia + hydrogen peroxide,

(2) Aldehyde + %02 aldehyde oxidasg Acid,
(3) ¥.0 catalase 10 1.0
2v2 _—> 2 e

«*e Net 02 uptake = sum of eqn 1+2 -« eqn 3

= (1.5 - 0.5 02) = 02, .2, two atonms of
OXYELell

The inhibition of oxygen uptake during the oxidation of
isoamylamine contradicted the result obtained for the particu-
late IMAO in that semicarbazide di1d not inhibit oxygen uptake
in that system (cf table XV). Richter(15) and Weiner(16) had
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shown earlier that semicarbazide had no observable inhibitory
éffect_on oxygen consumption of guinea pig 11ver-MAO homo~
genates when 1soamylamine oxidation was measured. Weiner
believed this might probably mean that isovaleraldehyde was
not further metabolised, But the fact that isoamyl aleohol
is readily detected by the smell in manometric techniques
suggeats that theieason for the discrepancy may be more com=-
plex than hitherto anticipated.

It may be possiblé that these seemingly contradictofy
results for oxygen uptake by the soluble and particulate
MAO extracts are in fact indications that different pathways
operate in the two systems for iscamylamine metabolism,
Similarly in the particulate system the metabolic pathway of
isoamylamine may differ from that of the other monoamines,
It is also likely that the semicarbazide was direetly in-
nibiting the S-IMAO,
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__THE FRFPTRCTS OF S™MICARBAZITE

O THT OXYGTY UPTAYYT RY S-MAO,

Substrate

Iscamylamine

Tyramine

Tryptamine

Serotonin®

Additive

Semi-
carbazide

Semi -
carbazide

Semie
carbazide

NAD

/moles
Final oxygen/ .
nolar 100 ng Per cent
conces (M) protein " inhibition
per hr,

1.6x1072  3.75(49.36) 60

11.0 -
1.6x1072 4,59 58
8.76 -
1.6x10"2 4,16 52
11.8
5x107%  31.3 165 *

Data in brackets represent oxygen uptake values by the

particulate fraction of the same enzyme preparation.

%

Tegend,

Semicarbazide was absent from the reaction mitures.

as described under lMethods.

Soluble(s) MAO was prepared from liver homogenate

For detsils of reaction mixture see Methods.
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Te The effects of iproniezid (IIN) end trenvlcvoromine (TCP)

on MiQ,

1. Amine/INT reductase syastems of S and P MAO preparations.

It was reported by DPavison(66) and Pletcher(52) that TIH
may require aerobic preincubation for at least 10 minutes
before it caﬁ effectively inhibit MA0, Pletcher etated that
while this is true for IIH, TCP may not reguire such treatment
when certain MAO substrates are used. It was, therefore, of
some interest to study the effects of the inhibvitors on the
enzyme preparations in the tetrazolivm assay system.

| Table XVI (A & B) summarises the results obtained under
the specified conditions of assay.

It is clear from table XVI that the inhibitors stronglj
inhibited the enzyme activities of both preparations on aerodbic
preincubation. The soluble enzyme was especially sensitive
to the inhibitors eince the enzymic INT reduction by. the amines
was abolished by the inhibitors after the preincubation. It
is also clear from the table that without aerobic preincudation,
the enzyme activity was hardly affected by IIH, while TCP showed
a definite inhibvition (isoamylamine,80 per cent; tyramine,76
per cent; tryptamine 60 per cent}s This then confirms the
results of Davison and Pletcher who measured MAO activity by
other methods of assay., It also means that the socluble enzyme
was MAO and similar if not ldentical to the particulate enzyme,
The data also showed clearly that tryptamine oxidation by the
syatem (particulate) was the most resistant to the effects of
the inhibitors. It should be noted that owing to the weak
enzyme activity (S-MAO) with tyramine and isoamylamine as



substrates, NAD was also included in the system.

however, did not alter the results,

This,



TART® XVI(A).

THE TFFFCTS OF TPRONTAZID

(ITH) AND TRANYLCYPROMINT (TCP) ON TWT RETIICTION

RY PARTICIUTATE MAQ IN THT PRTSENCE QOF AMINTS,

Substfate

1. Isoanyla-—
mine

2. Tyramine

3. Tryptamine

l. Isoamyla-

mine
2. Tyramine

. 3. Tryptamine

Inhibitor

ITH

"

IIH

IIH

" Pinal
molax
CONCe

(1)

2,5x10™

2,5%10™3

2,5x10™3

"

2.5%x10™3

L

2,5x1073

"

2.5x10™3

"

Aerobic u moles

pre-

formazan

incubat- /100 m

ion
(10 nin)

protein
hr,

32.4
1.5

80.7
80,0
10.7
121
121
25.6

33.7
6.6
0.0

80.7

19.1
2,93

121

4844

5413

83

#
inhibition

100

NAD was present in experiments with lsoamylamine and tyramine,



TABIE YVI(P),

x

THT FRTTOTS OF

84

JPRONIAZID (ITH) AND TRAVYICYPROMIWE (TCP)

ON_JINT RETICTION BY SOTVRIE(S) MAQ IX THE PRTSTNCE

Substrate 0©.15nM NAD

1.

2

3.

1.

2e

3

Iscanyl=-
amine

Tyramine

Trypt-
amine

Iscamyl=
enine

Tyramine

Trypt-
anine

++11 + + 4§ it ++ 11 ++ 11

!

OF AMINTS.

Ine-
hibviter

IIH
IIH
IIH
IIH

IIn

TCcP
7CP
TCP
TCP

TCP

Final
molay
conce.

(1)

C2.5x1073

2.5x10~3

2.5x10™3

2.5%1073

2.5x10™3

2.5x10™3
2.5%1073

2.5x10™3
2,5x103

2.5x10™3

1 moles
formazan % :
100 mg inhivition
protein/
hr,
4:2 -
0.0 100
2505 -
547 -
0.0 1¢0
23.0' -
0.0 100
23.3 -
0.0 100
3.86 -
0.C0 100
28.5 -
0.00 100
600 haad
0.0 100
24 .4 -
0.0 100
24,5 -
0.0 100

There was 10 minutes aerobic preincubation in all

experiments in this section.
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Te 2 Amine/MAT rejuctase system of S-pH5 M0,

The enzymic WAD reduction by amines was stronglj inhibited
by 1.67 1073 u (final concentrations) of IIH or TCP when it was
preincubated 10 minutes at room temperature with the reaction
mixture in the absence of substrate. Tnder this condition,
serotonin and isoamylamine oxidation was completely abolished by
either of the inhibvitors, while that of tyramine or tryptemine
was strongly inhitited.pdhen—AD redvetene—sotivity was-measured

e TRESITotE Unlike amine/INT reductase system which
required aerobic preincubation of ITH and the enzyme at 37°%
before inhibition of the enzyme agtivity could be shown, the
amine/NAD reductase system could ﬁe inhivited at least 25 per
cent by IIH without aerobie preincubation. This would mean
that the two systems were not equivalent, This also suggests
that amine/FAD reductase system is more sensitive to IIH effect
than emine/INT reductase system,

The enzymic/AD reduction by acetaldehyde was not affected
by 1.67x1072 (final conc.) of ITH. The effects of ITH on the
enzynic-INT reduction by acetaldehyde was not so consistent,
There were contradictory results on several occasiocns, in
other words, INT reduction by the same enzyme preparation with
acetaldehyde as substrate was inhlbited in certain experiments
while vnder the same experimental conditions, stimulation was
observed in certain cases with IIH as the inhibitor.

Tig. 6 shows the effects of these inhibitors on tyramine

oxidation in the amine/MAD reductase system.
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PTG, 6. THTW TFRTOMS OF ¥AQ IVHIRITARS O MIrm

WAD RETUCTICN BY S—p'5 MAN TV TITRH

PRESTMCE OF TYRAMINT_EE

The complete reaction mixture contained in 3,0 ml of
solution, 6.7/\moles tyramine (neutralised); 8/.3,67/\moles
sodium phosphate buffer, pH 8,23 1.064fmoles NAD; 12/#moles
nicotinamide; 0.25 ml enzyme (S-pl5 MAO jef about 4 mg protein)j

and water to make up the final volume., Water replaced the

substrate in blanks.
Curves
For the inhibvition experiments (éb and ¢), either

iproniazid (IIH)(b)or tranyleypromine (Tél?)@was present in a
£inal concentration of 1.67x10™>M,

0¥

o
o

A O.DCHMO mw
o o]
0 H

Minut<s
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Fe Some factors affecting endogencus reduetion of INP by

MAOQ prepzrations.

Turing the inhibitor studies Just described, there was
a consistent reduction of INT by endogenous substrates in the
tissue preparations used, The endogenous INT reduction by
the soluble (S) and particulate (P)»enzyme preparations were
stimulated by iproniazid, a known potent IAO inhibitor, This
was especially pronounced when the control mixture (substrate
blank) contained INT and iproniazid during the preincubation
period. In the casge of iscamylamine, for example, the OD
cbserved for a completely inhibited reaction was less than
the OT obtained for the endogenous INT reduction in the presence
of iproniazid, This iproniazid stimulated endogenous INT
reduction by the tissue preparations was enhanced by added
VAT at the final concentration tested (0.15mM)., The stimula-
tory effects were in fact purely additive, in other words, the
combined stimulation by IIH and WAD was the sum of the individual
effectss DParnate d4id not raise the endogenous INT reduction,
nor did NAD affect the reaction of parnate with the enzyme
extracts in its ability to inhibit the endogenous tetrazolium
reductions Parnate is claimed to act chemically on MAO{
that is to say parnate is said to be the effectlve species
which inhibits the enzyme(52,53). It was found that by pre-
incubating the extracts with iproniazid in the absence of the
dye, INT, the endogenous tetrazolium reduction waa greatly
lessenéd both in the presence and the absence ¢f the inhivitor,
The extra OD due to NAD alone was similarly suppressed by the
inhivitors. FProm these observatlions it would appear that there



are scme endogencus evkstratos which esn reduee IRTe  ™his
reaeticon woe stirmlgted by diprondiaezid whick, according to
Tavison's poatulate, hiydrelyses to ferm a highly oxidised
compound which 1o the effective inhititor(66). I% will be

of =zome interent to etulte that o number of vorkers have
recently Cetocted a velatila A irnibitor formed by ipronind
ZSé,ﬁ??. Cince undilalysed enzyme preparaticns were found

in 2 yrolinminary otudy to grzatly stisulate endegencus ITT
reductlon, 2ll the extrscts assayed in the experiments descrited
vere carried cut on overnight dislysed preparuations in several
changes of 0.C1 ¥ sedium phosphate wffer (pl 7.8).

Tata for the experinments are presented in table XVII,



TABLE XVII.
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THS TREECTS CF VARIOUS

TREATMINTS AND MAQ INUIRITORS ON THE

TNDOGFEOUS INT REDI'CTION® BY SOTIBIE(S)

© o AND PARTICULATE . (B3 A0 PRTPARATICNS,

Tissue
prepara-
tion

Activity in 1 moles formazan/100mg

Treatment Control

SCLUBLE(S) Preincubation

ENZYME

5=11A0

S-MAQ

P=ITAQD

P=NAQ

with inhibitor 180
and dye, INT -

7 gtimulation -

Preincubation

in the absence 1.8

of dye

4 sﬁimﬁlation -

Preincubation Control
with inhibitorxr

and dye
1.75
4 gtimulation
Control
Preincubation
with inhibitor 8.2
and the dye
% stimulation -
. Control
Preinecubation
with inhibitor 8.1

in the absence
of dye

% stimulation -

protein/nr,

NAD irron=- NAD/ITH

0.15mH 1azid so.lsmm)
(C.025M)

4,32 6.3 9,2
140 250 411
2,48 3.38 4,51
38 83 151

NAD Parnate NAD/parnate
0.,15mM  (0.025M) (0,15m)

- (0.02517)

2,08 1.73 1.74
. 19 - -

NAD ITH NAT/IIN

(0.025%)
12,5 16.8 18,3
52 107 123

NAD IIH NAT/ITH
111.8 8.3 8.2
46 3 1



So

From these data, it 1s clear that the percentage stimu-
lation of the endogenous INT reduction was greater in the
soluble fraction than in the particulate,. However, from pre=-
liminary experiments, it was found that by freezing and
thawing the endogenous enzyme activity was greatly decreased,
_&his process also decreased the affinity of the eﬁzyme for
the substrates in the amine/INT reductase system. Thus while
it became increasingly difficult to demonstrate the oxidation
of some awlnes, e.g. tyramine, by this method, that of trypt-
amine oxidation was comparatively easy to show. Oxygen uptake
measurement was not markedly affected, This then woﬁld
suggest the presence in tissues of a tetrazolium reductase
pathway for the amines which may be affected by ageing. The
pathway appeared to differ foi the amines. JIproniazid, a
known MAO inhibitor, could act as a fairly good substrate for

the system under certain conditions.
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STCTICN IT: THT TFFFCTS CF SONICATICN OV TW®E ACTIVITY OF

SOTUBLE MAQ PRTPARATIONS FROM GITTNTA PIG TIVFR.

In the series of experiments describved in the preceding
section soluble MAO preparations were derived from high speed
centrifugation of hypotonic, agueous tissue extracts kcf. Veth-
ods). The "soluble" enzyme present in such high-speed super-
natants could have arisen partly at least from lysed and frag-
mented mitochondria and microsomes, which are known to contain
about 70 and 20 per cent, respeetivel&, of the total MAO
activity of sucrose homogenates of guinea pig liver(36).
Indeed it was shown by Seiden and VWestley(95) that sonication
of rat brain mitochondrial suspensions in phosphate buffer
released a conslderable proportion of the MAO into solution
which did not sediment after centrifugation at 100,000g
for an hour. More recently Gorkin(38) reported similar MAO
preparations. In the following experiments to be described,
therefofe, the'preparation of soludble MAO from guinea pig
liver was modified to include, efter homogenisation, a soni-
cation step. This was done a3 an attempt to obtain more
enzyme .

Procedure: The intital homogenate was sonicated (at 0-400)
by hign frequency oscillations (20 kiloeycles per second)

- (1.0 = 1.2 mAmps) for 30 minutes in an M.S.Z. Mullard 60

- watt ultrasonic @isintegrator with a 1/8% diameter probe.

The treatment was interrupted at 5 minute intervals to avoild
overheating. All subsequent steps in the enzyme preparation
(e.g. centrifugation speeds and ammonium sulphate fraction-
ationg) were as already described under "Methods",

The soluble MAQ preparation obtained after sonication
will be referred to as VS.S" or "SeSonicated MAO®", and 1ts
corresponding acid-treatéd derivative will be labelled as

"3, S-pli5", similarly:the_particulate preparations derived
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from the sonicated homogenates will be designated as "P,S" 3
or "P sonic INMAOY,

The abillty of the soluble extracts derived from sonie
cated homogenates to catalyse the enzymie reduction of INT,
NAD and molecular oxygen by monoanines will now be described
and cqmpared to the data for the vnsonicated homogenate ex—
tracts given in the preceding section.

The reduction of IVT, NAD and oxveen by solvble (S.S and

S3=-pH5) MAQ vreparations (derived from sonicated homogenztes)

) by monoamines,

A. The effects of sonication on 42 Anine/INT reduetase activity

ofi-

1. S.5.,MA0t It was found that sonication of the homogenate
resulted in a marked increase in the amine/INT reductase
activity of the soluble frzctions derived from it with all

the substrates testeds TFrom the data shown in table XVIII,
it 1s clear that sonication had little or no effeect on the
emine/INT reductase activity of either the homogenate or the
high-epeed residue (P Sonic) derived from it when tryptamine
was tested as substrate. The negative value obtained for
tyramine in the (unsonicated) homogenate- tyramine/INT reduc—
tase system was caused by a high endogenous value, coupled

to the observation that there was a relatively long lagphase
(not less than 5 minutes) for INT reduction in the presence

of tyramine, whereas dye reduction in the absence of added
substrate showed no lagrhase. Sonication reduced the lagphase
during tyramine oxidation to about 2 minutes, Similarly, the
data in table XVIII show that the endogenous rates for the
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TABLE XVIII. AMINZ/INT REDUCTASE ACTIVITY, OF WOFOAMINE OXITAS™ PRFPARATTIONS TTRIVID
FROM A TYPICALLY SONICATED LIVER HOMOGENATE | QF GUINTA PIG,

1

i

Tissue -

preparation Sonication = Added P moles formazanlt ft mole extra
sub= 100mg formazan/10Cmg
stPtute protein/hr, protei
Homogenat'e - None ‘ 45,0 -
" - Tyramine 40,0 -5 ¥
" - . Trypta- 87.8 42,8
mine
" + Hone 40,0 -
" o+ Tyramine . 2.7 2.71
" + ‘Prypta~ - . 5841
‘ mine
Soluble - None 3,68
MAO - Tyramine 14,93 11.3 (5546)
" - Trypta- 43,28 6 (39.6)
) ‘ " mine
" + Fone 1.64 -
" + Tyremine 68.34 6647 §7o.o)
" + Trypta-~ 140,64 139.0 (139)
) mine
High speed - None 8.1 -
residue - Tyramine 41,9 33,8
. - Trypta— 105.1 97
mine
" + None 8.1 -
" + Tyramine 41.9 33.8
" + Trypta- 112.1 104.0
nine

the homogenate itself,

+ refers to preparations derived from sonicated homogenate or to

~ gimilarly refers to unsonicated homogenate derivatives or to the | sctual homogenate itsclf,
# A negative value was obtained for this substrate, : E '

Tata in 'brackets represent values obtained in the presence of 0.15uM. - ¥AD (final conch,)

The original homogenate was divided into two parts, one of which.

whs sonicated, Thus all enzyme preparations .
were derived from a single homogenate, .

;égain“st several changes of 0.01M sodium phosphate

{

{

|
All the preparations were dialysed overnight in the cold f
4
i
\

buffér, DH Te6, For reaction mixture, etc, see Methods,
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S-MAO derived from untreated homogenate was twice that obtained
for a similar fraction derived from a typically sonicated
homogenate, In each experiment, sonicated and control enzyme
preparations were derived from the same initial tissue extract.
_ Theobservations on the endogenous rates of INT reduction
would suggest that sonlcation may disrupt a system present in
the liver tissue of guinea pig, capable of stimulating endo=-
genous INT reduction, or may cause the inactivation of a
carrier system responsidle for endogenous INT reﬂucticn.
- Fron data given (see table XVIII), it is obvious that the
ability of the soluble (S.S.) MAO derived from the sonicated
homogenate to catalyse NAD-stimulated reductionlof IRT by
tyramine, had been either considerably reduced or practically
abolished. It was also found in other experiments that not
only did sonication decrezse the NAD requirement by the &mina/
INT reductase system for oxldising some amines including )
tyramine, but 1t also decreased the FAD stimulation of endo=
genous INT reduction. Thus while the data in table XVIT
show that the endogenous reduction of INT could be »bout U0
per cent stimulated by NAYD, the results reported in table
XVIII show that WAD etimulation of endogenous INT reductionl
by the 5.S-MAO preparation was not more than 2 per cent while
that of the S-MAO was 143 per cent.

Purther reference to the data (table XVIII) will reveal
that the enric@ment, in texrms of specific activity, of the
S.S5.MA0 by sonlcation of the homogenate was such that in the
absence of added FAD, the enzymic reduction of INT by tyrgmine

was increased almost six-fold as compared to that of the S-1MAQ,
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vwhile that of tryptamine oxidaticn was correspendingly in-
creased about four-fold, It may be of interest to state that
the increcse in epecifiec motivity caused by scnication was
not parallel to the amount of protein released from the honmo-
genate into the soluble fraction, Thue in the typical ex-
perinent from which the data for table %VIII were compiled,
vhile the specific activity (S.4.) of the S.S5-¥A0 was 139/»moles
Tormazan/100ug protein/hr end that of the $S.VAD was 39o5/4m01e9
formazan/100ng protein/hr with tryptamine as substrate, the
protein concentrations of these two fractions were recpec-—
tively 15.5mg end 12.8:g per ml enzymee This recult and
similar observations would euggeet that the sonication of the
honogonate caused redistritution of enzyme sectivity resulting
in the enrlchment of the soluble fractions derived from then,
refore describing observationg on the azine~IKT reductase
activity of the acid fraction ¢f the S.S.-MMA0, some variations
in the abllity of the S.5.%50 itself to reduce INT by aminen
in the aksence of exogencus WAD will be described,

Though trhe S.S.«MAO did not normelly chow any dependence
on added WAD when tyraznine, lscanmylaning or benzylamine were
used a9 substrates thie was not invariaedbly the case. Thus,
occasional preparation’ exhitited a moderate requirement for
MAD for IFT reduction in the presence cor aksernce of added
amine. Trie was never as proncunced as in the case cf the
SeIAD prapsred from control (non-sonicated) homegenates.

These preparaticns also &isplayed substrate specificities
which were intermediste between those shiowm on the cne honrd,

by the enzyme derived from contyol komogenates and that



from experimental (sonicated) homogenates, Such anonalies
were found to be caused by incomplete sonication (see later,
Tsble TIIIT)e

The data in table XIX show that the indoleamines (serotonin
and tryptamine) were the least dependent on MAD in the amine/
INT reductase system of S.5 MAO. It is also apparent that
though benzylemine oxidaticn was very weakly stimuleted by
NAD in the former system (S.17A0), it was about thrice stimu-
lated in the sonicated systenm. The vnusual behaviour of
.benzylamine cannot be explalned. However, the presence of
a specific benzylamine oxidase(23,65) might account for this

observation.
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TABLT ¥TIYX, T FRTTCTS OF MAT ON ANTINT/INT

REDUCTAST ACTIVITY OF SCIITBLE (S.S.)

AQ PRTDARATION DTRIVID FROM SONTCATED POMOGMATE

Added Final SO moles J7 moles
substrate Additive molar ~formazan/ extra o
conell, . 100mg formazan/ stimulaticn
(1) protein/hr. 1l0Cmg
protein/
4 hr.
1 None - 1.30 - -
" mAD  1.5x107% 2,5 0.7 39
2 Isoamyl- - 29.3 28,0 | -
Sine A 1.5x107% 4647 44,2 58 (940)
3 Penzyl- - S,47 TebT -
emine )y 1,5x1007% . 21.40 . 18.9 146 (50)
4 Tyramine = 34.3 32.5 -
NAD  1.5x107%  54.8 5243 61 (421)
5 Seroto- - 43,30 4145 -
nin NAD  1.5x107%  44.0 41,5 0 (135)
6 Trypt- - 81Q9 8091 » -
amine  pap 1.5x107% 8244 79,9 7 0

"Txtra®™ formazan values repregent values due to stimﬁlation
of enzymic IFNT reduction by added substrate less those ob-
tained in the abggnce of exogenous amines (in the case of
the enaogenouézdgggga formazan value represent NAD stimu-
lation)..

Tata in brackets were the percentage stimulation caused

by added NAD as was reported in table IX,
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2. S.85-pH5 Fractions

The S.S-pH5 fraction was very active in reducing tetra-
zolium by amines, The inability of NAD to stimulate enzymic
INT reduction by amines was absolute for this fraction and
its ability to stimulate endogenous tetrazolium reduction was
equally abolished by the sonic treatment of the homogenate.
These observations were clearly different from those made
on fractions derived from non-sonicated homogenates, on the
one hand, and also from the occasional findings on the S.S.
MAQ of which the S,S-pli5 enzyme was a direct derivativé, on
the other hand. Taﬁle XX (A and B) compares the substrate
gspecificities of the S,S5.¥WA0 and its S.S5~pH5 fraction.

From the data presented, it is clear that there'ﬁas a
slight specific activity Increase in enzyme activity in the
acld fraction over that of the S.S.MAO, From the foregoing
report, it may be inferred that not only did sonication of
the homogenate result in the specific activity increase in
the derived soluble fractions through enrichment and redis-
tribution of enzyme but it also altered the requirement for
NAD both in the amine/INT reductase system and in the endo-~

genous INT reductase system, as was found in table XIX above,
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PATT™ ¥ (4 = R),  TUT TREIOTY CF TAT O ANITR/TNY

PETICTLST ACTIVITITS OF SCITRLT FAS PRTPARATICNS C7-

TATHTT PTCIT A SOTICADTN MO AT AT

[’ moles formazan/100 mg protein/hr,

Substrate (A) Fraction (1} Traction
SeSeMAD - SeSe=pH5 MAO
TAD WAD MAD TAD
(=) (+) (~) (+)
1 Jeoamyl- 30,0 45,0 (940) 32.6  33.0 (147)
anine : :
2 Benzyle 1C.2 23,0 (5)
anine
3 Tyremine 66,7 70,0 (421) 69.9 69,0 (117)
4 b=-Fhenyle, |

ethylauinedl.5 40.2 (181) 434 43.2 (31)
5 Serotonin 54,0 83.9 (135) 90,0  90.0 (@

amine

Tata in trackets revresent necreentacse FAD stinulation
of ginmilar fractiona derived from unsonicated homo=

genate date from the preceling section (section 1),
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3. e effects of substrate concentration on smine/INT

reduetage activity of solvble 2rnd particulaste MAO pre-

parationsg from epuinea pig liver,

The effects of tryptamine and tyramine concentrations on
the various enzyme preparations were investigated, In view
of the weak enzyme (5-11A0) actifity with tyramine, NAD 0.,15mM
(final conc®.) was added to the system. Since NAD did not
stimulate INT reductase activity of the particuiate or the
S.3.MA0 preparations with tryptamine and tyramine as sub-
gtrates WAD was excluded in experiments involving these pre-
parations. Generally, tryptamine appeared to inhibit the
S+8.MA0 at high concentrations,. Tryptamine added at high
concentrations (between 1073 and xx1072 1 final) also caused
an immediate turbidity when added to the incubation mixture,
This was not observed for any other preparations., Tyranmine
oxidation by the S.S.MAQ was sluggish at 20x10-3M (final
conc,) and below. At 0.055M (final conc.) well above the
range when tryptamine became inhibitory (see fig. 7), tyra-
mine oxidation by the S.S5.MAO0 became more vigorous. This
was, however, similar to what was observed for the S.MAQ
preparation with the ssme substrate in the presence of added
NAD,. The apparent Km determined for tryptamine and tyramine
oxidation by the various enzyme preparations are summarised
%9 table XXT. The ¥m for tyranmine oxidation by the S=MAO
(in the presence of added NAD) as determined from S X V
plots wasg 8x10~4., This was in good agreement with the Km
for that substrate when Oswald and Strittmatter(356) determined

it manometrically measuring oxygen consumption by rat liver
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particulate enzyme. (These authors obtained a ¥m of 8'5XI0-4.
| (4 The Km ¢f tyramine from reciproecal ( % % % ) plots, \
however, wag 38.5x16” 4 with the S-MAO of guinea pig liver.
That for the S.S.MAC in the INT reductase assay system from

S X V plots was 27x10'3m while the % 4 % plots gave 40x10“3m.
In the absence of added NAD, this may mean the affinity of

the soluble enzyme (i.e. sonicated homogenate derivative)

for tyramine was considerably reduced. It may alsc mean

that the two soluble enzyme (S-IMAO and S.S.MAO) preparations
were not eguivalent. v )

Tryptamine showed several peaks or plateaus with the
S.5,MAC., There was a plateau well below 5x10”7H tryptamine
concentration (final)e. The ¥m for that range from S X V plots
was 2xlé'4M‘while reciprocal (% = %) plots gave 5x10™211,

The Km forxr the‘rangéyshaaﬁ in fié. 7 Wiil be found in table
¥XI, This value'did‘not differ much from that obtained for
the particulate enzyme or from those obtained for tyramine.

In spité of the compiexities of the tetrazolium agsay 1t is
abparent that the im values for the substrates ﬁeie comparable
with thosé obtaiﬁeé from-oxygen uptake measurements by other
workers(19,36). | .

It is, hbwever, necessary to state that these apparent
valuves may not necessarily reflect the enzyme activity in the
amine dehydrogenating system; in other words, these values
may not be assuméd to be specifically for amine dehydrogenation,
For example, the reaction measured may be a second step which
nay bé rate limiting. This rate limiting step may either be
the oxidation of aldehyde by INT or it may involve a carrier
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in the IET reductase systems INone of these questions could
be answered or correctly assessed since the mechanism of ITNT
reduction by the system is not fully characterised.

It will bve seen from table XXI the high In values ob-
tained for tyramine oxidation by the S.3.1A0 as compared to
what were obtained for it with the S.})A0 preparstion in the
presence of added AT, - The value for the S5.1A0 was ten—
fold lower than what was obtained for the S,8.17A0 (reciprocal
plots). . “However, the Fm for tryptamine oxidation by the
S A0 was 47 fold higher than what was found for its oxidation
by the S.5.MAQ preparation. These results are suggestive
that the properties of the two preparations towards the sub-
gstretes had been reversed probably as the result of the
sonication of the homogenates from whiech the 5.S5,MA0 prepar-
ations were dériVed.

It is interesting to note thaf in spite of these high
¥m values NAD was generally not required to stimulate enzymic

IRT redvuection by the substrates with such preparations.
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FIG. T. THE FFFECTS CF SUBSTRATE CONCTNTRATICNS

ON AMINY/INT RETTCTAS® ACTIVITY OF SOLURIE AND

PARTICULATY MAQ PRTPARATIONS,

The complete model reaction mixture contained in 2.0ml
of solution, 50/wm01es sodium'phOSphate buffer, pH T.65 l.2
/ﬁnoles INT; enzyme up to 0.5:1 (about 4mg protein); and a
series of(neutr&lised)substrate concentrations as indicated
in the graphs (7a=e ii). Vater was zdded as required to make
uwp the final volume. Water‘also replaced the substrate in
blanks, | |

The effects of tyramine concentrations on S IIA0 and P-MAQ-
IFT systems are shown in fige 7a in which 5 nd P represent
soluble and particulate respectively both for the inserts and
the reciprocal plots. FAD 1.5x10‘4m (final conc®) was incor=-
porated in the S«NMAQ systém of figure 73.

The effects of tryptamine concentrations on INT reductions
by S-MAQ and P-MAC are shown in figures 7 b snd ¢ respectively
both for the inserts'representing ordinary plots, and the recip-
rocal plots of both éystems. y

Fige. 74 shows the effects of tyramine concentrations on
the S.S~MAQ and INT reductase system (insert for ordinary plots).

Fig. 7e(i and ii)’ repregent respectively the ordinary
and reciprocal plots for tryptazmine concentrations on S.S MAO-

INT reductase system.
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TARLE VXT. ¥INTTIC CONSTANTS FOR THIT FFFFECTS

' OF_S'MSTRATT CONCFNTRATION ON AMINT/INT

RETTCTASE ACTIVITY OF MAQ PREPARATIONS
 FROM GUINTA PIG IIVIR.

K (x10~4) . Vmax,
Tissue From reci=- Fronm From reeci~ TFrom
prepara~ Substrate procal SXV procal SXV
tion (%/%;plots plots plots plots
S MAO Tyramine 38.5 (ifAD) 8, 0.3
| (vip)
P.MAO Tyramine 58.8 . 0427
S.S5,MA0 Tyramine 400 270 0.46 41
SMAD Tryptamine 400 100 0.278 0.112
P.MAO Tryptamnine Variable
0.741 0.556
1.0 0.597
4.54 4.5 0.67 0.60

S.5.,MMA0 Tryptamine 8.51 10 0.69 0.71
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B: Amine/NAD reductase activity of 5.9,77A0 and S%-n'1§

preparations from gonicated hemocenates,

It was found in the first secction of this thesis that,
generally, those amines which required added ¥AD to reduce
INT enzymically were alsc the best substirates for the NAD
assays. Conversely, those amines which were the best subdb-
strates for the amine/INT reductase system in the absence of
NAD were zlso the pocrest substrates for NAD reduction (see
tables IX, I, ¥III)e The scluble enzymes, S.MAQ snd its
acid fraction, it may be recalled, were prepared from unsoni-
cated homogenates (cf. nnder Methods).

: So far, in this present section, it has been lezrned fron
the data alréady presented (cf. tables XVIII-XXI), that the
Se3.MAO derived from sonically treated homogenates no longer
required NAD for effective INT reduction by amines, It has
also been noted so far that the INT-reductase activity aof the
acié fraction of S.5.MAQ0 was completely unaffecteé by added
NATL. If the hypothesis that the NAD stimulated amine/INT
reductase activity paral;eléd the amine/NAD reductase activity
was correct, then the soluble enzymes derived from sonically
treated homogenztes would reduce NAD very poorly in the pre-
sence of amines., It was, therefore, 8esirable to test this.

Amine/NAD reductase assays were carried out with the
standard reaction mixtures described in the first section of
this théais (see section 1, To. 5, para. 3). Table XXII
shows data obtained for soluble }AO preparations from a typ-
ically sonicated homogenates

From table XXII, it is clear that bcth soludble fractions
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TART® YXIT (A & B), AMINE/NAD RETVCTASE

ACTIVITY OF SOLUBLE (S.S. & S.S-pl5)

MAQO PRVPARATIONS FROM SONICATED HOMOGENATE,

Cuinea pig liver homogenate was sonicated as des-
cribed in the text. For details of extraction, etc. see

the Methods section. Por reaction mixtures, etc. see

text.
Jmoles NATI/100mg protein/hour

Substrate (a) S.S,MAO (B) 8.S-pH5 MAO
1 Tryptamine L 15.2 40,6 (9.27)
2 p-Phenylethylamine 5.2 5.3 (33.2)
3 'I‘yramine . ‘ . 3048 : 3048 (16.2)
4 Serotonin . 3.48
5 Isoamylamine 2.61 2.3 (32.5)
6 Renzylamine 0.87

Tata in brackets are for control unsonicated preparations

of a similar fraction,
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were very active in reducing NAD in the presence df added
amines, Furthermore, 1t is clear that the substrate epeci-
ficities of the acid fractions, i.e. the SpH5 and S.Spils
derived/from ungsonicated and sonicated homogenates respec-
tively, had been altered markedly by sonication. Thus
isoamylamine,‘z-phenylethylamine and tyranine, which were the
best substrates for NAD reduction by the S-pH5 MAO (see tables
XIT éna XIII), were no longer the best for the S.SpH5 system,
as shown above, Conversely, tryptamine, the poorest sub-
strate (apart from benzylemine).in the former system was
persistently the best substrate for the.S.SpHS enzyme derived
from sonicated homogenateg.

It may be recalled that it was imposesible to follow
FAD reduction in sodivm phoephate buffer, (pH 8.2) with the
S=-MAQC derived from non-sonicated homogenates because of rapid
reoxidation of reduced NAD by the systems It may be further
recalled that in order to follow NAD reduétion by amines with
the S§,1A0, sodium pyrophosphate buffer, (pH 8.8) was used to
estabiish a more favourable pH equilibrium and/or system for
WATY réauétion. The S.S-MAO derived from sonicated homo-
genate, on the contrary, was suitable for reducing WAD by
added amines in sodium phosphate buffer, pH 8.2. In fact,
the data presented in table XXII were obtained in this buffer
.at pH 8.2,

Occasionally, however, some of the S,SITAO preparations
were found 4o reoxidise WATH, though much less rapidly than
S-MAQ preparations derived from unsonicated homogenates,

Thege S.S-MAO preparations also were found to show subsirate
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specificities intermediate between those obtained for the
S.S;M&G and the S.I710. It was, however, possible to follow
NAYT reduction at 340 nm with such preparaticns Turthermore,
they were found to be partly stimulated by added INAD in the
amine/INT reductase system, The conditions of sonication
were tested as follows. Iiver homogenate was divided into
two partsd Cne part was sonicated for 30 minutes and the
other for half the time, as already described, The soluble
TAC (S.S~MAQ) prepared from these fractions were assayed for
TAD reduction and INT reduction by amines. Tata obtained in
one such experiment for the NAD reduvuction assays are shown in
table XXIII. From these data 1t is clear that effective
gonication appeared to preferentially release an enzyme or
enzymne systems from the particles which have greater affinity
for tryptamine while the system(s) favourable for the oxida-
tion of the other amines, e.gs isoamylamine and tyranmine,
were inactivated. This then would suggest that we might be
dealing with two enzyre systens or with different isoenzymes

of I7A0, which differ in their sensitivity to sonications
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TABLE XXTIIT. THY EFFTCTS OF THY TIME QF

SONICATION OF FOMOGENAT® ON AVINE/NAD REDUCTASE

ACTIVITIES OF THE TERIVFED SOLUBL®(S.S) MAO

. PREPARATIOKRS.,

N
|

[fmoles NADH/100mg. protein/hr.

Sonication time Substrate

30 minutes Tryptamine 18.5
L Serotonin 12,2
u Tyramine 4,2
" Jeoamylamine 3.5
15 minutes Tryptamine 10.2
" ‘ Serotonin 11,0
" Tyramine 14.6

" Isoamylaﬁine 12,5
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C: XAT reduction by S.8-FAQ preparstions by amines in

sodivm pyrophosphate ¥uffer, pT 8.3,

" The S.S-MAO preparations (from fully or partially
sonicated homogenates) were also assayed in sodium pyro-
phosphate'buffer, pH 3.8 for comparison. Table XXIV sum=-
marises data compiled from a typical experiment, From the
table, 1t is obvious that the high pH nelther affected the
substrate specificities nor the enzyme activities. The
only advantage of aessays in pyrophosphate buffer (pH 8.8)
wag that the values obtained with partially sonicéted homo-
genatep derivatives weré more accurate since enzymlc NWATH
oxidation at pH 8,8 was practically non-existent in such
preparations and N¥AD reduction was quite linear as a function

of time,
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TARIT XYIV (A & B ). FAD RETTCTION BY $.S-MAQ

PRTPARATIONS BY AMINTS IN SODIUM PYROPHOSPHATE

/Umoles NADH/100mg protein/hr.

Expe. Substrate
) State of sonication .

(A) Complete (B) Incomplete Puffer, pH
1 Tyramine 5.6 8.9 8.8
Tryptamine 21.3 3 740 (Sodium pyro-
) : = phosphate)
Serotonin 546 : | 8.0
2 Tyramine 5.58 8.7 -+ 8,42
Tryptamine 21.4 , 7.05 (Scdium phos-
phate
Na HPO,/
NaH2P04)

Serotonin 55 8.0
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D: The effects of sonication of the homopenate on NAD re-

duction by the derived S.8.MAQO preparation in the vre-

gsence of acetaldehvde,

Aldehyde oxidase activity was shown in the previous
section which dealt with non-sonicated enzyme extracts (cf.
table IX). The acid fraction derived from unsonicated homo-
genate wags relatively active in reducing NAD in the presence
of acetaldehyde. It was found that soluble enzymes prepared
from sonicated homogenates, however, were rather poor in
aldehyde oxidase activity as judged from NAD reduction ex~
periments, Aldehyde oxidase activity was detected in the
first ten minutes only, within which a plateau was reached.
Whether or not this observation was Gue to the equilidbrium
of the reaction}: (Aldehyde + FAD' «>Acid + NAImoﬁldehyde +
NADH «> Aleohol + NAD"), was not investigated. The absorbance
read at 340mp never exceeded 04335 OD, even 1f measurements
were continued for 60 minutes., This was almost half what
was obtained for soluble enzymes pfepared from eontrol (non-
sonicated) homogenates, Calculations based on not less than
six:experiments in each case, gave on the average 3.24 pmoles
TADH and 5.4%f~moles NWADH per 100mg protein per hour for the
S.S.MAO and the S-PH5 MAO preparations respectively. It
may perhaps be of some interest to state that phenylacetalde-
hyde was a very poor substrate for both preparations in the
NAD and IKT reduction assays. These findings partly confimm
the findings of Weissbach gt _2l.(35) who observed very little
. aldehyde oxidase activity in the S-pli5 MAO of gulnea pig liver.

These authors, however, did not extend their studies to soluble
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fractions derived from sonicated homogenates.

E¢ Oxygen uvptake by monoamine oxidase preparations derived

from sonicated homogenates,

Soluble (S.S) enzyme preparations derived from sonically
treated homogenates were considerably enriched in MAOQ wheﬂ
the activity was estimated manometrically; =ee data in
table XXV. ‘

The effect of sonication was restricted to the activity
of the derived soluble preparation as shown. However, a
slight and reproduecible stimulation of tryptamine oxidation
in the homogenate and the high speed residue was observed‘
after sonication, From preliminary experiments, oxygen
consunmption by the first residuve was found to be slightly
decreased after sonication. »

These observations confirm the view that sonication
caused a redistribution of enzyme activity, resulting in thé
gubsequent enrichment of the MAO present in the soluble
fraction, This may explain the increased specific activity
(S.A) after sonication. Table XXVI summarises the obser=-
vations made on the S.A. ratios for the oxldation of tyramine
. and tryptamine by monoamine oxidase preparations before and
after sonicating the homogenate. It is apparent from the
table that the S.A. ratio for the homogenate is considerebly
less than that c¢f the derived fractions.
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TARLE XXV, THE TFFCT3 _OF TONICATION

ON_THT AMINF:0, OXITORTETCTASY

ACTIVITY COF THZ SONICATET HOMOGNNATE

AND ITS DFRIVATIVES,

moles oxygen absorbed/
Tissue preparation  Substrate 100/mg protein/hr.
SONICATIOR

(=) - ()
Homogenate Tyramine 15.4 116.3
Tryptamine 12.1 13.6
High speed Tyramine 6.70 6.47
residue ; :
Tryptamine 2.68 2.95
Soluble fraction Tyramine 11.4 (34.1)  38.0 (67.4)

Tata in brackets were obtained in the absence of 0.,016M
fsemicarbazide (final concentration).
The homogenate was sonicated and fractions prepared from it.

For further details, see the Yethods section,
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TABLE XYVI, THE SPTCIFIC ACTIVITY

(S+A) PATIOS FOR CYXVGTN TPTAYE

BY ¥AQ PRYPARATICNS BYFORE® AFD

AFTFR SONICATION CF THY FOMOGTNATE,

Tissue preparation Tyramine/Tryptamine S.A. ratio
SONICATION

(-) (+)
Homogenate ‘ ‘ 1.28 1.20
High-speed residue 2.50 2.18

Soluble fraction 2443 1.56
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STCTION YTIs ATTTMPTS TO FPURTHFR CRARACTTRISE THE TNIVFIC
REDUCTION OF INT, WAD ATD OXYQ™ BY MONOAVINTS. '

At Introduction.

At this point, perhaps it will interest the reader to
know some of the reasons why the following course of reséarch
soon to be described was pursued. |

The results obtained for thé various MAO preparations
in the three oxido-reductase systems (tetrazolium, NAD and
oxygen) with tyramine and tryptamihe as substrates, have so
far revealed that the methods involving enzymic INT and/or
NAD reduction by amines are surprisingly sensitivej even
more sensitive than the manometric method, measuring oxygen
uptake by tissue preparations in the presence of tyramine
or tryptemine. ‘

Thus though it was repeatedly shown epectrophotometrically
by enzymic NAD reduction by amines that the sonication of the
homogenate from which the soluble (S.S.and S.S-pH5) MAO
fractions were derived resulted in a substrate specificity
different from that obtained for the S.MAO (see table XXII),
this important fact could not be detected manometrically.
Further still, though the tetrazolium assays revealed that
effective sonication of the homogenate either greafly de~
creased or practically abolished the NAD dependence of the
derived soluble fractions for oxidising tyramine and iso-
amylamine in the presence of INT (cf. tables XIX and XX),
thisvcould not be demonstrated ﬁanometrically. -Tyramine wos

persistently oxidised at a faster rate than tryptamine by
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all the enzyme preparations when they were assayed manomet-
rically. Table XXVII compares tyramine and tryptemine
oxidation by the two soluble (&;MAD and S.S-MAQO) prepar-
ations as determined by the three methods of mssay as

follows:=
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MARL® ¥XVIT. THT _EFRTCTS OF _SONICATION

OF THE HOMOGENATT QN THE STRSTRATT

SPTCIFICITI®S OF TH™ DTRIVED SOTIRIT®

A0 IN THREE CXITOREDICTASTE SYSTTI3.

N Activity/100mg
sttt pmeles oxvem pucleo R
s Trype Tyr. Tryp/Tyr. Trypf Tyr. Tryp/Tyr.-
(=)S-1A0 6.7 1047 0.63 9.27 16.2  0.57
(+)SP-MA0  25.7  41.8 0.62 311 3445 9.02
(-)S4MA0  4.19  6.83 0,61 10.1 16,8 0.60
(+)S.5-110 23,0 39.1 0.59  21.5 3.6 5497

= (=) Terived from non sonicated homogenate ==

(+) Terived from sonicated homogenate

'l'r;y‘p/Tyr .

3.49
2.08
3.05
2,43

'protein/hour.
p moles formazen
‘j iryp. Tyr.
[ 3907 114
?139 66,7
25 8.2
1106 43.6
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From table XXVII, it is clear that tyramine was a better
gubstrate for NAD and oxygen reduction assays with the soluble
enzyme prepared from unsonicated homogenates. It was still
a better substrate than tryptamine for oxygen uptake with
goluble preparatidns (S.5-MA0) derived from sonicated homo-
genates but a definitely poor substrate for NWAD reduction in
the S.85.MA0 system. Tryptamine remained a better substrate
for the tetrazolium system,

Since these twé apparently sensitive assay methods (NAD
and tetrazblium reduction) were not characterised, 1t was
felt Justified to attempt doing precisely this. Some of the
questions arising out of this weret- (1) the poséible site
of NAD or tetrazolium reduction (2) the role of oxidation
products such as aldehyde and (3) how far oxygen requirement
would affect these assay methods.

Kynuramine appeared to be an ideal substrate for deteré
mining the role of an aldehyde intermediate in enzymic NAD
or INT reduction by smines. The kynuramine aldehyde formed
during oxidative deamination by MAQO is known to spontanecualy
cyclize to 4-hydroxyquinoline (116,117). This means that
the aldehyde would not be available for convertion to the
acid by aldéhyde dehydrogenase(117). Indeed, very little of
the aldehyde formed by kynuramine is known to be further
oxidised to the acid(1l16)., This lead the author to includé
kynuramine in the research as a possible good tool for invest-
igation. But before assaying for‘kynuramine destruction in
the NAD and INT reduction methods 1t was necessary to first

demonstrate either manometrically or spectrophotometrically
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that it was a good substrate for the guinea pig liver enzyme

extracts,.

1. Ionoamine oxidage activity measvrement by the method of

kynuramine disappearance,

1MAO activity was estimated by this method as already
described (cf. Methods) by measuring the OD change at 360 %P
cauged by kynuramine disappearance through MAO activity.

Table XXVIII shows the specific activit& and total
activity per fraction of MAQ in various preparations of

guinea pig liver.
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TABLE XXVIII. KYNURAMINT OXIDATION

BY SCRICATED GUIﬁ?A PIG TIVTR MAO PRFPARATIONS.,

For details of reaction mixtures and procedure of assay

see the Methods section.

Tissue Total Total o Specific

preparation v?lu?e : activity : .activity,
ml
, (A op38° == (A0DC iy
/hr.) : 100 mg protein)

Homogenate T0 871.5 42,1
2nd residue ,
(high speed 9 : 380.7 129,0
residue) ,
High speed 62 421,6 24 .4
supernatant ‘ N

S.S.MAQ 30 27640 41.4
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2« T™e effects of anserobiosis on enzymic INT reduction

b amines,

| are(l) Pugh and Quastel(13) ghilpot(14) and Xohn(19)
ghowed that oxygen was necessary for MAO activity., These
authors, however, assayed the enzyme manometrically measuring
oxygen uptake. Attempts by Hare to. use other electron
acceptors instead of oxygen Weré unsuccessful becéuse of the
excesslve endégenous enzyme activity. It was, fherefore,
worthwhi}e to investigate the effects of cxygen on the amine/
IET reductase reaction in the presence and absence‘of added
NAD.

Thunberg tubes containing the appropriate reaction mix-
tures for normal IRT reduction assays (see Methods and also
table IX legend), were evacuated of air, The tubes were pre-
incubated at 37°C for 30 minutes after tipping the substrate
from the side arm.,. Control experiments were carried out in
alr, Preincubation in»the case of the control experiments
wags for 2 minutes end incubation with the complete system in
air wes 10 minutes.

In the case of the anaerobic experiments after 30 minutes
anaerobie preincubation, the tubes were opened and INT was
added, with further aerobic incubation for 10 minutes,

It was observed that when INT was added to the tubes
containing NAD in the complete system (containing added sub-
strate, tryptamine) spontaneous INT reduction occurred. The
endogenocus INT reduction in the presence of added NAD of this
experiment was very slow,. It 18 necessary to note that it

was found from preliminary experiments that if the dye was
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preincubated with the enzyme under anaerobic conditions, it
was rapidly reduced to formazan thus masking the value due
to added amine. If however it was preincubated with the
substrate there was little endogenous tetrazolium reductase
activity. The activity due to added amine was correspond-
ingly much decreased by anaercbiosis.

Prom tixis observation and the resulis presented in table
XXIX it is apparent oxygen 1s necessary for enzymic INT reduc-

tion.
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TABLY XXIX, THE TFFTCTS OF ANATRORICSIS

ON WAT-AFINT/INT RTUTTCTAST ACTIVITY

OF S-pHS5 MAO,

Added . 00720y A01°2% /m1
Substrate Additive Treatment enzyme/hr. enzyme/hr.
Tone - Aercbic pre- 0.210 -
' ircubation :
Tryptanine - " 04540 ¢330
Fone 0.15m1 NAD " 0.420 -
Tryptami'ne l " 00780 0.360
None - Anaerobic pre- 0.180
incubation
Aerobie incuba-
tion
Tryptamine - " 0.420 0.240
None C.152H WAD " 0.420

Tryptamine " " 0.6C0 0.1380
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P: Inhivition atudies,-

1. Tnhitl+ion of ovyrsen vntake of 3,3,710,

(1) Semiearbazide.

Cxidation of smines by S.0.MA0 was at least ebout 50
per cent inhitited by C.Cl6Y (final conen) gemicardbazide
(table ¥TX).

The inhibition of kynuranmine exidation by semicarbazide
is of speclal notice since kynuremire aldehiyde 49 known to
spontaneocus cyclize to form 4-hyéroxyguinoline which requires
no oxygen(1l16), The strcng inhitition of kynuramine oxida-
tion (i.e. more than 50 per cent: see tadble “TX), may rean
either a direct action of gemicarbazide on the enzyme or a
chemical reaction between semicarbazide and kynursmine result-
ing in the removal of available substrate for enzyme ection.
Yo obvious interaction waa apparent by epcetroscopic examin-
ation. Youdinm had earlier found inhibition of kynuremine
oxidation by semicarbazide(121).

Isoamylanine oxidatlon was aleso inhitited as previously
observed with the S.MAC, |

In the case of tyramine, tryptamine end serotonin, dye
formation was also abolished., This was in conformity with
the observationz of other workers(120). ,

Semicarbazide inhibition of oxygen uptake is interpreted
to mean that the aldehydes were not further oxidiesed to the
corresponding mcids(15,16),



TABLE XXY,

THT FRETCTS CF STTTCARRAZIDE

O™ OYYG™Y COWSI™PTINN BY S,S,.MAQ

PRIPARATION FROM GUINFA PIG TIVTR,

Substrate

1.
Kynuramine

24
Isoamylamine

5-~Hydroxy=
tryptanine

(]

5e
Tryptamine

Tnhibitor

senicarbazide

senicarbazide

-

semicarbazide

semicarbazide

gemicarbazide

¥inal
molar
conenlt,

1, 6x10

1.6x10™2

1.6x10™2

1.6x10™2

2

:106X1Q~

moles
02/1C0mg
protein/hr,

42,9
17.1

45,2
23.4

64.3
2945

68.0

2945

5643
27 0‘9 N
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Per cent
inhibtition

60

48

54

57

50
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@1} culphydryl compounds,

Tagnado and Sourkes(7l) and a nmrmber of other authors
(73,74} have shown thaet ¥FAOQ activity is inhibited by Si-
Inhivitors such ag PCYEB and HgClz. These compounds were
therefore tested In the amine-S,.S.MAC systenm by manometric

2582y Tsble XXXI chows that these findings were confirmed

by the present author.for soluble en?yme preparations..
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PY B5.3.,¥A0 PREPARATTON FTROM CUITNTA PTG TYVFR,

Final

Substrate Additive molar

Tyramine
Tryptamire

Tistamine

Tyranine
Tryptamine

Higtamine

conC,

MgCl,  2.5x1074
gCl, 2.5x1074

gCl, 2.5x1074

s 5x10”4
PO 5x10~4

pere 5x10”%

" Fmoles

02/1C0mg.

protein?
hour

26480

24.0
2C.0
20,0
15.0
2.7
2,72

%
inhibition
25

25

25

25
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(i31) The effects of semicarbazide on oxygen uptake by
mitechondrial Mi0,

Cxygen uptake by thawed grinea pig liver mitochondrial
suspension was about 50 per cént inhibited when tyramine,
tryptamine or eerdtcnin were tested as substrates. Senie
carbazile 0.01611 (final conc®) did not effect the reaction
when ismoamylamine was substrate, These findings were in
good egreement with the findings of other workers(15,16).
The result was, however, in contrast with that seen for
isommylamine when S.,77A0 and 2.5.174°0 were assayed for oxygen
uptake. Vith these preparations semicarbazide strongly
inhibited the oxygen consumption in the presence of iso-
enmylanine.

Table TXXII sho%a data compliled for oxygen uptake by
mitochondrial suspensions in phosphate buffer, pH T.6.
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TABLY YX¥J7T. THE TFFICTS CP

STITTCARPAZITE CN _CTYG™ UPTARKE

. BY MITOCHORTRIAT. STSPTNSTCNS

IN THE PRYSTNCE CF MOROAMINES,

Final /[J moles

molar  oxygern/ 4
Substrate Additive conel, 100 mg inhivition
() protein/
hr. -

Isoamylamine - , 48.5 -
Semicarbazide 1.6x1072  49.0 0

Tyramine - 6746 -
Semicarbazide  1.6x1072 28,2 58

Serotonin - 69.7 -
Semicarbazide l.6x10“2 27.9 60

Tryptanine - 58.2 -

-2

Semicarbazide 1.6x10 27.9° 52
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(1v) The effects of tetrazslivn s2lts em oxyrin conmurption

Ty S50, |

Tegnato and Tourkes(T3) and Feischock gt £1.(23) showed
that there was a lagphmeetwhen A0 wan actuyed by tre tetraw-
ecliva technigre, Toth groups sleo fsmenetrated dnderende
ently that carbenyl reagente, e.g. cyaride end remicarvazide,
irhivited the emine/tetrezolivm reductase rezctien,  These
reargnie, however, zre not inhititers of "0 when 1t is
ensayed nanonetrically(l5,16,74s  Since the rate of =merctonin
dlpoppecsyance w2e linear as a function of time and 4t was not
affected by the carbonyl reagsents, these enthcrs{(c9) postu-
lated that the amine/tetrazolium reductzse rezction depends
on the presence of &n aldehydes The lagphese could then te
gypleinsd In terma of either the tinme for the seenmulation
of the allehyde or on the Lformation of sn electron carrier
frenm the aldehyle, necsocnry for tetrazelium reduction,
These suthcra(€a) alse claimed that indoleamines were the
veat substrates for the anire/INT reductese assay of lyophile
isad rat liver mitochondris. Yelesebach et nl. €14 not test
the effecta of tetrazolivm ealtes (INT) on oxygen uptake
gtirmulnted by ¥L0 exbhstrates. Tagnsado sand Sourleg, however,
ghowed that rat brain Y20 was elrengly drhibited by T7C and
0 when 1% wio sosayed munometrically; there was no reduction
of these tatréaolea during cxyecen uptake. Yore recently,
Inllemant et Faren(l3f) extendsd these findingn by demon-
strating that a number of cther tetrazolea, including INT
end nitro-NT (¥PT), were competitive irnhibitors of mitechon=

drisl ¥4C. There suthors 4id not report vhether or not eny
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cf these salts were reduced in their experiments. The present
author was led, therefore, to investigate the contribution of
aldehyde to tefrazolium reduction by MAO and also to find if,
in fact, the S.5.MA0 could catalyse IKT and NDT reduction .
during oxygen uptake. Since semicarbazide had been already
shown to prevent further oxidation of the aldehyde by trap-:
ping i% (cf.»tables v, TXX, XXXII), this meant that there
would be no aldehyde available to reduce the tetrazolium salt,
Furthermore, since the formation of the postulated carrier is
claimed to depend on an aldehyde, the trapping of the aldehyde
would eliminate the possibility of its formation(99). The
tetrazolivm salts tested were INT end in a few cases NBT algo.

MAO activity was estimated by the Warburg technique with
alr as the gas phase, and in the presence of 0.016} semicar-
bazide (final molar conch),

The results summarised in table XXYIII below clearly
gshow that INT 1s a potent inhibitor of $.,5.MA0 end that the
tetrazolium salt is readily reduced under the experimental
conditions. The smount of formazan produced was directly
proportional to the amount of dye added, It is also apparent
that the wsual inhibition of oxygen uptake by semicarbazide
due to the suppression of further oxidation of the aldehyde
intermediate to the acld was abolished in the presence of the
dye,

The inhibition by the dye of oxygen consumption was less
marked when it was preincubated in the side arm with the sub-
strate (cf. table X3XIII) (Expe 3c)» Similar findings were

made with NPT when tryptaxzine was substrate, It can also
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be seen from the data presented (Fxp. 2} that the aye (INT)
inh;bited oxygen uptake in the presence of iscamylamine

more strongly al a lower concentration than at a higher one,
as was the case for sll the other substrates tested. This
anonaly may conceivably be related to the behaviour of this
substrate (isoamylamine) towards semicarbazide inhibition of
oxygen consumption(15,16). Generally, tyranine and isoamyl-
emine reduced INT very poorly but itryptamine was a very good
substrate for dye redvetion during oxygen uptake as shown in
table IXXIITI. This was in keeping with data on the amine/
INT reductase activity in the conventional assay system (see
e.g. tables IY, X, XVIII)s It is apparent from the data
presented that the inhibvition by IRT of respiration by

S+S.J0TA0 wae greater in the absence of semicarbazide than 1t
wag when this trapping agent was added. The anount 6f formazan
produced in the absence of semicarbazide was practically the
same a8 it was in the presence of semicarbazide. Identical

results were obtalned when EBT was used as a dye,
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‘PART™ YXYITTY, L TRRTOTY

- CF TNT ON OYYNTN TPMAYT BY §,8,MAQ, - -

" Legends The eﬁzjme‘waé preincuﬁated'for 25 mins, with 0.015M
penicarbazide ané INT. The reaction was started by tipping
-the substrate from the side arm, Control experiments were
included in'which water réﬁlaced INT, semicarbazide and sub=
etrate. The amount of dye redubed was caléulated on the
basis of a molar extinection coefficlent for the corregponding

formazan of 13,300 in ethylacetate solution at 520 Tp e

IXT Cxygen

(n moles/ (m moles/ ¢ of Formazen
Exp. Substrate flask, hr/ml control m moles/
' enzyme. flask.:
1. Tyramine - 3.5 100 -
2.37 1.0 29 0.44
2. Isoamylamine - 1.39 1ce -
0.79 0.43 31 0.176
1.58 - 0.78 56 0235
3. Tryptamine - 5.6 100 -
1.58 2.6 44 1.33
2.37 1.88 33 1.8
(b) Tryptamine ® - 10.7 100 -
0.79 S5.14 48 0.67
1.58 3.1 29 1.45
2.37 1.49 14 W11
¢) Tryptamine™ - 5.6 100 -
(e) P 0.79 4.7 84 0.65
1,58 4.1 73 1.47
2.3 3.75 67 2.02

=In (a) and (c) semicarbazide 0,016 (final cone™) was present
in (b) there was no semicarbazidej
in (¢) INT was tipped from the eide arm together with the
substrate at zerokime. In all other experiments

the dye weg preincubated with the enzyme.
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(v) The effects of INT on oxygen uptake by S.S5.A0 in the
precence of kynuramine,

Fynuremine was found to be a good substrate for IMAO in
- manometric and substrate disappearance determinations (cf.
tables TXIT, XKX).

In preliminary experiments with kynuramine, it was found
to be a very poor substrate for enzymic tetrazolium reduction,
However, in = nixed substrate experiment involving tryptamine
and kynuranine, kynuramine was found to strongly inhibit
enzynic reduetion by tryptamine, As kynuramine is known not
to form a free aldehyde which would be further oxidised to the
acid, because of the spontaneous cyclisation of the aldehyde
to 4~hydroxyquinoline(116,117), it was thought to be an ideal
substrate for further investigaticn. Table XXXIV shews that
kynuramine oxidation by S.3.M40 was strongly inhibited by
INT during oxygen uptake just as it was for all the other
anines tested.

According to this teble (TXXIV), semicarbazide caused
relatively slight Inhibition of oxygen reduction in the
absence of azdded INT, as would be expected since the zldehyde
formed iﬁ the reaction would cyeclize to 4«hydroxyquinoline
which does mot involve oxygen consumption(116,117). However,
INT and NBT reduvction did occur to a small extent at the
lowest concentrations tested, TUnder these conditions, semi-
carbazide appeared to stimulate dye reduction and simultan-
ecusly inhibit respiration in the presence ¢f kynuramine by
at least 50 per cent,

At higher dye concentrations there was a strong inhibition
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of oxygen absorption, and 2 small inhibition of respiration
by semicarbazide, which also caused an apparent stimulation
of dye rcduction. Tye reduction in 81l cases was slight.

The strong inhibiticn by INT of kynuramine oxidation by
S.S..AO in the absence of high aldehyde oxidase activity
suggests a direct inhibltlcn of the enzyme itself by the
dye (IFT), This mey explain the inhibition of 1M0 activity
by INT with all the amings tested, It would also explain
the apparent weak inhibition of tryptamine metabolism when
the dye was preincubated in the side arm with the substrate,
instead of the normal preincubation with the enzyme (c¢f, t=ble
XYTIIT expe. 3 a—c). The pocr kynuramine/INT reductase
activity may not necessarily mean the involvement of aldehyde
in INT reducticn: after all, tyramine or iscamylamine which
form a free aldehyde ‘ar:e egually poor substratesfor enzymic

L

tetraszolium reduction.



Eynuramine

(a)

(3m31)

TARTE ¥IVIV,

THE FERTCTR OP TNT OW

CXYGTN CONSTI™PTION BY S,3,MAQ TN THE

PRTSTNCT AP YYRIRAMIYE,

(. mole/
mole
flaak)

0.99
1.98
2497

0.99
1,98
2.97

[Tmbles
oxygen
per nl

enzymne

3.86
2.19
1.11
1,11

3.11
0.89
0.89
0.89

In (a) semicarbazide was excluded.

1c0
57
29
29

100
30
30
30

133

Formazan
(n moles/
flask

C.117
C.0
0.0

0.176
0.073
0,073

In (b) 0,016 semicarbazide (final conc.) was added,
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(vi) The combined effects of INT and trenyleypromine (TCP)
cn oxygen abscrption by S.5.1740 in the presence of
tryptamine,

Tranyleypromine (TCP) inhibited MACQ activity about 75
per cent whether ITT was present or not. INT reduction was
inhibited about 30 per cent by TCP. The presence of TCP

enhanced the respiratory inhibition by INT as shown in
table XV &



TARLY Y¥YV,

THT CCIMINTD TFREICTS

OF TRANYICYPROITIRT (TCP} A"D INT

ON TRYPTAMINT OXIDATTON BY &.S.mao¥,

InT T.C.Ps
noles final
flask) molar

cone® (I7)

- 10™%¢ (TCP)
0-99 -
0.99 10~°m (TCP)
3k

/T moles

oxygen/

hr/ml
enzyme

'9.64
2.32
6.56

0.89

%
of
control

100
24

63

Semicarbazide was omitted in this experiment,

140

Formazan

(2 mole/
flask)

0.391
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FI0G, 8. TIVT TRV TOR IWD ROTICTICN BY

O 8.8=1A0 TIRING OTYE™ VTPTAYTE TR

THT PRESTVCT CR TRYPT LMINT,

The reaction mixture was the same as for the legerd of
table XXXIIi except that only one concentration of INT was

used i,e. 7.92uM (final econc.).

a = Total formazan produced in the presence of substrate
(tryptamine).

Fxcess formazan produced over that cf tlhe endogenous sub-
gstrates.

4

b

Correction for zero: time.

Formazan produced by INT reduction by endogénous substrates.

O
it

]
i

9.9.C530 mp
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2 The inhidbiticn of kvnuvramine disaprnearance by semi-

carkazide in the presence of FTAT-nicotinamide mixture,

Kynuramine Gisappesrsnce (2s measured by spectrophoto-
we¢tric assay at 360 %f) was strongly inhibited by C,.0l6M
neutralised semicarbazide in the presence of a mixture con-
gisting (in final ccncentrations) of 0435 mM NAD and 1,67=ll
nicotinamides Kynuramine oxidation, lLowever, was not
affected by either semicarbazide alone or by the NAD-nicotine
amide mixture in the absence of semicarbazide. If anything,
kynuramine destruction was slightly enhanced by the NAT-
nicotinanide mixture as compared to the control. The reason
for the semicarbazide inhibition of kynursmine metabolism
in the presence of the mixture is obscure since kynuramine
aldehyde is not expected to be available for trapping by
senicarbazide(116,117). Vhether this inhibition was caused
by a direct inhibition of the enzyme by the reaction mixture
or through the formation of an enti metabolite is not clear.
It was possible semicarbazide was inhibiting a pathway in-
volving kynuramine and NAD., However, it may be stated that
attempts to demonstrate enzymic WAD reduction by kynuramine
at 340 qf.was unsuccessful, This, however, might be due to
Quenching since 360 mu the wavelength at which kynuramine
disappearance is measured is too close to 340 mr where INATI
formafion is assayed. Youdim(120) claimed to have demon-
strated the inhitition of kynuramine oxidation by semicar-
bazide at aclid pH. Table XXXVI sums up the results descridbed

above.



TABLE XXXVI.

THE TPFECTS OF STMICARRAZITE

AN NAT-NTCOTIRAMITE MIXTURE OV KYNURAMINE

Addition

None

NAD-nicotin-
amide
mixture

None
NAD-nicotin-

anide
mixture

TISAPPEARANCTE,

Trapping agent

semicarbazide

gtimulation

Final A0D°%0/m1
enzyme/
hr,

molar

conct

()

0,016

3.00'

3.72

3.00

1l.44

143

%
Inhibition

52
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3, Tffects of semicarbazide on amine/T™AN yveductace nctivity

of S.6.M0. |

Weissbach et 21.(35) postulated the follewing reazction
mechanism to show that WAD reduvetion during MA0 activity is
mediated through the aldehyde intermediate in the presence of
aldehyde oxidase:~

imine + O, Y0, meme + ,0, + NI

H,0
RCHO + WAD Al";_eﬁyge S¥442%8  yADI + RCCOH
2

Indeed, these authors claimed to have gtimvlated
5-hydroxyindole acetic acid (5M1AA) formation from the aldebhyde
in the presence of added excess aldehyde oxidase to various
fractions of soluble VAOQ preparations from guinea pig liver.
The acid fraction appeared to be the most dependent on this
treatment in the presence of added NAD, The authors, however,
did not demonstrate the effects of a carbonyl reagent such
as semiearbagide on the reaction. Furthermore, the avail-
ability of kyﬁﬁramine lead us to re-investigate the role of
aldehyde on amine/VAD reductase activity. Six monosmines
were tested. These weres tryptamine, serotonin, tyramine,
isoamylamine, benzylamine and kynuramine. 4 typical result
obtained for kynuramine was shown'in table YXXVI. The enzymic
NAD reduetion by kynuramine could not be readily essayed ét
340 mh for the reason already stated, 1.e. the possibility of
quenching.

It was repeatedly found in the case of the enzymic NAD

reduction by the other amines tested (tryptamine, serotonin
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and tyramine) that the addition of excess aldehyde oxidase
to the reacfion ﬁixture as suggested by Velssbach et _al.(35)
did not result in the stimulation of 1'AD reduction by the
acld fraction (S-pH5)s In order to determine the role of
aldehyde in NAD reduction assays during amine oxidation, the
effects of various concentrations of semicarbazide on the
reaction rate were tested, Acetaldehyde was used as a
control substrate.

Indeed, NAD reduction by the 5.5 NAO system with acetal-
dehyde as substrate was stopped within 2 minutes by 0.,0133M
semicarbazide (final conc®) (see figs 9). FAD reduction by
sucrose'mitochondrial suspensions with tyramine as substrate
was hardly affected by an ldentical concentration of this
trapping agent (see fig. ﬁb), This then was in contrast with
the result obtained for the reaction involving acetaldehyde.

. Furthermore, with the S.S.MAO prebarations,”semicarbazide
concentrations (all final concB®) ranging from 0.0033M to
0.0133M were found to stimulate amine/NAD reductase metivity
when serotonin andAtryptamine were tested as substrates (fig.
9)e In other experiments involving these substrates the
stimulatioﬁ of serotonin/FAD reductase activity by semicar-
bazide (0.0133M) was confirmed. In the case of tryptamine
there was occasional contradiction in that semicarbazide
appeared to inhibit the reactions .such results were obtained
at the highest semicarbazide concentraﬁion tested (0.0133M),
This inhibition, however, was especially noticeable after 20
minutes of NATH formation, The maximal inhibition in this
case was about 30 per cent, The inhibition by semicarbazide
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of oxygen uptake was, however, about 5C per cent for these
substrates (tryptanine, serotonin and tyramine) (sse tables
" XXX and TINIT).

| The enzyuic ITAD reduction by benzylamine, the weakest
'4V§ubstrate, was abolished by the lowest semicarbazide concen-
tration (0.0033M). Yhen tyramine and isoamylamine were
tested as substrates for NAD reduction with the 3.5.1180, 1t
was found that 0,000661 semicarbazide inhibited the oxidation
of isoamylamine by 40 per cent after 20 minutes and also that
of tyramine (see fig. 9).

fron these observations it can be inferred that an

aldehyde may be somehow involved in WAD reduction by some
amines in the presence of NAC preparations, assuning semicar-
bazide acts sclely by trapping the aldehyde, The contribution
of the aldehyde to the reaction rate, however, appeared mot
to be the main factor. It is apparent from these results
that other pathways, yet unlkwown, do exist for electron
transfer in which MAQ can participate during oxidutive de-
arination of monoamines, when NAD is used as final electron

acceptor,
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FIG. 9. THY FFFFCTS OF SFIICARRAZIDE CONCYNTRATION ON

WAD RETHIICTION BY S.S.MAQ IN THE PRTETNCE OF MOFO-

AMTRTS OR ACTTALTTHYTE,

The reaction mixture contained in a final volume of
3.0ml, 6.7)~moles substrate (neutralised); 1&6/~moles TAD;
12Pmoles nicotinamide; 150,. noles sodiuvm pyrophosphate
phosphate buffer pd 8,8; enzyme: 0.25ml (4mg protein);
water was added as required to make up the final volume.
Yater replaced the substrate and semicarbazide in blanks and
controls respectively.

Fig. QA represents tryptamine as substrate

1 = control (semicarbazide was ommitted)

2 = effect of 0.0033 semicarbazide

3 = effect of 0.,0066l semicarbazide

4 = effect of 0.0133M semicarbazide

Fige. 9B represents serotonin as substrate

124 = control (semicarbazide abgent)
24 = effect of 0.0066M semicarbazide
32 = effect of 0.0133Y semicarbazide

Fig. 9C represents the following substrates with and
without semicarbazide:—

n
1$,2% bezylamine with and without 0,0033¥ semicar-
bazide respectivelys

3¥,5) iscamylamine with and without C.0033V eemicar—
bazife respectivelys

’4ﬁ and 6 tyramine with and without 0.CC66!T semicar-
bagide respectively.

Fige 9D represents acetaldehyde as substrate.
+ gnd = indicate result with and without 0.C1l33M semi-

carbazide respectively. A1l rconcentrations
of gemicarbazide were final.
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4 waine/INT reductuse activity of solnble (5,7,170% angd

particulate {(mitochondrial sugpensiong) nrepsrations

Trom puines nig livere

The effects of:

(i) semicarbvazide.

lLagnado and Sourkes(79, und veissbach et 81.(992) demon-
strated that tetrazclium reduction by rat tissue particulate
FAQ was inhibited by semlicarbazide. The degree of Inhibition
depended c¢n the substrate (suine) tested. Thus “eissbach
et al. found 11 per cent and 70 per cent inhibition of INT
reduction by 0.04 semicarbazide (finzl conc) in the presence
of tyramine and serotonin, respectively. These workers(9s)
suggested aldehyde as the reductant. The availability of
kynuranine which does not form a free aldehyde proupted us to
re-gtudy the possible reductant of tetrazolium iﬁ soluble and
particulate HMAC systems. The subatrates tesied included
succinate and acetaldehyde, in addition to the amines.

It was found that neutralised semicarbazide at a con-
centration imown to exclude all aldehyde without interfering
with other enzyme systems(49), abolished the enzyme activity
when isoenylamine wag tested for INT reduction by the soluble
and the particulate enzymes. Tryptanine was the most resistant
amine to semicarbazide inhibition when elther enzyme preparze
tion was assayed for tetrazollium reduction. The concentra-
tions of semicarbazide producing 50 per cent Inhibition of the

reaction in the soluble (S.5) enzyme system were as followsi-
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Serctonin: Ca0CuM
Tyranines C.C113%
Tryptanines 0.02e5%

Tt was also found thuat while acetaléehyde/INT reductase
activity was oholished by C.008% seunicarbzzide, succinate/IV
reductase activity vas not morce than 30 per cent inhibited
Ly C.03I0 semicarbazide in the S.5.17.0 systens he percentage
irhibition of the particulate enzyme activity was generally
slightly higher for all the substrutes tested,

rymaramine was a rather poor substrate in the INT-
reductase assay and it was not possitle to obitain reliable
Inkibiticn data with this substrates Tievertheless, it is
gpparent that semicarbazide inhibition of tetrazolium reduc—~
tane activity doem not necessarily refleet 1ts effect on an
eldehyde intermediate,

The case of kynuranine is & coizzplex one, the very fact
that of all the imown NAO substrates it alcone should have a
unique pathway for the metabolism of its end rroduct merits
gpecial attention. It is aleso important 4o recall that senie-
carbazide very strongly inhitited oxygen uptake by S.S5.1A0
in the presence of kynuraanine (table XXX)e Similerly, it
was kynvranine oxidation which was moet inhitited by INT
(table X"¥IV) and finally the disappesrance of kynuramine as
assayed spectrophotometrically was strongly inhibited by semi-
carbazide under certain conditions (table X¥¥VI}, Special
attention may also be pald to the fact that even at four-fold
the concentration of semicarbazide known to extlude all aldehyde

(48), Weisstvach et al, did not succeed in inhibviting tyramine/
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INT reductase activity by more than 11 per cent. Trnble
X'2VIT shows the effects of semicarbazide on enzymic INVT

reducticn by anines, acetaldehyde and succinate.



TARLE YXYVIT (A7),

THT TRRTCTS CF STMICARBAZITE

EXD o

1.

2,

3.

4.

5.5

® wAD (0.5mM final conc.) and

conc,) were incorporated in

Totes
minutes in all cases,
semicarbazide) were similarly treated.

ON INT KiTUCTION BY 5,8,.,WA0 IW THW PR=5FNCE

CT WISCTTT AT TCTS qIatRamig,

Substrate

Tyramine
L

L
L]

Serotonin
1]

L
"

Tryptamine
"

"
L

Isoamylanine
Acetaldehyde
Succinice
acid
L]

Additive

Semicarba-
zide

"
"

Semicarba-
zide
"

"

Semicarba-
zide
"

®

Semicarba=-
zide

Semicarba~
zide

Semicarba-
zide
[ ]

Final molar /) moles

Per cent
of

protein/ control.

conell formazan
nr.
- 47.4
7.5%x10"3 39,5
15,0x1073 22.3
30.0]{10 16 9
- 77.8
7.5x10™3 46.7
15.0x1073 21.4
30.0x10 13.5
- 9509
7.5x10™3 65,2
15,0x1073 32.4
30.0x10 12.3
haad 20 .3
7.5x10™3 0.00
- 20 09
13.3x10™3 0.C0
45,1
7.5x10™3 38.4
15.0x1073 36.1
30.0x10 33.8

100
33

48
36

100
60

23
17

100
68

55
44

100
000

100
Coo
1¢0

85

80
75

nicotinanide (0,0025M final
the reaction mixture.

Preincubation of enzyme and semicarbazide was 10
Contrels (in the absence of
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TABTT TVIVII (B),  TH: FFR QDS O

>

S MIC.IRAZTITE

ON INT TETUCTICN BY THAW-D STUCRCSE MITCCHCNTRIAL

SUSPTNSICON TN THE Pr-u"NCT™ OF MISCHLLANTOVS

STTBSTRATES o

Final J7 moles

4
TXPe Substrate Additive ggiif fg£§§;2n céngiol
() protein/
hr.
1. Succinic acid - . 1C%.,2 100
" semicarba- 5x1073 79.6 73
zide
“ 10x10™3 60.1 55
2. Isoamylamine - 5446 100
" semicarba~ 5x10™5 00.0 000
zide
3. Tryptamine - 98.1 100
" ‘semicarba- 5%10° 39.3 40
zide , :

" n 10x10™3 6.87 - 7
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(11) The effects of sulphydryl agents and metal chelators
on amine/INT reductase activity of S.S.MAC.

There is much controversy as to whether WAQO requires Cu
or Fe for full activity or not(74,82). This prompted our
investigating the effects of their chelators on the systenm.

An attempt was also made to compare the effects of thiol
reagents on the amine-tetrazolium (INT) reductase system of
the soluble enzyme with that of mitochondrial MAO, The
results obtained are presented in table XXXVIII (A and B).

It was found that AgNOB, PCVB and Hg012 were effective
inhibitors, the degree of inhibition being proportional to the
concentration of the inhibitors cf., table XXXVIII (A). These
compounds are known to inhibit enzyme systems mainly by in-
hibiting the SH groups(71,73,74).

4-hydroxyquinoline and 8-hydroxygquinoline were very poor
inhibditors. 4-hydroxyquinoline at 0.05M (final concR) was
not inhibitory. This was in agreement with other workers(74).
At 0.025¥ (final concn), 8-hydroxyquinoline inhibited the
tyramine INT-reductase reaction by only 4 per cent while that
of tryptamine was 10 per cent stimulated. This was in con-
trast to the results of Erwin and Hellerman(74) for bovine
kidney mitochondrial MAO, Similarly, the strong inhibition
of the reactions by o-phenanthroline at 0.005M (final conch)
wag in contrast with the results of these authors. These
authors obtained greater inhibition of benzylamine and
kynuramine oxidation by their enzyme with 8-hydroxyquinoline,

[ =Naphthol 0,013 (final conc®) strongly inhibited

tryptamine/INT reductase reaction when it was preindubated



TAPIY YVYVTTIYT (A),

T TFTTONS CF

M-INITTTTORS ON "N7YIIC/INT N7 T OTINY

RY AVINTS, TITZYMT e 8,5,MMAD0 PRIUPARATION

TROM GUINTA TIG TIVIR,

TXD o Substrate Inhibvitor

1. F-Putylamine -
PCIVB

"

Tyramine -
PCHB

[1]

Tryptamine -
PCHB

L]

20 Tyremine -
HgClQ

"

"

Tryptanine -
H5012

3. Tryptanine -
AgﬁOB

Final JT moles
molar Formazan/
coneh,

2110:2
£Ex10

2x10:ﬁ
5x1C

2x10:4
5x10

=5
5x10_;

5x10

-4
1,25x107

10Cnmg
protein/

hr.

12.50
T+50
C.C0O

43.C0
27.20
0.00

80.C0
44,90
0.CO

42,00
34.44
26.9
1C.1

T2.0
57.6
43.0
14.6

7540

58.0

41,0
Te23
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Per cent
inhivition

40
1C0

37
1¢0

44
100

18
76

20
80

23
45
94

Preincubation of enzyme and inhibitor at 37°C was for

15 minutes in all cases,
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1.

2.

3.

4.

*®

THT TTTIOTS OF MTTAL,

TARTT ¥¥YvITIT (R,

CHTTATARS ON PUTRAZOTIUN (TNTY = TITCPION

BY S.S-MAQ PRIPARAMTON PROM GUTMTA PTG LIVYR,

Substrate

Tyremine

Tryptamine

Tyramine

Tryptamine

Tryptamine

Tyramine

Tryptamine

Chelator

4-Hydroxyquino-
line

4-Hydroxyquino=-
line

8-Rydroxyquino~
line

8-Hydroxyquino=-
line

,(—Nap}:thol

o-phenanthro=-
line
"

o-phenanthro-
line
"

Pinal
molar
concli,

5x10”2

5x10~2

5x10‘3

5x10"3

6x1073_,
1.3x10

1073

5xlo’3

10~3
5%10™3

/¢ moles

formazan/

100 mg

protein/

hr.

14,2
14.2

30.4
30.4

14.0
13.4

30.6
33.7

3045
25.3
12,2

15.5
12,7
2.3

36,0
2942

1.4

156

Per cent
inhibition

o

(o0 |

Mean values for three experiments, each of which was

sctivated by the chelator,
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for 30 minutes with the enzyme. Inhibition was complete
and irreversible when the mixture was kept in the cold over-
night. Naphthole are claimed to inhiblt enzyme systems by
forming charge transfer complexes with FATD(74). This might
suggzest that the guinea pig liver enzyme contained‘a flavin,
probably FAT.

(1i1) The effects of some respiratory chain inhibitors on
INT reduction by guinea plg liver MAO prepérations
in the presence of tyramine,

Tt was reported earlier in this thesis (see section 1

Nos. 6 and 7) that both mitochondrial suspensions snd S.MAQ

oxidised WADH. This was more marked below pH 8.2. The

potent respiratory chain inhibitors, antimycin A and sodium
anytal were effective in blocking the activity of the mito-
chondrial WATH oxidases but they were ineffective in the

case of NATH oxidation by S-MAO., The NATH oxidation by S.WAO

was nost probably a reflection of the pH of the buffer, since

at higher pH, the NATH oxidation was abolished. NAD was
fould to stimulate INT reduction by S-MAC in the presence of
tyraemine and some other amines (see table IX). All the amine/

INT reductase assays were, however, carried out at pH 7T.6.

This would mean that the ﬁADH formed in such assays would be

rapidly oxidised by the tissue, probably so that very iittle

would be available for reducing INT during the amine/INT
reductase reaction of S.MAO,. Nevertheless, there was con-
slderable NAD stimulation of enzymic tetrazolium reduction
by amines. This would imply that the two systems are not
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equivalent. A comparison of the amine/INT and amine/NAD
reductases of S~pH5 MAQO (see table XIV) shows that this is
apparently correct. This was confirmed by the results of
sonlcation from which it was found that though the substrate
specificities of the amine/WAD reductases of the soluble

MAO preparations had been altered as the result of sonication
of the homogenate, those of the amine/INT reductases remained
unchanged (see table YXVII),

It was possible, therefore, that though NADH oxidation
could not be blocked in the amine/NAD reductase system of
S5-MAO by the respiratory inhibitoré, they might do so in the
amine/INT reductase reactions of the soluble MAQO preparations,
It was, therefore, decided to test the effects of the respir=-
atory chain inhibitors, antimycin A and amytal on the amine/
INT reductase systems of soluble and mitochondrial MAO pre-
parations from guinea pig liver.

Table XXXIX summarises the results obtained when mito-
chondrial suspensions (in phosphate buffer) and soluble MAO
preparations were assayed for INT reduction undér gpecified
conditions.

Tetrazolium reduction by mitochondria with tyramine as
substrate was about 50~T70 per cent stimulated by 0,15zl
NAD (final conc.) alone.

The tyramineleT reductase reaction was 11 per cent in-
hibited by 0,025uM nicotinamide (final conch).  Though nico-
tinamide does not inhibit the respiratory chain a mixture of
NAD end nicotinamide at the concentrations stated strongly

inhibited (62 per cent) INT reduction by mitochondria in the
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presence of tyramine; the endogenous INT reduction was,
however, strongly stimulated by the mixture. Antinmycin A
(2 /vg/ml.) was found to stimulate the mitochondrial cata-
lysed INT reduction by tyramine (8 per cent). The presence
of antinyein A, however, enhanced the nicotinamide inhibition
of INT reduction, On the contrary, antimyein A partially
supressed the strong inhibition effect of FAD/nicotinamide
nixture., The endogenous reaction was greatly stimulated by
the combined mixture of antimycin A, NAD and nicotinamide.
These observations were in contrast with those had when
anytal was used. The mitochondrial amine/INT reductase
reaction was about 60 per cent stimulated by 3.3 nM amytal
(final conec). As stated earlier, nicotinamide inhibited
the reaction about 1l per cent. The presence of nicotinamide,
however, was to enhance amytal stimulation of enzymie¢ INT
reduetion by mitochondria by about 140 per cent, Though NAD-
nicotinamide mixture strongly inhibited enzymic INT reduction
by tyramine about 60 per cent, the effect of amytal at the
gpecified concentration was to stimulate the reaction by about
140 per cent. In all experiments involving amytal, the
endogenoﬁs INT reduction was not stimulated by this chemical,:
With the soluble enzyme preparations (S.MAO S-pH5 MAC
S485.MA0 and S.S-pH5 IMAQ) there was no observable inhibition
of enzymic INT reduction by nicotinamide or by NAT-nicotinamide
mixture. Antimyein A alone was, however, found to slightly
inhibit the reaction in the S.S.,MA0 preparations, In the
presence of NAD nicotinamide mixture, antimycin A strongly
gstimulated INT reduction by S.MAQ and S-pH5 MAC in the pre-
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gsence of tyramine,

These observations show that the amine/INT reductase
systems of mitochondria and the soluble NAO preparations are
very complex. The complexity 1s emphasised in their be-
haviour towards the respiratory chzain inhibvitors.

Furthermore, i1t appeared the effects of antimycin A
and amytal on the mitochondriel system in the presence of
INT were not equivalent. The behaviour of the inhibitors
towards nicotlinamide in the nitochondrial system were also
different. These observations suggest that separate path-
ways operate in mitochondria for INT reduction by tyramine

in the presence of the respliratory chain inhibvitors.
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TUE TEFPACTS OF 3OMT RESPIRATORY CHAIN IN-

HIBITORS OF JIN9 RTTTCTION BY GUINTA PTG TIVTR

MAQ PR7-

PARATIORS I3 THY PRESTNCET CF TYRAMINT,
Tiesue Yicot- Mmoles Mnoles
TXpe pre=- NAD* in- Inhibitor Final 'formazan "extra"
peration emide coneh /100mg  formazan
protein/ /100ng
hr. protein/
hr,
l. WVitochon- - - - 110,88 109,0
drial + - - 166,71 164.,0
suspension - - AntimyecinA 2ug/ml 119.4 117.5
- + - 99.16 Q7.0
- + intimyeinA 2ug/ml  67.26 63.5
+ + Ll . 48 019 41 005
+ + AntinyecinA  2ug/ml 80,78  76.5
2. lMitochon- - - - 76.00 T4.1
. drial + - - - 127.16 125,0
suspension - -  Amytal 3.3xlo_§p 121.00 118.2
+ - Amytal 3.3x10 7 173.16 176,0
- + - 68,18 66.0
+ + - -3.‘ 32.7 28 q9
+ + Amytal 3.3x10 -1 ) 176.9 174,.1
3 ™ Soluble - - bt 43 08 41 08
SeSeMA0 - - AntimyeinA  2pg/ml 4646 44,8
- + had 4‘3 08 41.8
- + AntimyeinA  2pg/ml 39,2 36.0
+ + - 43 .8 4108
+: + AntimycinA  2pg/ml 40,0 37.4
4. Soluble - - - 5609 55T
(sonie) - - AntinyeinA  2pg/ml  56.9 5547
(S'So - + - 56 09 55 17
pES )1AQ - + AntimyeinA  2pg/ml g%.g 49.3
+ + - (33 55;
+ + AntimyeinA  2rg/ml 50,0 48 .4
5¢« Soluble - - - 12,3 9,0
S QII{AO hnd + - 12 Ql 9 .O
- - AntimyeinA  2pg/ml 12,2 9.0
+ + - 38.55 30.3
- + AntimycinA  2pg/ml 12,0 9,0
+ + " w 8.2 34.9
6 ¢ Soluble - - - 14 03 1203
(S-pH5) - + - 14.3 12.3
7A0 - - AntimyeinA  2pg/ml 14,3 12.3
+ + - 30;0 27-6
- + AntinyeinA  2pg/ml  14.3 12.3
+ + " " 33.0 30.2
= Final molar concentration of NAD: 1.5x10™ %M -3
XX " " " * nicotinamide: 2.5x10 M
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He The effects of Arsenite on NAD reduvetion bv S.S5.MAQ,

Arsenite (0.001M finzal conc.), a typical inhibitor of
the system, 8 - Se ?H ?H was found to inhibit amine/NAD

reductase activity after 10 minutes preincubation with the
enzyme in the absence of added substrate (tryptamiézijO)The
inhibvition was progressive as a function of time ;nd was com-
plete within 30 minutes, This was suggestive of the require-
ment for a longer preincubation time. The inhibition of

the reaction by arsenlite also suggest the requirement of SH
and =S-S=groups for full enzyme activity. This was in
partial agreenment with the findings of Friendenwzald and
Herrmann(12l) and Singer and Barron(1l23) who first demon-

strated the requirement of SH groups by MAO for full activity;
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7IC¢, 10, PTYOCOEIYE e o U NG TR
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CT .5 WAD,

C = Control.

T = Arsenite 10"3 M (final ccncn) wag present.
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6 INT and WAD reduction by hishly pvurified solubilised

nitochondrial MAD,

Aldehyde oxidase activity in rat liver mitochondria is
said to be negligivle(1l24). If the postulate of Veissbach
et al1,(35,99) that INT and FAD reduction by MAO preparations
ig mediated by aldehyde oxidase is correct, then highly puri-
fied rat liver mitochondrisal MAC could net catalyse INT and
NAD reductioﬁ by amines. Highly purified and solubilised
rat liver mitochondrial MAQ shown to have no aldehyde oxidase
activity(120) was generously supplied by Tr. Youdim., TPre-
liminary experiments showed that the enzyme contained no
aldehyde oxidase activity when it was tested for tetrazolium
or NAD reduction with acetaldehyde, This was in agreenment
with the findings of Youdim.,.

On the contrary, when the enzyme was agsayed for INT
or TAD reduction by tryptamine, there was a definite enzyme
activity in both oxidoreductase systens. This then was a
direct contradiction of what was expected on the basis of the
postulate(35,99). The only plausible explanation for this
quld be that aldehyde oxldase 18 not the onlybééthway for
NAD or INT vreduction during MAO activity. This view was
further strengthened by the findings that semicarbazide
(0.016M final conc.), a well known aldehyde trapping agent
did not appear to have much effect on the enzyme activity
in both reductase systems.

Table XL briefly summarises typleal results in the two
reductase systems.,

From the table it is clear that the enzyme activity was
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generally much iess than that observed for the guinea pig
liver enzyme (cf. tables IY, XITI, XIY, XX7I). This was,
however, in agreement with what is known about the relative
activities of the enzyme in these two species(16,36,116),
The inhibition of the enzyme activity by semicarbazide in
the absence of aldehyde oxidase actlivity may mean a direct

inhivition of the enzyme by semicarbazide.
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(A,B) TFT ATT NAT RETICTION

PY_HIGHLY PURIFITT ANT SOTIPITISED

Feductase
pysten

INT
reductase

(4)

NAD
reductase

(B)

RAT TIVER MITOCHOUTRTAT 1MAQ,

Substrate Irhivitor TFinal Activity in

1.
Acetaldehyde

2
Tryptanine

L]

1,
Acetaldehyde

2.
Tryptamine

® Activity in system A was

molar  pmoles/100mg

COnC, protein/hr,
(1)
- 0,000
+ seni- 24.0
carbazide
(0.016%)
- .00
- Te5
+ seni- 4.9
carbazide

expressed in }.mcles formazen,

Activity in system B was expressed in /‘moles NATH,

3
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CTAPT™R_FOUR

THT STARCH FOR THE POSSIBLE ISOFNZYMT3

OF GUIN®A PIG LIVFR MONOAMINE

OFITASE PRTPARATIONS,

At Introduction,

It has been shown unequivocally that a number of enzymes
derived from a tissue or even a single cell can exist in
multiple molecular forms, with distinet electrical, chemical
end immunological properties. Thus Vesell and Rearn(125)
and Markert and )d1ler(126) demonstrated by electrophoresis
that crude tissue preparations could resolve five distinct
forms of lactic dehydrogenases (LTMs). Farkert and M4ller
suggested the term "Isozyme"” for such multiple forms.
"Tgoenzyme™ and "Isoz yme" are synonymse Isoenzymes may
be distinguished by wuch properties as their mobilities dur-
ihg electrophoresis, their cofactor requirements and their
sugceptibilities to inhibitors., Thus Kaplan and collabor-
ators(127,123) were able to differentiate LTH isoenzymes by
means of thelr catalytic properties towards WAD and its
analogues., Thorne(129) showed that two malate dehydrogen-
ases (MIHs) of rat liver may be either separated physically
by TEAE celluloge chromatography or by their catalytic pro-
perties. One of the isoenzymes 1s mitochendrial and the
other is found in the supernatant fraction, in other words,
it is soluble.

Similerly, isoenzymes have been demonstrated in sper-

matozoa, thus establishing unequivocally that a single cell
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type may have its own iscenzymes(130). TFurther still, Flanco
and Zinkham(131l) and Goldberg(l32) have shown that of the
five LUH iscenzymes found in human tissues and sperus, one is
unigque to the sperm cell and is not found elsewhere in eny
other humen tissues or cells.

Although monoamine oxidase is generally believed to show
a broad substrate specificity(20), Cewald and Strittmatter(36}
showed by differences in temperature stabilities that the
enzyme present in rat and guinea pig tissues may be more than
one, Similarly, CGorkin(133) and CGorkin and collaborators(38)
ghowed by partial separation by chromatography of rat liver
mitochondria and by inhibvitor sensitivities respectively that
the mitochondrial enzyme may exist in Iwd enzyme forms. The
avallability of a soluble ¥MAO from guinea pig liver, therefore,
led the author to investigate further if the soluble enzyme
is identical to or different from the mitochondrial enzyme,

Since one of the most powerful, relatively cheap znd
convenient methods currently used for demonstrating isocenzymes
is electrophoresis, this was the method applied to the study
to be reported.

It may be stated from the ocutset that when this research
was started, there was no literature anywhere on the electro-
phoresis of ITAQ, The methods adopted were therefore bascd

on trial snd error.
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B: Wethods,

1, Preparation of tisoue: Soluble enzymes were pre-—
Y

pared as already described in Tart I under YMethods, Any
other medifications will therefore be described alongsilde
the experimental results,

20 Stareh el electrophoresis of 1740,

Forizontal starch gels were prepared in perspex trays
(23 em x 9 em x 4 nm) by the method of Tmithies as descridbed
by Ivor Smith(l34), using 10-12.8 g hydrolysed starch per
1CC rl buffer sclution.

(a) Tanid method: MNodified Vieme's agar gel method(135).

Cels cut from perspex trays were transferred ontec thin

glags plates (11 em x 3 om x 2mm), Contzet with electrode

vessels was by agar gel forming a bridge between the electrode

and buffer conpartments as seen in fig. 1l.
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FI1G, 11, SCHTME O WITMTIS AGAR-GTY,

CTUCTROPITORTSTS TANK (8TTH VITW)

Tanks A and D are bufier compartments and tanks B and
C are filled with buffered agar gel.

The large holes AD and CD ensure good electric contin-
uity.

The central tank is filled with petroleum ether to cool

the gel which is placed on the bridge BC.
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Cooling was by petrol ether (40-60°C bp) poured onto the gel.
Samples were applied by inserting egix 3 MM Vhatman filter

paper wicks soaked in the appropriate pretein solution into

vertical slots made in the gel. Ilectrophoresis was at a

potential gradient of about 20 volts/cm for sbout 3-5 hours.
(b) Slow method:s This was performed by the method of

Smithies as described by Ivor Smith(l134). Gels prepared in
perspex trays as already described were used,

Samples were applied as already described in (a) but were
sealed in with a microscopic slide smeared with vaseline. The
gels were covered with parafilm to prevent evapcration. Cone=-
tact with the electrode compartment was made by buffer sozked
3 ¥ Vhatman filter paper strips. Tlectrophoresis was over-
night (18-24 hours) at a constant voltage of 120 volts or 3
ﬁA/gel.

After the electrophoresis, the gels were sliced horizon-
tally and stained as follows:~
(1) Protein bands were detected by staining for 5 minutes in a
1 per cent solution of amidoschwarz 10B in methanol/water/acetiec
acid (50: 501 20v/v) and washed for eeveral days with 10 per
cent scetlic aclid in methanol. Alternatively, they were stained
for an hour in 1 per cent amidoschwarz 10B in glycerol/water/
acetic acid solution (501 503 20 v/v).

The gels were cleared in glycerol/acetic acid/water mix-
ture,

(11) For the detection of MAO activity on gels, the following
reaction mixture was generally used:-

The gel was covered in a solution containing 0.,005M anmine
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subgtrate (neutrzlised), 10 mg XBT, 45 ml 0.1¥ sodium phos-
phate buffer pH 7.6 and water to make a final volume of 50 ml,
Water replaced the subsgtirate in controls, For inhibvition
studies, 0.002-0.005M iproniazid (final conec®) was preincu-
bated with the gel for 30 minutes at 37°C vefore adding the
substrate and dye mixture. %ith the complete system, the
time of incubation was not more than 9C minutes. Tepending
on the enzyme activity, the incubation cculd be 20 minutes or
even less.,

(¢) Puffers used for starch gel electrophoresis.

i« TFhosphate buffer, pH 6.,3-8.0
gel buffer: 0.04M
reservoirs 0.061
ii. PRorate buffer, pH 8.6
cel: 0.03M
reservoir: C30H
fhe PH was adjusted with ¥aOH (1.0H).
iii., Tiscontinuous system: HIethod of Poulik
Tris/citrate/borate buffer system, pH 8.6
gel: +tris (hydroxymethyl) aminomethane (tris) 0.076M
and 0,005 eitric acid.
reservoir: 0430 borate
the pH was adjusted with 1.0M NalOH,
(i1). Thin layer agar gel electrophoresis (polyvinvlipyrrol-

1done, PVP/agarose).

The electrophoresis was conducted by the method of
Ogita(l36)s The excessive endoelectrosmotic flow of agar

cel wag reduced by adding PVP to the agar gel, Since all
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other types of agar (e.g. agar Toble) tested gave very
plastic gels, agarose was preferred,
The buffer used was either
(a) Tris/glycine buffer, pil 9.6
gel: C.CO4NM
reservoir: 0,376
or
(b) Veronal buffer pY 8,6
gel: 0.025M
reservoir: 0,050
Procedure: The gels were generally prepared in batches as
followsg:-

Agarose powder (0.5-C.Tg; was mixed with an equal amount
of PVP, The mixture was poured into 100 ml of the appropriate
buffer and the resulting mixture was left at rcom temperature
for 24 hours. The nmixture was then boiled vntil 1t was com-
pletely clear and it was then poured into boiling tubes in
50 ml lots. The stocks were covered and kept at 50C in the
dark until regquired for electrophoresis.

Thin layer gels were prepzred by pouring molten gels onto
horizontal thin plates (11 em x 8 em x 2 mm), Samples were
applied by pouring the enzyme and molten gel mixture at 35«
40°C into long thin elots made in the horizontal gel. More
molten gel was poured over the sample to seal it in. Connec=
tion between buffer and electrode compartments was by 2 per
cent agar gele prepared in bridge (reservoir) buffer, Cooling
was by pouring petrol ether (40-600C b.p) on the gel, i.c. as
described for fast horizontal starch gel method. The electro-
phoresis was for 30-45 minutes at 20 volts/cm.

The enzyme activity on gels was detected by the tetra-
zolium technique using the standard mixture described under
starch gel electrophoresis (see 2b, ii).

Protein bands were similarly detected by staining with
amido schwarz (amidoblack) 10B solution (see b, 1),

(1ii)s Cellogel Tlectrophoresis.

This was conducted as directed by the manufacturers(137)

and in 0.051 veronal buffer, pH 846,
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Prccedvre:

Cellogel strips (17 om x 4 cm), were submerged in veronal
buffer for 10 minutes. The strips were then laid between two
sheets of clean filter paper to remove excess buffer. The
strips were then placed in position on the electrophoretic
tridge with the opague side facing up. Samples were applied
by dipping a coverslip inte the enzyme solution snd then
carefully applying it to the strips.

Tlectrophoresis was at 0.09 mA/strip for 90 minutes,
Tach strip was cut into 4 thin longitudinal striplets which
were stained as follows:-

(a) Protein bands: were stained for 5 minutes in a reaction
mixture consisting of C.5 g lissarnine greeny 50 ml methanols
40 ml water and 10 ml acetic acid, The excess stain was
removed by washing with changes of 5 per cent acetic solution
in water. The strips were made transparent by dipping for

a ninute in a solution comprising 5C ml watersy 37 ml methanoly
5 ml acetic acid; 5 ml lactic acid and one or two drops of
glycerol. (TLactic acid may be replaced with 8 ml diacetonal-
cohol or 6 ml diacetin). The strips were then placed on glass
tlates and ircubated in the oven at 600C until they were com=-
pletely transparent.

(b) The enzyme activity was detected as described for starch
g@l .

(iv). Polvacrylemide gel electrovhoresis,

The polyacrylemide gel combines the molecular sieving
effect of starch gel with a unique propéity of being able to
provide gels the concentrations of which can be varied over a
wide range. This simply means that the molecular size of
the gel matrix can be controlled at will to suit the conditions
likely to result in a successful resolution cf protein bands.
The separation of bands of the test material (the enzyme pre-~
parations) were shown to be poor in starch, PVP agar gel and
cellogel supnorting media,

The versatility of acrylamide gel le.d the author to
extend the study to polyacrylamide gels, 5 per cent gels
were prepared from either cyanogum 41 or acrylamide/bis acryl-

amide for the purpose.
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Procedure:

(a) TFive per cent gels were prepared from cyanogum 41 by
dissolving 5g cyanogm 41 in ©5 m1 buffer, 0.1z of ammon-
ivm persulphate was dissolved in the solution to serve as a
catalyst for polymerization. 0.1 ml of WeW:N*:N': = tetra-
methyl methylene diamine was then well stirred in the solu=-
tion to initiate the reaction. The solution was carefully
poured, with a syringe, dowvn the sides of thin vertical glass
tubes zaiameterz 0.5 cm; length: 7.5 cm), marked about

1.2 ¢cm from the top and capped at the bottom. Filling was
up to the mark. A thin film of water was layered on the

gel meniscus to keep it flat and exclude air which might other-
wise interfere with the polymerisation, Gelling was within
20 minutes. The best gels were selected for the electro-
rhoresis, The caps were remcved and the tubes were placed
vertically in position in the upper reservoir with the lower
ends Qipping in the btuffer in the lower eservelr, Ol - 0,2
nl test samples were applied to the meniscus of the gels by
means of o pipette, vnder the buffer surface to aveid intro-
ducing air bubbles,. Bromphenol blue in crystalline bovine
serun albumin solution served ag a marker.

Flectrophoresis was between 30 minutes and 3 hours de-
pending on the buffer, with a current of 3mi/tube. Initially
the current was one mA/tube but when albumin entered the gel
the current wzg increased to 3mi/tube.,

Puffers: ™

(i) Tris (hydroxymethyl) aminomethane {(tris) 0.05M or 0.1M
pH 8.9. The pH was adjusted by adding 2N IICl,

(11) Tris/glycine pH 9.5,

l.e. 0.0941 tris buffer ?H S5 The pH was adjusted with
saturated glycine solution.

(b) Acrylanide/bis acrylamide gel electronhoresis.

Stock solutions:

(i) 0.376M tris (hydroxymethyl) aminomethane (tris) buffer pH
9.5 adjusted to the correct pH with saturated glycine,

(ii) the same buffer containing 0.6 ml N:N:N':T' ~ tetramethyl
methylene diamine ("femed") per 500 ml buffer (for gels).

{1ii) 19g acrylamide and 1 g M:N' - methylere bis-zcrylamide
all dissolved in 80 ml water,

(iv) 0.2 per cent smmonium perculphate solution in water, The
solution was kept frozen until required and was freshly pre-
pared every week,

Preparation of 5 ner cent gels,

5 per cent gels were prepared from stock solutions by
mixing equal volumes of gel buffer (solution ii) and secryl-
amide bis-acrylamide solution (iii) with two volumes of sol-
ution (iv) at room temperature.
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The capped vertical tubes were filled to the mark as
already described in the text for cyznogum 41, The running
buffer (solution (i)) was diluted three times with cold
distilled water.

The electropiloresis was carried out for 30 minutes,

Sample and gpacer gels were excluded for both gel
types., Before the actual electrophoresls of elther gel
type, there were 3C minute pre runs for stabilising the
mediuvm and for removing any traces of impurities such as
the decomposition producte of persulphate or excess persul-
phéte from the gels.

The stock solutions and the method of gel preparation
Just described were used in the initial stzges of this work,

It was found that polymerization time was erratic and
very unreliesble, similarly the electrophoretic patterns
were equally varisble when the stock solutions were used.
Fxperlence showed that better results were obtained if all
the solutions except solution (i) were freshly prepared in
the amount required for prepsring gels for a dzily run,
Under suvch conditions polymerization was within 20 minutes
end reproducible results were also cbtained. The method
for preparing such gels is as followsi-

Acrylamides 4475 gg

bis=-gerylamide: 0,2% g) dissolved in running buffer
(solution 1); 0.1 g anmonium per sulphate was dissolved in
the solutiony 0.1 nl “"temed" was finally stirred in the -
solution to initiete the reaction (polymerization). Tilling
of tubes was as already descrived. This method of preparing
the gels was the same whether the running buffer was tris/HCl
or tris/glycine,

Generally it took 2-3 hours to cenduct the electrophoregis
in tris-IIC1 buffer pH 8.5 (C.1 0.,0511), with a current of
4mA/tube, '

After the electrophoresis, the gels were stained in
test tubes with the variocus resction mixtures, i.e. the enzyme
activity was detected by the tetrazolium technique while pro-
tein bands were detected with Iissamine green solution as was
described for cellogel,

RTSUT.TS

l. S8tarch gel electrophcresis of puinea vig liver MAOQ pre-

parations.
Generally the results of the electrophoresis were rather

POOY s It was, however, possible to detect enzyme activity
by the tetrazolium technique using either ¥BT or INT. Tig.
12 shows a typicai geld The eleétrophoresis was in borate
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buffer, pil 8.6 (see ii, buffers), The dye was ¥BT (10 mg

in 50 m1 of reaction mixtvre congsisting of 0.,005¥ amine sub-
strate, 45 ml 0.1 ¥ phosphate buffer, p¥ 7.6 and water)., TFrom
the figure, two bands con be seen apart from the stain at the
origin,. The enzyme activity on the cther half of the gel
(left) was suporessed by 0.002M iproniazid (final ccne). The
iproniazid was run with the enzyme during the electrophoresis
by the rapid methiod.

Similar results were also obtained by preincubating the
gel, with iproniazid in the absence of the dyes (tetrazolium
galts) for 30 minutes, The substrates used were tryptanine
and tyrsmine, The result was the same for both substrates.

The effects of buffer on the elesctrophoresis,.

Generally, borate tuffer (continuous system) gave better
recults than either phosphate buffer or tris-citrate/borate
buffer. %ith phogsphate buffer, the separation was very poor
due to excessive trailing. Fige. 13 shows a typieal run in
this buffer, p¥ 8.0.

From the figure, it c¢an be seen that no bhands were
gseparated during electrophoresis. The results described were
cbtained with 50 per cent agneous liver hemogenates. The
only enzyme preparation which gave similar results was soni-
cated mitochondrial supernatant, None of the soluble enzyme- -
preparations gave any detectable enzyme activity on the gel
after electrophorecis,

In all acases, however, the paper wicke were stained
weakly efter the electrophoresis., Attempts to concentrate

the enzyme did not improve the result. ¥hether the énzyme
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»reparatiens were inactivated on the gel or not was difficult
to tell.

Apert from one or two cases in which cathedic bands were
detected witl the homogenates after electrophoresis, all the
bands were anodic in rnoveuent,

Lecause ¢f the poor regcoluticn in starch gel supporting
mediuvn, the study was extended tc other electrophoretic gup-

porting media.
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FIG. 12. STARCH GEL ELECTROPHORESIS
OF 50 PER CENT AQITHOTTS GUINEA PIG

LI7HR HOMOGINATE.

The elctrophoresis was In borate buffer pH 8.6 (see text)
for 3-5 hours at a potentioi gradient of 20 volts/cm.

For the staining mixtures and the method of staining see
the Methods section of Part II.

The blank part of the gel(left) indicates the effect of
0.002M iproniazid.

The part showing at least 2 bands (right) indicates the
result of staining with monoamine oxidase substrate, tyramine

hydrochloride.

Vi mie
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FTG. 13. : "FR'OTE CT HT EXARCH
GZL GTECPFTICRESTO OF 30 F"F C NT AQFECTTG GTTNE4

PIG LIVM'T UrMCG N1TB.

The electrophoresis v/as conducted in sodiim phosphate
buffer pH 7*5 (0.04% gel buffer and r.06% bridge buffer), at
a potential gradient of 20 volts/cm for 3-5 hours.

Staining was by the tétrazolium technique already described

in this section.

f— -o
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2e Regults of thin layer asar gel.

The electrophoretic separation of bands in the PVP agar
medium with any of the buffers was very poor. In other words,
the PVP agar gel medium provided no great advantage over the
starch gel supporting medium as far as the resolution of the
bands of the enzyme were concerned., Fig. 14 showe typical
results obtained with a 45 minute run in veronal buffer, pH
8.6 (gel buffer 0.025¥; %bridge buffer 0.05M) using S.MAQ
(fige 14A) and S.S.M0 (Fig. 14B) preparations, In fig., 144,
tryptanine was tested as substrate and semicarbazide (0,01l
final concl) was tested zs a trapping agent. It is seen that
in the presence of tryptamine the staining of the gel was rather
yeak (gel on the right) while the staining in the presence of

+gphz%§é?%;apping agent (semicarbazide) was relatively more intense
(gel on the left). The result was contrary to what was ex~-
pected on the basis of the postulate of Weissbach et al.(99)
already stated in detail. It is also contrary to what was
expected on the basis of what is known on the nature of MAO
substrates, Similar results were obtained with S.S.¥AD
~runs as shown in Fig. 14B, Tyramine was the substrate (gel
on the right) end sodium azide (0.,01M final conch) was the
inhibitor. It will be observed that semicarbazide stimulated
dye reduction while the enzyme activity in the presénce of
tyramine was wealk,

In attempts'fo characterise further the properties of the
enzyme on PVP agar gels, iproniazid, a well known MAQ inhiditor
wag testeds This was found to act as a substrate for the

enzyme. A sharp cathodic band was detected by the tetrazolium
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FTG. 14. T' -EE. '"CI": OF C -.EECTO!,
en "“h: détection "
ACTIVITY \FT~'T; PVP AGAEOB" GEL

TE:C?RCPIIOrr.VI3 CP 3.8 .MAO.

The thln layer PVP agarose gel electrophoresis was con-
ducted in veronal buffer pH 8*6 (gel buffer 0.025% and reoev-
oir buffer 0.05%) at 20 volts/cm for 30-45 minutes.

In Fig. 1”a semicarhazide C.OIM (final eone”) was the
carbonyl agent (gel on the right) and tryptamine was the sub-
strate “gel on the left]. The stain was NET. Incubation was
for A5 minutes.

In Fib. 1”b sodium asi4**was the carbonyl agent (gel on
the right) and tyramine was the substrate (gel on the left:.

NBT was the tétrazolium salt*
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technique in one case,

It was not possible to detect the enzyme activity on sﬁch
gels with homogenates. Similarly, it was impossible to usei
agar alone as a supporting gel medium for electrophoresis.. 1\
The gels were very plaatic. The reason was not apparent. : E

The electrophoresis was extended further to gels includ-
ing cellulose acetate paper and cellogel (a gelatinised

cellulose acetate paper).

3. Results of Cellogel.

A typical result is shown in fig. 15. It would be seen
that iproniazid (IIH) suppressed the enzyme activity (fig. 154).
In B both the origin and a distance about 15 mm from the origin
were stained by the tetrazolium method with NBT as dye and
tryptamine as substrate. C and D show a broad protein band
spreading from the origin and forming a peak at about 15 mm
from the origin. The peak corresgsponds to the area in B which
showed enzyme activity. The protein wag detected with Ligs-
amine green solution as described under procedure, In all
cases, the movement of the sample was anodic. This was in
contrast with what Tipton(73) demonstrated with his pig brain
enzyme which moved cathodically in tris-HC1 buffer, pH 8.90.
Vhether these differences in movement were caused by differ-
ences in the method of enzyme extractions or by specles dif-
ferences is uncertain. Specles differences in MAQ activity
are well mown(16,22,36,33), It is also well known that many
factors sueh as the method of homogenisation, the concentration
of reaction mixtures, the period of sterage of tissue or enzyme

may affect the lsoenzymes of a particular enzyme(139).
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PIG. 15. C DLCGD ry E.n.TD\C.

The electrophoresis was conducted in 0*05% veronal buffer
at a constant current of 0.09 M/i/strip of 17cm. x 4 am.

The strips weie stained as follows:

A: staining in the presence of iproniazid.

B: staining in the presence of tr*rptamine hydro-
chioride (ITeutralisod}.

C; staining in the presence of lissamine green'0.5 g

in 50 methanol.
m

B: staining in the presence of/40 ml water and 10 ml
acetic acid.

oria,
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It wes not posszitle to demenstrate the enzyme activity
by the electrophoresis of homogenates, Attenmpts with
cellulose acetate paper in preliminary studies were also
unsuccessful,

Such preliminary experiments were also conducted with
honogenates, Jt was possible that the fallure was due to
dilute sample., The result just presented was obtained from
a typical S.S.MAC preparation.

4. Pesults of Polyscrylamide gels.

Fig. 16 shows typical results obtained with cyanogum 41
electrophoresis under specific conditions. Fig. 16A shows the
electrophoretic patterns obtained with 50 per cent sonicated
agqueous guinea pig liver homogenate preparation. The substrate
was tryptamine. The electrophoretic buffer was C.094M tris
&lyeine, pH 9.5, Starting from the left to the right, it can
be seen that the enzyme activity was abolished by parnate
0.0002M (final cone.) both in the control (substrate blank)
and in the presence of added substrate, tryptamine; Two bands
=can be seen, one at about 2.5-3 cm and the other-at about 6.5
cm from the origin, The bands were somewhat diffuse. The
stained bands and the stain at the origin represented the
enzyme activity in the presence of added subsirate. In the
extreme right, only the stain at the origin can be seen, this
was obtained with substrate blank,

Fig.16® compares the results obtained under similar
conditions of electrophoresis when S.S.MAO and highly purified
solubilized rat liver mitochondrial MAO, generously supplied

by Tr. Youdim, were tested in the same experiment, As in
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Fige. 164, the electrophoresis was 25 minutes in 0.094M tris/
glycine buffer, pH 9.5 with 3mA/tube. Starting from the left
to the right, 4 gels can be seen, The firet and the last
gels were obtained with S.S5.1AQ0 when the enzyme activity was
detected by the tetrazolium technique with tyramine and trypt-
amine as substrates, respectively. The second and the third
gela show the zymogram patterns of the rat liver mitochondrial
enzyme. The weaker stained gel showing two diffused and
closely associated bands represented the result with trypt-
amine as substrate. The deeply stained, in fact, the most
intensely stained gel represented the result of an attempt to
inhibit the enzyme activity cf the rat liver particulate
(purified) enzyme with iproniazid 0.0021 (final conch),
Similar results were obtained with the S.8.,MA0 when iproniazid
wags tested as an inhibitor. In each cace, iproniazid caused
iIntense dye reduction at ornesr the site of activity seen with
the substrate alone,

The results of Pig. 16B indicate clearly that the mobilities
of the S,S.MA0 and the rat liver particulate enzyme were very
different, Vhen the homogenate and its derived S.S.MAO
zymogroms are compared (Pigs, 16 A and B) it is obvious that
the extra band shown in A, i.e. the slow band, was not repres-

ented in the S.5.MA0 derived from the homogenate.
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FIC. 16, POTLYACRYLAMITY G¥Y, TTFECTROPHORESTS

OF GUINTA PTG TIVIR ANT RAT TIVER MAQ PRTPARATIONS,

The electrophoresis was in 0,094M tris glycine pH 9.5.
The gel was 5 per cent cyanogum 41,

In fig. 16A 50 per cent aqueous guinea pig liver homo=
genate was used., The staining for fig. 16A was as follows
from left to right.

lst gel: the effect of 00,0002 parnate as inhibitor

2nd gels 1. middle gels staining in the presence of
tryptanine hydrochloride

last gel: endogencus enzyme activity, i.e. substrate
blank,

In fig. 1638 S.5.,A0 and rat liver MAQ (provided by
™, Youdinm) were used.

The lst and last gels were for S.S5.MAO0 with tyramine
and tryptamine respectively as substrate.

The 2nd and 3rd geles were of rat liver mitochondrial
MAQ, The 2nd gel was stained in the presence of tryptamine
and the most intensely stained gel of all (3rd gel) was

tryptamine and _
stained in the presence of/iproniazid 0.002M (final conech),



188



189

The effeects of the Trand of dve on the pattern of the zvmogran,
Fige 17 shows the zymogran patterns when 3.5.110 symo-
grams were stained after electrophoresis in tris-glycine
buffer, pH 9.5. The gels were prepared from acfylamide/%is-
acrylamnide and the tetrazollum salt was YRT praxchased from
¥och and TLight Ltd. In 211, 5 gels can be seen, Starting
‘from left to right are gels a - e in that order. (2} was
cbtained in the absence of added substrate.s In gel (b), two
clear bands abcut 2.5 en end 8 cn from the origin can be seen,
The bands were obtained in the presence of 0.0002¥ (final
conch) parnate. In (c¢) - (e) three bands adbecut 2,5, 8 and
9 cme from the origin can be seen. The patterns were arrived
at as follows:t=~
in (e¢) 0.€002! parnate (TCP) arnd tryptarmine were present,
in (d) staining was caused by the tryptamine alone and
in (e) IIY and tryptamine were combineé. Thus it can
be seen that none of the inhibitors, TCP and IIH, had any
effect on the enzyme activity when the Koch Light brand of
I'BT was tested zs dye. In fact, there was not much differ-
ence between the substrate blank and the other gels since |

the blank glso showed at least & band,
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r-T% WIE" -m> g.p

T'THZCTjT?,? s«.TT ry TTT- 2/TI"Cnr\T" PATTERT.

Ihe electrophoresis was in 5 per cent acrylamlde bis

acrylamide gel with trisglycine buffer

Staining was as follows with Kcch

Del a

Gel b

substrate blank.

stained in

stained in
and

stained in

stained in

the presence

the presence
tryptamine.

the presence

the presence

as In “Ig. 1IB,

Tight brand of BBT.

of C.C*Cgy pamate

of C.CO02M pamate

of tryptamfne.

of tryptam.ine and

iproniazid 0.002F.

\
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The effects of the cre of the anlntiona on electrophoretic

patterns,

FPige 13 ghows typical recults cbtained when stock solu-
ticne were used in preparing acrylamide/tis uerylamide gels.
It wae fcund that not only did the age of the sclutions used
in preparing the gels affeet the time of polymerization of
the gels but it also affected the electrical mobilities of
the test materizle during electrophoresis. Thue a single
enzynie preparaticn could glve very variable results in a
single run. In fige. 17 the 4 gels shown were prepared fron
solutions stocked for a fortnight. The gels were prepared
at a gitting and were electrophoresed simultaneously in a
single run in C.004Y tris glyeine buffer, pH 9.5 at 3mA/tute,
The enzynme extract was scnicated mitochondrial YAD prepared
by the method of Youdim(81,90). The mitochondrial suspension
was sonicated at 20 ke/second for 6C minutes in the presence
of 0.C03¥ tenzylamine at 0-4°C, All other steps of the
enzyme preparation were as desceribed under *"Vetheds" in
chapter 2,¥0s le

It can be seen from the data preaented (fige. 18) that the
zymogrzm patterns were not uniferme In other words, the
electrical motdlity cf the enzyme differed from gel to gel,
All the four gels were stalned with Sigma type ITI WRT. The
substrate for the first two gele (left to right) was trypt-
anine and tyranine was the subetrate for the last two gels,
The results were contrary to what would be expected when the
conditions of electrophoresis, enzyme preparation and substrate

were identiezl, One would expect the zymogrsm patterns to be



shovm by different enzyme preporations and not by the same
preparation under identicnl corditicns,. These inconsistent
zymogran patterns reeulting from preparing gels from stoek
sclutions no more cccurred when gels were obtained from fregh-
1y prepared solutions. Tige 17 shows a typical resvlt when
the gels were prepnred from fresh sslutions. A cenpariscn
of figas. 17 and 19 will show that the pattern shown by gels
in fig. 17 wes very reproducible znd consistent while the
result of gels in fig. 18 wro erratic. The reason for the
relatively slow mcbility of the mitochondrial enzyme from
fuinea plg liver as compared te the fest movement of the

F«3. 00 derived from a soniested homogenate could bte attributed

to the age of the scluvtions,
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FIG. 13. A AFA-JCTS OF AH.. OF THE

soinTioH O01: HIE ALACTROPHORATIC ?A?T m s.

Tlie zymogram patterns were obtained from a single enzyme
preparation (sonicated mitochondria). The first two gels were
stained in the presence of tryptamine hydrochloride and the
last two gels were stained in the presence of t“nramine hydro-

chloride »

The polyacrylamide gels were prepared from stock solutions

of more th&m one week old*
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CHAPTTR FIVE

TTSCUSSTON

- Monoamine oxidase (MAO) is a mitochondrial enzyme(32-42).
The presence therefore of soluble MAO in the high speed super-
natant fraction of guinea pig liver homogenate raises the ques-
tion as to whether the soluble enzyme is identical to or differ-
ent from the classical particulate MAO, However, before
attempting an answer it is proposed to define clearly the meaning
of the term "soluble" as applied to VMAC. The term Ysoluble"
refers to the enzyme derived from the high speed supernatant
fraction after spinning it at 100,000g for at least two hours
and finally precipitating the enzyme from the final super-
natant fraction withgraded ammonium sulphate solution. The
criterion for solubility was therefore based mainly on the
centrifugation speed. By this method, Lehninger, Sudduth
and Wise(134) referred to preparations of D- @-hydroxybutyric
dehydrogenase from mitochondria as soluble. These authors
obtained their enzyme after high speed centrifugation for an
hour at 76,000g. Similarly, Oeswald and Strittmatter(36) ob-
tained their "soluble" MAO from guinea pig liver after spin-
ning the homogenate at 100,000g for an hour. The original
so0luble MAQO of Weissbach gﬁ_gl.(35) wag prepared after high
speed centrifugatioﬁ at 100,000 for 30 minutes only, Accord-
ing to these workers, about 10 per cent ofAthe total activity
of the enzyme present in the homogenate was recovered as
solﬁble MAO. Oswald and Strittmatter found a very much lower
percentage for their preparations, From our preliminary ex-

periments, it was found that at least 5 per cent of the total
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MAO activity of guinea pig liver homogenate was recoverable

in the high speed supernatant fraction while about a third was
miecrosomal and the bulk was mitochondrial. This wase in
reascnably good agreement with the results of Oswald and
Strittmatter,

This leads us back to the identity of the s=oluble and
particulate fractions., The possibility that the soluble
enzyme might differ from the classical particulate WAO is
supported at first sight, by the fact that semicarbazide strongly
inhibited the oxygen uptake of the soluble enzyme when iso-
amylamine was tested as substrate (sece tables XV and ¥XXII)
though the oxidation of this substrate by the particulate
MAQ from guinea pig liver was resistant to 0.01M semicarbazide
(ief. also refs, 15-16). It should be noted however that
sericarbazide did not only affect the oxygen consumption by
all the soluble MAQ preparations tested with iscamylamine
but it also abolished the endogencus respiration of all types
of MAO preparations including homogenate and mitochondrias
This effect of the chemical on the endogenous respiration of
MAO was reported previously by other werkers using MAO from
different mammalian species(15,16,94). Turthermore, the
chemical was found to strongly inhibit (i.e. 60 per cent)
kynuramine oxidation by the S.S.MAO0 {:cf. table xxx) in the
absence of any aldehyde oxidase activity since kynuramine
aldehyde is known to spontaneously and nonenzymically cyclize
to 4-hydroxyquinoiine(116,117). It is therefore possible that
semicarbazide had a direct inhibitory effect on the enzyme m

itself, at least in the case of isoamylamine and kynuramine.

This then may suggest that there is present in guinea pig liver
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homogenate and mitochondria a factor antagonistic to semicar-
bazide, this factor is either removed or is very much diluted
during the preparation of the soluble MAO, thus making it more
prone to the effects of semicarbazide. The possibility of
an alternative pathway operating in the different fractions

of MAC for the metabolism of iscamylamine may not however be
excluded. Any suggestion that the soluble MAO might be iden-
tical or similar to the plasma enzyme is ruled out by the fact
that the plasma enzyme 1s pyridoxalphosphate dependent and is
incapable of metabolizing N-substituted amines(23,147).
Moreover, the soluble MAO prepared from guinea plig liver dis-
played the substrate specificity typical of the classical MAO,.
Further still, the view that the various soluble MAO prepara-‘
tions (i.e. S.HMAO and S.S.IMA0 and their corresponding acid
derivatives) are identical to the classical enzyme is supported
by their identical inhibitor sensitivities and catalytic pro-
perties apart from thelr different sensitivities to semicar-
bazide. Thus both types are sensitive to the typical MAO
inhibitors: d4proniazid and parnate to the same degree (c.f.
table XIV A and B), Furthermore, the stoichiometry as judged
from manometric experiments with and without semicarbazide
indicated that both types of MAO catalyze the characteristie
MAO reactioni= RCH,NH,+30,+H,0-> RCHO+H,0,+FH3.  Purther
gti1ll, the substrate concentration curves for the particulate
and soluble MAQ preparations in the tetrazolium assay system
vielded K, values which were of the same order and comparable
to the values obtained for the "eclassical™ MAO using oxygen

as final acceptor (tables XXI, see also refs, 19,22 & 36),
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Further still, the effects of SH reagents and metal chelators
on both types of enzyme preparations are similar (table XXYVIII;
refs. 73,74,94). The similarity of the soluble enzymes de—%,E
" rived from non-sonicated and sonicated homogenates in their %:
catalytic preperties in the tetrazolium and Warburg assay
systemg stands out as a plain evidence that the classical MAQ
is identical to the soluble MAO,

According to evidence from recent work on the subcellular
localization of 1140(41,42,73), the enzyme is more or less ex-—
clusively located in the outer membrane of mitochondria.

Since thie membrane is easily ruptured, enzymes attached to 1%t
are easily solubilized. This may suggest that sonication
merely ruptured the membrane thus releasing the free enzyme
into solution., However this does not preclude the existence
of soluble YAQC in the supernatant fraction with very similar

or identical properties to the mitochondrial enzyme. The
results of the electrophoresis of the various soluble and pai—
ticulate MAO and homogenate preparations also support the view
that the soluble and "eclassical® MAC are either the same enzyme
or are at least very similar as demonstrated by the tetrazolium
and other techniques (see eg. chapter 4). This leads us to
the very vexed corntroversy of whether or not MAQ exists in
isoenzymic forms. |

As it was stated in the introductory part of chapter 4,
there are claims that MAC exists in isocenzymic or multiple
forms., This argument is based on the following observations:-
1. The substrate specificty of MAO is determined by the

method of extraction. Thus Yerle and Roewer(29) claimed to
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have separated two typee of MAC by acetcone fractionation, one
fraction of whiech was found to be very active in oxidising
aliphatic monocamines (butylamina) while the other oxidised
almost exclusively aromatic monoamines,

24 The properties of a given preparation of IMAO vary greatly
with the substrate used to measure its activity(16,22,33),
These properties include sensitivities to various inhibitors(33),
pH optina(22) and the effects of temperature on anicn inhibi-
tion as has been claimed recently by van Voert and Cotzias(140),
3+ The substrate specificity of IMTAC preparations has been
observed to be determined by the origin of tissue or organ
i.es the substrate specificity has been found to be organo-
specific(16,92,141,142), Thus Weiner(16) showed that the
gubstrate specificity of brain and liver MAQ of man, dog, cat,
etcs varied greatly with the source of the enzyme, Similarly,
Tope and Smith(92) showed that substrate specificities of

WAO from different organs cf mouse differed widely. Further-
more, Johnston(l4l) has claimed the existence of MAQ inhiditor
capable of discriminating between the two MAQO activities in
rat brain, This evidence has been further strengthened by
the report by Squires(l42) of the existence of three distinct
mitochondrial MAC in mouse capable of deaminating kymuramine.

These forms have been shown to be Separable by their sensitivi-

ties to harmine and N-benzy14ﬁ-methylpropagylamine (pargyline)
and also by their thermal stabilities. VWhile such evidence
may be indirect, Gorkin(133) has claimed to separate, by
Sephadex chromatography, multiple forms of rat liver MAO.A
Youdim and Sandler(143) have similarly claimed to have sep-
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arated by acrylamide gel electrophoresis at least two forms of
MAQ from rat liver and three typee from human placenta. This
gituation is further complicated by some of ny cwn electro-
phoretic resvlts (see chapter 4)., In this connszetion it may
be seen from figs.‘i% and ﬂ%ﬁ that at least two bands were
detected with guinea plg liver VAC on otarch and acrylamide
gels respectively, Cnly a single band was demonstrable by
cellogel electrophoresie (fig. 15) znd by scrylamide electro-
phoresis (fig. lé%) ging S.8.MAC preparations. The prepara-
tions which gave two tands were heomogenates, TFurthermore, it
can be seen from table TYVII that the substrate specifielty of
the‘S.NAO or S—p¥H5 MAQD in the TWAT assay system was reversed

cn sonicating the parent homogenate, In the case of the
reversal of substrate specificity just stated, 1% may be re-
called that Vesell and Prody(139) have pointed ont that there
are some factors which may lead to obtaining results suggestive
of iscenzymes. Some of these factors include the methed of
homogenization eta. It ie possible that sonication produced
a comformational change in the enzyme molecule resulting in o
changed substrate specificity. The reversal of substrate
gpecificity after sonlecating the homogenate may not therefore
be a conclusive evidence that isoenzymes of MAO have been
separated., The posaibility however, that sonication may pro-
duce conformational changes in an enzyme molecule does not
exclude the likelihood that sonication resulted in the dif-
ferentlal inactivation or activation of substrate specific
f:nzyme fractions though this did not show up by the zymogram
technique in the case of VWAC testeds
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An argument in support of the possibllity of preferential
inactivation of different types (iie. isoenzymes) of ¥AC by
gonication, was the parallel cbservation in preliminary ex-
periments that freezing and thawing preferentially affected
the enzyme's ability to catalyse the tetrazolium resction by“
amines without any bad effects however, on oxygen consumption
and kynuramine disappearance. Thus, though it was for example
imposcible to measure its activity by this techniqgue with iso-
amylémine and difficult with tyramine as substrates, it was
quite easy to dcmonstrate it with {tryptamine as subaitrate.

It must be stated that the endogencus tetrazolium reductase
activity was equally markedly diminished by the treatment.
This phenomenon is obviously similar to the effects of soni-
cation on the endogenous tetrazolium reductase activity where
formazan formed by the S.FA0 and S.3.MAC were respectively
3.63 and 1.64 moles/100ng protein/hour (see table XVIII).

Monoamine oxidase is a flavoprotein(71,73,74,80,83)., It
is inhibited by o—pheranthroline(?B.74.94,“seé‘aiso table
XYXVIIIB) and also by tiron(73). Terle and Roewer(29) claimed
that the enzyme was inhibited by an iron-binding beta-globulin
of human plasma. These observations indicate that the enzyme
(1740) is a metalloﬂavoprotein; Considerable evidence ig ac-
cunulating to show that when metalloflavoproteins are prepared
in a soluble form, changes do occur in their properties espec-
i2lly in relation to their acceptor specificity, particularly
where WAD is involved(145)., This fact has been described for
& nunber of NAD-linked dehydrogenases(145). These changes

fo be
are knownAcaused by conformational snd catalytic changes,



From this reasoning therefore, it may appear that the alteration
of the NAD accepteor specificity of the soluble enzyme by soni-
cation was most probably a direct consequence of conformational
changes rather thun the liberation of isoenzymes of ¥AQ by the
process,

Ry sivilar reasoning, it can be argued that the apparent
detection or separation of different forms of MAQ by hest
treatment coupled with pH changes(36,33,81) may be referrable
to conformational and cataslytic changes in the enzyme molecule
by the treatnment. In this connection, Sguires' claim of
demonstrating the presence of at least three forms of mito-
chondrial FAC in different organs of rat and guinea plg by
inhivitor sensitivity and thermal stabllity merite further ex-
perimentation. It is worthy to note that the suthor hinself
nade the following comnent: "It must be emphasized that the
magnitude of the half-lives of the different forms of MAC

are very sensitive to changes in the experimentsal conditicens,

including washing of the mitochondria, pll, and type of buffer
used (sodium borate buffer, for example, gives results dif-
ferent from those obtained with tris-sulfate), In aédition
there may be other critical variables such as mitochondrial
ewellingl which were not controlled in the present work".
These comments clearly csll for caution btefore putting any
interpretations on the results.

Recently, Tipton and Spires(146) and Y¥elwen, Sagsaki and
Lenz(147) have produced kinetic evidence to indicate that pig
brain or human liver mltochondrial MAQ is a single enzyme

species. Tone of these aunthors obtained any kinetic data
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on the inhibvition ¢f the mitcechondrial 1"ACs in question by
pargyline to suggest otherwise, In the werk of Tipton and
Spires, the effects of harmine cn the enzyme also confirmed
their resulte with pargyline, Yhile the findings of these
two groups indicate that the tissues ¢f the species studied
do not seem to have iscenzymes of WAQO, they cannot be taken as
en absolute declaration that 17A0 cannot or does not exist in
such formos elsewhere. It may be recalled that Tiptoz(?B) demon-
gstrated the presence cf two forms of the pig brain MAD by
sephadex chromatograghy, one of which had a molecular weight
cf 102,000 and was nore active than the other fraction with a
higher molecular weight,. Turthermore, it may be recalled that
Tipton(42) reported differences in the submitochondrial dis-
trivution of rat brain and liver ¥MAO. So far, it is apparent
that the only safe ccnclusicn is that MAC is a heteroenzyme.
The final decision whether IAQO exists in isoenzyme forms or |
not cannot te taken unequivocally without further research.
At rresent the experimental conditions are such that it isﬁ
easy to mistake an artifact for the real. For example, it
is easy to obtain several bands instead of one depending on
the purity of the dye (sees fig. ié). Similarly, the brand
of dye used can determine whether or not the specific WMAQ
inhibitors, iproniaszid and parnate can effectively inhibit the
enzyme on a gel, Purthermore, the age of the solution can
alsc determine the number of bands (see fig.'gb).

At this point we turn to the effects of sonication and
semicarbazide on oxygen, tetrazolium and NAD acceptor systems

of soluble and particulate MAO preparations with a view to
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speculating on the mechanisn of electron trunsfer.

That the classical MAC can in addition to oxygen, reduce
tetrazolivum salts also was clearly demonsirated by Tianzani(c6),
Francis(97,93), Plaschko(27), Lagnado and Sourkes(71,72,79),
lagnado(94) and Weissbach et 21.(99)s Weissbach et al.(35)
also showed that not only oxygen and tetrazolium salts (INT)
were reduced by the soluble enzyme (S,MAC) but also NAD.

Table YXVII shows that the socluble enzyme preparations can
reduce all the three electron acceptore: oxygen, tetrazolium
and NATD by amines, It also shows that cxygen consunmption
increased 4-6 fold by sonication in two separate experiments
using tyramine and tryptamine as substrates. Similarly, a

2=-3 fold increase was also seen in NAT reductsse assay involv-
ing tryptanine as a substrate but a 5-fold decrease occurred

in the enzyme activity when tyramine was tested as a substrate.
Jt e2n be seen that in the INT aesay syster there was a 3-4 fold
atipulotion with tryptamine as substrate but with a 5-6 tires
incerease when tyramine was tested while the dependence of
tyramine on NAD fcr reducing tetrazolium enzymically was greatly
diminished by =sonication, Similarly, fable XVITY shows that
tyramine/INT reductase activity was 6~fold stimulated by eoni-
cation while tryptamine/INT reductase activity was more than
3=-f0ld stimulated by this treatment. The great dependence

of tyramine/INT reductase activity on NAD was drastically
diminished by sonication as shown, Sonication however had no
effect on tryptemine/INT reductase affinity for NAD since the
vnecnicated enzyme did not require WAD, The endogenous

tetrazoliun reductase activity was reduced to less than half
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the value of the unsonicated praparaticn,. This sugsests a
preferentizl inactivaticn of different amine/tetrazolium re-
¢uctases, This obgervation reported in table “VIIT calls to
mind the effects of freczing and thawing on the enzyme.
Similarly, table YXIT(B) shows that while sonication markedly
increascd the activity of the amine/NAD reductase system for
tryptamine cxidution by the zcid fraction (S.S.pH5 MAC), that
for tyramine, /&-phenylethylamine or iscamylamine exidation by
the enzyme was correspondingly much decreased.

An examination of tables X-1IV, ¥VIII-XX, XXII and fig.
S establishes it beyond doubt that though the soluble MAO
preparations could reduce either NAD or INT by amines, NAD
redgption by mitochondrial suspensions in the presence of amine
(tyfﬁmine) was rather difficult to demonstrate since the reduced
pyridine nucleotide (NATH) was rapidly oxidised by the tissue.

¥hile NAD does not stimulate aercbic MAQO activity as
measured by manometry, the amine/tetrazolium reductase system
can be strongly stimulated by ¥AD (refs. S4 .cf., also tables
IY and XI), In fact, it is possible to make the system
completely dependent on NAD (table XI). In all cases involv-
ing WAD stimulation of tetrazolium reductase activity, the
reaction with lscamylamine as substrate appeared to be the most
setimulated. Under this condition the enzyme activity in the
presence of isoamylamine is also the highest (tables IX and
T

A comparison of the substrate specificities of the aerobic
system 1.e. Oxygen consumption on one hand and the tetrazolium

acceptor system on the other, with tyramine and tryptamine as
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substrates, shows that the two systems are very similar if

not identical (table XXVII). However, unlike the aerobic
system which is Iinsensitive to carbonyl agents such as cyanide
and semicarbazide, the tetrazolium acceptor system is carbonyl
reagent sensitvive. Similarly, while there is no lsg thase
when the enzyme activity is measured manometrically, there

is a definite log phase when the assay is carried out in the
tetrazolium redvctase system (see refs. 94,99 and also this
thesis). It was these two observations that led Weissbach
et 814(99) to conclude that the site of tetrazolium reduction
wag at the level of aldehyde oxidation. As seen in this thesis
however, the strong inhibition by semicarbazide of kynuramine
oxidation in the absence of aldehyde oxidase activity (tables
XYY, XIXVI) argues strongly against the interpretation of semi-
carbazide inhibition of the tetrazolium system simply to mezan
the inhibition of aldehyde oxidation(99). Purthermore, the
demonstration by the present author that strong semicarbazide
concentrations known to exclude all aldehyde(49) may have
practically no effect on tetrazolium reduction during oxygen
uptake (tables X:XIII, XAXIV) necessitates the reinvestigation
of 211 the factors involved in the enzymic tetrazolium re-
duction by amines.

The demonétration of a lagphase during tetrazolium reduc-
tion in other enzyme systems such as succinate oxidase is also
known(148)¢ The occurrence of the kg pthase depends on a
number of factorsy for example the fype of tissue preparation
(102), the presence or the absence of cofactors(94,102,103,148)
and on the substrate(99). Thus while Weissbach et al.(99)
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demonstrated a Iag phase for the rezction involving tyremine and
gerotonin oxidation during tetrazolivm reduction, they also
showed that the reaction was gpontanecous when adrenaline
(epinephrine) was tested as substrate. Similarly, though
Slater(102) demonstrated a Iag phase with rat tisesue homogenétes
using succinic zacid as substrate for tetrazolium reduction, k
in the presence of vitamin C and menadicne as cofactors(lC2,
103,143, the lx phase was abolished, Turthermore, this
suthor(1C2) showed that beef heart muscle preparations could
catalyze the same reaction without showing any lagphase and
requiring no cofactors. Turther still, in connection with
cofactor reguirements, Iagnado and Sourkes(94) and Sourkes
and Lagnadc(149) showed unequivocally that a number of purines
were effective in abolishing the Iag phage. In a parallel
nanner, the degree of the inhibition of the amine/tetrazolium
reductase system by semicartazide Gepends on the substrate
tested (ref, 94,99 see also table TIXVIA) and also on the
type of preparation as chown in this thesis (see tables XYTVII
4 & R). Thus the mitochondrial system was more strongly in-
hibited than the soluble enzyme by semicarbazide. The point
being raised here is that it is not justified to extrapclate
the results of one system to that of another since there is
such overwhelming evidence against so doing(94,99-103,148),
The inhibition of the amine/tetrazolium reductase system
by carbonyl reagents may be an indication that a metal such
as iron is involved in electron transfer, This view is
supported bty the fact that o-phenanthroline(73,74,89,94) and

tiron(73) two powerful and perhaps the most sensitive iron
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chclators are known to inhibit aerobic dehydrogenation of
nonoanines, C-phen>nthroline was shown by Tagnado(94) to
stroﬁgly inhibit the zmine/tetrazolium reductase reaction.
This finding was confirmed in this research (table XYXVIII
B To. 4).

Turthermore, Youdim und Sourkes(90) have demonstrzted
the presence of iron in highly'purified and solubilized rat
liver mitochondrial M0 preparations, Similarly, Werle énd
noewer{29} reported the inhibition of M0 by iron-binding
beta~-globulin of hvman servm, Further still, Tagnado and
Sourkes(43) showed that low concentrations of iron stimulated
the aerobic dehydrogenation of amines in the presence of rat
tiszues, Perhaps, one of the greatest setbacks in elucidat-
ing the properties of M0 is the different interpretations
that various groups have put to their findings., Tor example,
becavse 8-hydroxyquinoline poorly inhibited the bovine kidney
enzyne, Trwin and Hellerman(74) concluded Cu was absent but
their finding that o-phenanthroline (an iron chelator) strongly
inhibited the enzyme was hot much commented upon since their
main aim appeared to have been either to prove or disprove the
presence of Cu as an important component of MAO, Further
still, various groups deal with a few substrates and assume
the result might bve the same for all other substrates, In
this connection, the group just cited is important, Thege
authors studied mostly the reaction involving the oxidation of
benzylamine and kynuramine both of which are somewhat untypical
tissue MAC substrates(23,65,116,117),

At this point it is preposed to suggest the possible
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mechaniem for the enzymic tetrazolium redvetion by amines

with special emphasis on the results obtuined dvring oxygen
uptake (tables XWXIII & WIXIV), sonication (tables “VIII-VY)
and on the effects of semicarbazide (tables YI¥VII & ¥IT),.

As seen from the data presented (table XTJIII), it is apparent
that at least two pathways were involved in tetrazolium re-
duction during oxygen uplake, Cne pathway operated in the
absence of inhibition of oxygen uptake (no preincubation of
enzyme with dye, i.e. dye in the side arm) and the other oper-
ated when the enzyme was preincubated with the dye, i.e. when
oxygen uptlake was innibited by the dye. The amount of dye
reduced along either pathway was considerable. In the case
when the dye was added at zerotime with the substrate (unin-
hibited reaction), however, there was little inhivition of
oxygen uptake. Along the inhibtited pathway (by preincubation
of enzyme with dye) and in the absence of semicarbazide, the
inhibition by the dye of oxygen uptake was greater than when
senicarvazide was presents The presence or absence of semi-
carbazide in the system had practically no effect on the
ancunt of dye reduced along either pathway. These resgults
appeared to suggest that both zercbic dehydrogenation (oxygen
consumption) of amines and the amine/INT reductase activity
whether or not accompanied by oxygen consumption occurred
gimultaneously. When this was occurring the inhibition of
oxygen uptake resulted. The question therefore arises whether
the reaction was competitive or note. It appeared the re-
action was most certainly competitive as i1t had been shown

by Lagnado(S4) and Lallement et Barron(1338). It is therefore
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certain that the resction
oxXyeen

enine —> x
T tetrazolivm

(factor)
is 2 probebility. Under theee conditions semicarbazide does
not inhkitit oxygen reduction in the presence of tetrazolium
(INT), suggesting that the dye inhibits aldechyde oxidising
systems. The factor x shown above may be in a totally or
partially reduced state of the enzyne. “lectron transfer
from this factor to oxygen appears 10 be nmoere efficient than
to tetrazolium sult,

T"he existence of a reduvced state of FAC in the presence
of amine has ovcen demonstrated by Tipton for the pig train
MA0(51,73,150) in which the flavin component was shown to be
in a reduced or partially reduced state. Since H202 formed
during the aerobic dehydrogenation of amines by MAQ corresponds
to the substrate destroyed or the oxygen consumed, the inhibe
ition of the reaction by tetrazeliim salt would mean s de~-
crease in the smount of H202 formed. The question therefore
arises as to what the reductant of tetrazolium salt is if the
supposed reductant aldehyde(99) is inhibited by semicarbazide
a8 shown, eg., in table YXXIIT, Can H202 participate in
tetrazolium reduction? Since tetrazolium inhibits émihé

oxidation as already Jjust stated, the quantity of H202 produced
could net account for the amount of dye (IFT) reduced. Is it

poszible then that the dye 1s reduced at the level of the

factor x which in this case will be a% the primsry dehydro-
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genase or Tlavin level? Jo Tar, it has not been possible to
demonstrate that tetrazolium salts accept electrons directly
from flavoproteins such as soluble succinic dehydrogenase(lGO-
103). Intermediate carriers such as phenazonium methosulphate
are necessary for transferrinc the electrons from flavins to
tetrazolium enlts. Mitroblue tetrazolivmbhloride (NBT) 4is known
to accept electrons at a level near the primary dehydrogenase
(107,101,103)s In prelinminary experiments, phenazonivm metho-
sulphate was found to elightly erhsnce the reduction of this

dye (NDT) by 120 preparations in the presence of monoamines,
Yhat are the intermediate carriers and what is their nature?

VYhy should semicarbazide have any effect whatsoever on the
amine/tetrazolivm reduvctase or for that matter on the succinate/
tetrazolivm reductase aystem? The difference in the degree

of semicarbazide inhibition of the mitochondrial and soluble
enzyme preparations for typtamine or succinate oxidation may

be due to the firmer binding of semicarbazide to the particulate
than the soluble enzyme and therefore more strongly inhidbiting
the particulate enzyae system.

In all INT reductase assays involving amines, the maximunm
semicarbazide effect occurred with iscamylamine as substrate,
eould it te that vnder the conditicns of this assay formazan
production was partly or mainly due to the reoxidation of
isoamylaleohel (in the presence or absence of “AD) by either
aldehyde dehydrogenase or alechol dehydrogenase as shown

below?
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?
Isoaamylanine 7/ ——>  aldehyde —> alcohol

27 |
N
INT CNAI‘H e

v NAD(Dg (2)

acid formazan

— ——

=

formazan v

In this case semicarbazide should cause complete inactiva-
tion, especially if alcohol can be formed, bypassing site 1.
It is of interest to note that WAL stimulation of the tetra-
zoliuﬁ reaction is strongest for this amine, being almost
obligatory. The ready formation of isoamylalcohol is also
well documented (13,16).

¥or the other amines the possible sites of formazan pro-

duction may bve represented thus:-

Other amines eg. tryptamine —> aldehyde ----- » alcohol
(1) INT Reaction
(2) sengitive
INT to
gemicar-—
formazan formazan bazide
acigd

Tn thie case the maximum inhivition by semicarbazide
gshould be about 60 per cent which indeed fits nicely with the
expefimental results (table XYIVIT A & R),

It should be stressed that the data of ¥eissbach et al,.(99)
pertained to the mitochondrial system of rat tissue only,

Since they presented no detailed data on the soluble enzyme
systen(35) on tetrazolium reduction by amines, their results
on rat tissue may rnot apply to the soluble system, And even

for the mitochondrial system, these authors remarked that other
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enzymic pathways for tetrazolium reduction by amines could
exist. This remark was based on these facts that (1) though
a lagphase was observed for the oxidation of some amines by
the INT reductase system the reaction was spontaneous in the
case of epinephrine znd (2) that even at 40 mmolar final con-
centration of semicarbazide, the tyramine/INT reductase activity
was not more than 11 per cent inhibited while serotonin oxi-
dation was very strongly inhibited (about 70 per cent),

in this thesis it wze found that though INT strongly
inhibited oxygen consumption by the S.S.Hﬂo preparations in
presence of umines, twice svch concentraticns had practically
no inhibitory effect on the conventional tetrazolium assay
system in certaln cases, Table XI.J compares the effects cof
tetrzeolium (INT) concentration on oxygen uptske end on the
conventional tetrazolium asgsay system in the presence of

tyramine or tryptanine,
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TABL XT.I. COMPARISON CF THE

LTTTCTS OF TETRAZCLIUM CONCIETRATICN

OF _QYYG'N UPPAXT ANT: ON AMINT/TUTRAZOIITM

RNTUCTASE ACTIVITY,

Oxidoreductase system Oxygen oxidoreductase  Amine/INT reductase

Substrate INT con- % INT con- o
centrat- inhivition centrat- inhibitim
jon in ion in

/~moles/ﬁl /«moles/ﬁl
Tyramine C.316 46 0,742 1
C.632 63 1.48
C.048 T1 2,22 17
Tryptamine 0.316 15 (52) 0.742 13
0.632 56 (71) 1.48 30
0.948 67 (86) 2.22 49

Tata in brackets represent result in the absence of gemi-

carbazides



From the data just seen, it is very clear that while
tyramine oxidation was more strongly inhibited than that of
tryptamine by INT during oxygen consunmption the result was
completely reversed in the conventional INT reduction assay
eysten., It is alsc clear that just about the same amcunt of
INT which caused more than 50 per cent inhibition of oxygen
consumption for the oxidation of either substrate inhibited
tyramine and tryptamine oxidation by 1 per cent and 13 per cent
respectively in the tetrazolium assay systen.

Toes it then mean that the two systems are inequivalent
in the presence of INT? Again why should semicarbazide appear
primarily to inhibit oxygen consumption and not tetrazoliunm
reduction (sece table X¥XIVZ)? Further still, why is it
necessary to preincubate the enzyme and the dye together befcore
producing reasonable inhibition of oxygen uptake? From the
results of time curve (see fig.810), it appears as if the tet-
razolium salt was functioning as a substrate for the system
which it was simultaneously inhibiting. From table XXXIIT it
appeére it could be possible to abolish oxygen-utilising re-
actions by increasing tetrazolium concentration. If this is
indeed the case can i1t be possible that the concentration of
the dye coupled with sufficient time of preincubation with dye
can be such that any effects of oxygen on the amine/tetrazolium
reductase system would be abolished? Singe this line of
research was not pursued not much could be said about this
point, |

Another important fact to note is that Iagnado(94) demon-
strated that though neotetrazoliumchloride NTC and triphenyl-



tetrazolium chloride (T7C) strongly inhivited oxygen uptake,
no dye reduction was observed, TJa it then possible that these
galtes accept electrons at a lével in the electron transport
chain which is different frwm that of INT and NBT? That FTC
and TTC actuvally tap the electrons at a site different from
that by NRT and INT was demonstrated for succic dehydrogenzse
(100-103)., That this is also possible for ¥AC is supported
by the fact that the SJA0 and S.5.17AC preparations failed to
reduce NTC and TTC in the prescnce of amines. As already
stated, though TLagnado and Zourkes(94) remedied the inability
of NTC and TTC tc accept electrons from washed mitochondria

or the supernatant fraction in the presence of monoamines by
incorporating simple purines (NADvinclusive} into their re-
action mixturs, the present avthor fcund that only FWAD was
effective us cofactor in the amine/INT reductase system of the
soluble AO preparations, Further still, it may be recalled
that the NAD stimulation of amine/INT reductase activity and
that of the endogenous INT reduction (see tables I¥Y-XI, ¥VIIT
and fig. 6) were either greatly decreased or suppressed by
sonication (see eg. table "IX). This supports the view that
there are at least two pathways present in guinea pig liver
MAO preparations for the amine/tetrazolium (INT) reductase
system, one of which is NAD dependent and can be separated by
gonication, from the non NAD dependent system, The results
obtained in the experiments with reepiratory chain inhibitors
(table XL) also supports this view, Vhat then are the inter-
mediate electron carriers in the two fypes of tetrazolium

reductasge systems? According to recent findings on the sub=-
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cellular localisation of ITAC, the two main enzyme systems
almost exclusively located in the outer mitochondrial mem-
brane of rat liver are MAO @and amytal-, antimycin A-, and
rotenone-insensitive NATH-cytochrome C reductase., This elect-
ron transfer system is closely linked with cytochrome b5(42,88,
89) in that cytochronme by 1s known to reduce cytochrome C by
NADH(151,152).

Is it possible therefore that the amine/INT reductase
system may operate along a pathway involving NATH-cytochrome

b5 reductase electron chaln system as illustrated below?

Scheme (1) showing the possible sites of tetrazolium reduvction

by monoamine oxidase substrates.

Monoamines (TH,)

Phenezonium methosulphate

(4) v // W \

NADF'_?_ Tactor &— Flavoproteins -> Factor — NAD—> Carm Tetra-

\N /45) \\ (2) zolium

NATH~-cytochrome
by reductase (cytochrome b/TQ)->»cytochrome €y
l (3) |

cytochrome b5\ \// cytochrome C

v Metalloflavoproteins l

N (7)
cytochrome C N Tiﬁfazolium

(6), UAD-» carrier
A}
Tetrazolium N
Oxygen

Meaning of figuresst-
(1) indicates pathway not requiring WAD to stimulate tetrazolium
reduction. This pathway could gperate either through phena-
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zonium methosulphate or some other carrier which would trans-
fer the electrons from the reduced flavoproteins to the dye
or through a factor which would then donate the electrons to
the dye.
(2) represents NAD dependent pathway, which though it appears
reagonable theoretically has not as yet any experimental foun-
dation since to our present state of knowledge flavineg are
not known to reduce NAD directly.
(3) Pathways sensitive to cyanide and antinmycin A,
(4) PBoth pathways (4) and (5) involve NATH cytochrome b
reductase but pathway (4) differs from (5) in that (4) involves
WAD as well.
(6) This pathway involves cytochrome by with oxygen as final
electron acceptor.

The reduction of tetrazolium salts by MAQ preparations
in the presence of moncamines along a pathwzy involving cyto-
chrome b5 or a still yet unidentified electron acceptor(s)
is not unreasonable to suppose in the light of the recent
findings of Muraoka and his associates(26) that MAO purified

from Aspergillus niger can catalyse cytochrome C reduction both

aerobically and smaercbically by MAO substrates, In this
guise, the findings of Igaue, Gomes and Yasunobu(l53) of the
presence of a flavin-like component in beef mitochondrial MAO
is important. One may imagine the presence of a chain of

a number of flavins of various types (known or still yet un-
¥nown) taking part in the catalysis of MAQO, and having a
special and upique electron transport system of its own.

Another mechanism which might operate leading to tetra=-
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zolium reduction by MAO in the presence of its substrates nmay
be similar to the one described by INeCord and Fridovich(154)
for milk xanthine oxidase. In this reaction, under highly
acrobic states oxygen can exist as an unstable superoxide
(05) free radical. The free radical is probably formed by
the dismutation of perhydroxyl (HO,) radicals formed by the
reduced enzyme-substrate compleX (Enz Hz) in the presence of

adequate oxygen supply by the following steps:-

Enz Hy, + 0, —_— Hbé + FnzH® , (1)
(divalently perhydroxyl univalently reduced
reduced radical enzyme
enzyme)

0 . dismutation

eY OrrOX

or alternatlively the Eu§~ 55 S radical may reduce cytochrome
C thus:

HOé + cytochrome ¢l 0, + H o+ cytochrome ¢t (3)

In other words, it is the superoxide (05) free radical
which initiates the chain of reactions resulting finally in

the reduction of cytochrome C by oxygen.

According to Hamdler and Fridovich(156) this oxygen
dependent reduction of cytochrome C by milk xanthine oxidase
is strongly and competitively (competitive with respect to
cytochrome C) inhibited by Tiron, which has no effect however
on the aerobic reduction of xanthine by the enzyme to uric
acid. These authors found that non-haem iron was involved
in the reaction, lLater Handler, Rajagopalan and Aleman(157
téntatively concluded that only non-haem iron-containing flavo-
proteins give any evidence of superoxide free radical pio-

duction, Similarly, Pray et 8l.(158) have recently demon-
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strated the superoxide radical production and concluded that
both iron and alkaline »H are necessary for its production.

The possibility that 1MAO is a non-haem irone-containing flavoe
protein has been discussed in this chapter, Similarly, the
relevance of Youdim and Sourkes (90) findingz that iron is
present in highly purified MaO preparations h&as been discussed.
Before citing further evidence in support of the wview that

MAO may reduce tetrazolium and most probably NAD in the pre-
sence of monoamines through the formation of superoxide aniom,

the scheme itself must be represented,

scheme (2) showing the possible site of tetrazolium by monoe-

amnine oxidase substrateg or xanthine oxidase substrates.

amine

or non~-haen
— —> HO ) cyt.c(ox ) formazan

purine iron (NHI) ) Q j C

cyt.c(red‘) tetrazolium

in this scheune, cyt.c can be replaced by ferricyanide.

Clearly, the reaction relates to enzymes e.g. milk xan-
thine oxidase which act as oxidases to generate H202 and re=
quire partial pressury of oxyzen., In other words the
enzyme is in a "modified state" similar to the type proposed
by Tipton (51) for monoamine oxidase. The requlrement of

high oxygzen tension by NAC is very well documented (1,2,13, 14,
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more sophisticated instrumentis the need for high oxygen supply
for amine oxidation by the plg brain MNAO, This enzyme has
also been shown to be strongly inhibited by Tiron(73) which
inhibits the milk xanthine oxidase. Lagnado and Sourkes(94)
demonstrated the requirement of purines for abolishing the

lagphase furing amine/tetrazolium reductase activity. The-

in _the schkoune, Further still, sulphydryl groups or disule

phide groups are also known to be involved in the electron
transfer system of the xanthine dehydrogenases or oxidases(145).
Similarly, sulphydryl groups are known to participate in the
aerobic dehydrogenation of monoamine oxidase substrates(23,
48,73,74,121,123). lagnado and Sourkes(94) demonstrated the
requirement of Sﬂ groups and purines for the amine/tetrazolium
reductase system, MNore recently, Vesco and Giuditta(1l1l0) have
tentatively identified two types of tetrazolium reduction path=-
ways for rat brain mitochondria and microsomes. The micro-
gomal pathway is sensitive to SH reagents while the mitochon-
drial system is independent of SH groups for reducing tetra-
zoles., Tables XXXI agd XXXVIIT show that the S.S MAQO of
guinea plg liver was sensitive to SH agents when it was asecay-
ed for oxygen and tetrazolium reduction by amines;, In the
face of such evidence, it will not be unreasonable to suppose
that MAQ may also catalyse similar reactions as the milk
xanthine oxldases.

%e will now turn our attention to the results obtained

in the amine/NAD reductase assay system. It may be recalled



that the §.MAO and its acid derivative (S-pH5 MAC) were active
in reducing NAD by amines and that the substrate specificity
generally parallelled that of the FATD-dependent INT reductase
gystem (see table XIV'. It may also be recalled that though
the S.5 MAC obtained from sonically treated homogenate and its
acid derivative, the S.S—pﬁ? MAO were equally active in catalys-
ing FAD reduction by monocamines (table XXIT) the acceptor speci-
ficity was reversed. Since the posgsible cause of this rever-
sal has already been dealt with earlier in this chapter, it

will not be repeated here, Instead, we will attempt to de-
termine the possible reductant and the site(s) of interzction

of NAD with the electron transport chain. The role of alde=-
hyde intermediate will be further discussed together with the
significance of the effects of semicarbazide and some specifie
MAO inhibitors on the amine/NAD reductase system.

Veissbach and his associates(35) who first studied the
soluble (S-pH@‘ ¥AO of guinea pig liver tentatively assumed
that the reducltant of WAD was the aldehyde produced by the
aerobic dehydrogenation of MAO substrates, They reportied
that senotonin oxidation by their assay system was accelerated
by excess exogenous aldehyde oxidase, Since these authors
did not investigate the effects of carbonyl agents eg. semi-_
carbazide on amine/NAD reductase aqtivity of their system it
was thought of interest to investigate this,

Fige Tb shows that NAD reduction by guinea pig liver
mitochondrial suspension in the presence of tyramine was hardly
affected by 0,013 M (final concentration) semicarbazide. In

contrast however, NAD reduction by S5.5.MAO in the presence
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of acetaldehyde was arrested within two minutes by similar
concentration of semicarbazide (see fige 11)e In other ex=~-
periments with this same enzyme (i.e. S.5.MAQ) preparation,
semicarbazide inhibvition of the oxidation of certain substrates
was not more than 30 per cent. Further still, this chemical
appeared to actually stimulate amine/NAD reductase activity in
certain cases (see fige. 11). It is also to be noted that
this chemical (semicarbazide) inhibited the aerobic dehydro-
genation of amines by about 50 per cent, These results would
therefore indicate that aldehyde oxidation alone could not
account for amine/TTAD reductase activity.

Tyramine/TAD reductase activity was very strongly in-
hibited by the specific MAO inhibvitors, Parnate and Ipron-
iazid at low concentrations (see fige. 8); in contrast concen=-
trations of semicarbazide higher than those normally used to
effectively trap aldehydes (ref., 49) did not inhibit NAD reduvc=-
tion by MAO subsirates., Though there was no apparent NAD
reduction by kynuramine known not to form any free aldehyde as
the result of WAQ activity(116,117), it should be noted that
the case of kynuramine is a very complex one. The wave length
at which it aﬁsorbs maximaliy (360%f) is too close to that at
which WADH formation is demonstrated (i.e. 340m/~). The
possibility therefore that the OD fall cawvsed by kynuramine
disappearance and the simultaneous 0D rise due to WATH for-
mation would neutralize each other cannot be dismissed lightly.
In any case, not all monoamines capable of forming free alde-
hydes were good substrates for reducing WAD enzymically (see
eg. table XXII), Turther still, since the NAD acceptor
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gspecificity of the AC preparation was reversed by sonication
while that of the aerobic dehydrogenase system remained un-—-
changed (table XYVII), it is‘apparent that aldehyde may not

be the only reduvetant of TAD, The question therefore arises
as to where FAD reduction occurs and by what? Can emines

ag such themselves serve as the substrate for NAD reduection by
1.0, in other words, could WAD reduction be coupled to the
primary dehydrogenation of the amine substrates by IMAO or is
there an *amine dehydrogenase"?

If vamine dehydrogenase" exists, then even if aldehyde
oxidation is prevented or is very low, FTAD reduction could
sti1l occur, As alrezady indicated, there was good NAD re-
duction by tryptamine and other substrates even in the presence
of strong concentrations of aldehyde trapping agent (figs. Tb
and 11), whereas little IAD reduction occurred in the presence
of MAO inhibitors (fig. 8). This shows plainly that A0
activity was essential for demonstrating the reaction. Turther-
more, the observation in certain experiments that NAD reduvc-
tion by some monoamines eg. tryptamine, serotonin and tyra-
mine occurred without any lagphase makes it very unlikely that
the aldehyde intermediate is indeed involved in NAD reduction,
since there nust necessarily be some lapse of time for the
oxidisabléwaldehyde to be accumulated, This argument is
strengthened further by the observation that highly purified
and solubilised rat liver mitochondrial MAQ, said to contain
no aldehyde oxidase activity(120), catalysed NAD reduction
by tryptamine while acetaldehyde failed to serve as a substrate
for the reaction (table FTLI). Incidentally, this preparation



catalysed IKT reduction by amines but was ineffective with
acetaldehyde as substrate for the system, Similarly, though
acetaldehyde could not serve as a substrate for tetrazolium
reduction on gels, with tryptamine or tyramine as substrate,
two bands were demonstrable with the Youdim enzyme(120) (see
fige 18). The inescapable conclusion arising from these and
bther observations is that there may be other pathways for
anine oxidation in which the WAD and tetrazolium acceptors
may participate during electron transfer.

The possible mechanism of MAD reduction by WAQ substrates.

Some of the arguments raised for and the mechanlems pro-
posed to explain the possible sites of the enzymic tetrazolium
reduction by amines will be useful here also, In other words,
it is proposed that MAO may catalyse a reaction similar to
that of either scheme 1 and/or 2. In the course of this
catalysis NAD may be reduced. The observation that reduced
KAD i.e. NATH was oxidised and this oxidation was almost in-
sensitive to amytal and antimycin A (fig. 7), could then be
explained by the postulate that NADH~-cytochrome b5 reductase
is part of the electron transport chain. Py sonication the
link with this part of the chain may be affected or the step
may be completely by-passed. WAD ré&uction may occur at the
level of the primary dehydrogenase. Should this occur the
pathway followed could involve KADH-cytochrome C reductase
route. The aldehyde oxidase pathway would occur further
down along an alternate route as shown in scheme 3 below,

The aldehyde oxidase pathway would explain the partial sensi-

tivity of the reaction to semicarbazide.
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The effect of arsenite on the amine/I"AT reductase reaction
(figs 2E) would be explained by the fact that the presence of
?~—-§ v SH 3H system is required as a necessary component
A
of the electron transport chain. This component may probably
be agsoclated with the non-haem iron-containing flavoprotein,.
This disulphide~sulphide exchange system may also participate
in the tetrazolium and oxygen electron acceptor systems. The
inhibition of these latter systems by organomercurials(43,73,
74,94 and table XXXVIIJ A) indicates the inhibition of the SH
part the systenms,

NAD redvetion at the level of the primary dehydrogenase
could in part at least be effected by the superoxide free rzdi-
cal, the immediate primary reaction product known to have powere
ful reduvcing properties(156-153). The involvement of the
gsuperoxide anion in the enzymic NAD reduction by amines couid
then in part at least explain the observation of Veissbach
et al.(35) that NAD reduction by their system was not linear
as a function of time after 30 minutes. The slowing down
of the reaction with increasing time of incubation (which only
excess aldechyde oxidase could only partially remedy), could
mean that there was little oxygen available for generating
more superoxide anion, The requirement of high oxygen tension
for the radical production(154,156-158) and for amine oxidation
(1,2,13,14,19,51) are well known. If the superoxide radical
is the reductant of WAD, the decrease in its concentration
would 6f course slow down the reaction.

The inhibition of the amine/tetrazolium and asmine/NAD

reductase systems by specific MAO inhibitors could be explained



by postulating that the inhibiticn occurs at the initial stages
of the reaction., This view is covsisnelt with a recently
postulated wechanism by Helerman wnd rwian (155) for MAO
inhibition. according to this postulste, the inhibition
occurys a3 the result of s direction reaction betwesn the
inhibitors and flavin groups of [,

dohene 3 shows the possible mechanism and sites of the

enzymic LD reduction by MAC substrates.

Ceheme 3. <o nossible meachanismy and the sites of tha

enzywlc ol reduction by NAC subsirates.
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aenction wype 1 mizht oceur in unsonicated -i:occ ondrial
sussensi s (see fige 5 ).

deacti e 3 may occour in sll types of soluble Ll prepations.
Induction 2 is probably reoponaible for greater provortion of
Nud reduction than resctice sypes 1 and 3.

Where the reaction is stron ly o.uqgen dependent, the sujer-

vxide snion way be interucuiuic.
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CHAPTYR STX

STIMARY, CORCINSIONS =2&,

1, - The possible occurrence of a soluble form of mono-
amine oxidase in guinea pig liver was investigated, using
both manometric and tetrazolium reduction assays,

24 A sqluble enzyme preparation, active in both assay
systems, was derived from aqueous extracts of guinea pig
liver by salt fractionation and acidification. The enzyne
wag considered soluble as it was not sedimented by 3-6
hours centrifugation at 100,000g.

3. The properties of soluble monoamine oxidase prepara-
tions were investigated in some detail, znd compared to
those of crude particulate and mitochondrial fractions of
guinea plg liver.

4, The particulate and soluble enzymes differed in a
nunber of ways, and the differences were particularly evi-~
dent in the dye-reduction assay system. Thus, for the
g0luble enzyme preparation it was found that the enzymic
reduction of tetrazolium salte (IRT in particular), by amines
was markedly dependent on added WAD, NAD acted as a co-
factor in the tetrazolium reductase system, whereas it had
no effect on the emine-stimulated oxygen uptake in the
manometric assay. Added NAD had little or no effect on
enzyme activity of particulate preparations in both assay
systems. The enzmﬁé-redueticn of INT by amines was ab=
olished by typical monoamine oxidase inhibitors under sulte
able experimental coenditions,
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5. NAD could not be replaced by NADP, AMP, ATP, and a
nunber of simple purine derivatives (e.g. purine, inosine)
as cofactor in the INT-reductase systen.

6o NWAD activated btoth endogeneous and amine-stimulated
INT-reductase activity in soluble preparations. The
effects of WAD on endogeneous activity could be eliminated
by aerobie preincubation of the enzyme preparation in the
absence of WAD and dye. Aerobic preincubation under these
conditiong did not affect the anine-stimulated systenm.

Te The effects of FNAD on the amine-INT reductase system
varied according to the amine substrate employed. In
general, NAD stimulation was inversely proportional tc the
relative activity eeen with different amine substrates.
Thus, NAD had no effect when tryptamine, the best substrate
in the INT-reductase assay, was used, but was most effect-
ive when isoamylamine, the least active substrate, was
employed. Intermediate results were obtained when tyramine
was used as substrate.

8. These results led to the discovery of an active systen,
in soluble enzyme preparations, catalyzing the enzymic re-
duction of NAD by amines in the absence of tetrazolium dye.
The activity of the NAD=reductase system was followed
spectrophotometrically. This revealed that the ability
of various amine substrates to enzymically reduce NAD was
directly related to their dependence on added NAD in the
tetrazolium~reductase assay. The enzymic reduction of
NAD by amines was strongly inhibited t§stypical monoanine
oxidase inhibitors.
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S. Particulate preparations of monoamine oxidase also
catalyzed the reduction of WAD by amines when precautions
were taken to prevent the re-oxidation of reduced NAD,

10, It was found that sonication of homogenates caused
considerable glperations in the properties of the soluble
emzymgfgz: ?iggiased in all three assay systems employed,
and also produced a loss of NAT~dependence in the amine-
INT reductase system and a reversal of the substrate speci-
ficity pattern in the NAT-reductase assay.

11, The effects of semicarbazide, SH-inhibitors, metal
chelating agents, and respiratory-chain inhibitors were
tested in an attenpt to analyze the pathways responsible
for the enzymic reduction of molecular oxygen, INT and NAD
by soluble preparations derived from control and sonicated
homogenates.

12. The effects of tetrazolium salts on monocamine oxidase
present in soluble enzyme preparations was investigated.
Tetrazolium salts act as potent non-competitive inhibvitors
cf the enzyme when oxygen is used as final electron acceptor,
Dye reduction under these conditions wag directly propor-
tional to the amount of dye sdded. However, dye reduction,
unlike oxygen uptake, was unaffected by relatively high
concentrations of semicarbazide, showing that tetrazolium
reduction, under these conditions, was not due to the
further oxidation of the aldehyde product of amine oxi-
dation.

13. The evidence accumulated points to the existence of

novel pathways involved in the coupling of amine oxidation



with the reduection of tetrazolium salts and NAT. It is
also apparent that the reduction of electron acceptors

such as these cannot be fully accounted for by the fgrther
oxidation of the aldehyde primary product of the action of
nonoanine oxldase on amines, The possible role of non-
haem iron and TAD, associated with the enzyme, and hydrogen
peroxide, formed drring amine oxidation, in tetrazolium and
TWAD reductase pathways was discussed. The use of several
electron~-acceptor systems hag provided some insight into
the mechanism of amine oxidation which was not readily
apparent fron experiments in which molecular oxygen wés used
ag final electron acceptor.

l4. A variety of electrophoretic techniques were studied in
an attenpt to detect the possible presence of isoenzymes

of monoamine oxidasge, using tetrazolium salts to detect
sites of enzyme activity. In general, only one weak band
showing enzyme activity was seen after separation on
Cellogel or agar gels,. In starch and polyacrylanide gels,
one and occasionally two bands of enzyme activity were
detected using tryptamine or tyramine as substrate. Soni-
cated preparations contained a relatively greater amount

of enzyme which migrated anodically under the conditions
used. In most experiments, some enzyme activity remained
at the origin. It was concluded that under the experimen-
tal conditions tested, monocamine oxidase behaved as a single
enzyme fraction, and that the activity at the origin could
be due to active ageregates of the enzyme,
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