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INTRODUCTION

Monoamlne oxldase [MAO; monoamine: oxygen

‘oxldoreductase (deamlnatlng) Ec 1.4.3.4] is the enzyme or

enzymes which catalyse the- deamlnatlve oxldatlon of a serleg
of monoamines such as allphatlc amlnes, serotonln, tryptamlne,
tyramine, catecholamlnes‘and other aromatic amines. Some of
these substances have well recoghiied physioiogioai,.
pharmacologlcal, toxicological and clinical lmportance. The
MAO lnhlbltors have had a wide usage in therapeutlcs, notw1th-

standing the fact that very llttle Ais known about their

mechanism-of action, except for thelr 1nh1b1tlon of MAO,

Thls is especzally true when these drugsare used/ln the
treatment of mental dlsease (depress;on). Furthermore today

the nature of the enzyme is very little understood in 5p1te

)

of the considerable égéﬁnt of research in this field.

s

Though MAO has for a long time beeﬁ%poﬁsidered a

: single‘enzfme, the question of whether MAO represents a group

of enzymes or a single'ehzyme is of actual interest and thé answer
will contribute immensely to the understanding and modifica-

tion of the action of phafmecologically active amines.

‘Indirect evidence of MAO ;nultip',licity has been
obtalned on the basxs of klnetlc studles,and effects of
selectlve lnhlbltors or physxcal agents. The fact that the

. S /
.- - -l !



enzyme is insoluble and_tfghtly bound to the mitochondria

made it difficult to study MAO by more direct methods,such‘as '
'HEEEEtrophoreSLS or standard purlflcatlon procedures. This

and other general aspects of the enzyme ‘are mentloned rn the

review of the llterature. ' ~—

The experimental part of this thesis is an attempt
to study the multiplicity of MAaO by means of electrophoretlc ;-
procedures. In section I a procedure to detach ‘the enzyme

 from the mitochondrial membranes is described. ' This procedure
was carried out with therpurpose of obtaiﬁing a preparation <
in whlch the MAO substrate specificity is similar to that of

e

the orrglnal mltochondrla. Interpretation of the results

would Be taciiitated in the case when a fractron, specrflc towardsa
-~ a particular subsﬁate, was isolated. Section II and III ‘deal
‘withfthe'electrophoresis ot a crude liver mitochondrial
‘preparation on sucrose gradient electrophoresis and on
polyacrylamide gel, respectively._ With the electrophoresis
of thrs crude preparatlon we hoped to obtarn an 1dea of the
pattérn of mlgratlon of MAO act1v1t1es with regard to

different substrates and t have a prellmlnary basis ; for

future experlments where at empts to purlfy the multlpIe MAO
dforms would be‘undertaken. Rat liver mitochondria was -
selected for ‘these studies because it has been widely studied,
///15 ea51ly accessible and a relatively good source for the

~enzyme.
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CHAPTER I:  HISTORICAL.

[

N\ According to Blaschko (1) the first clear

.indication that a@ines are‘metgbolized,through deamination
wés given by Schmiedeberg in 1837 (2). ihe.laﬁter detected
benzéyiglfcineliﬁ dog uriné‘aftér admiﬂistering an oral

dése of 5enzylamine which was interpretedlas occurriﬁg‘
throﬁgh the ‘intermediate formation of benzoic acid. He alsg
sﬁggesped that all the bases in which ﬁitroggn is not
difectlf linked to é benzéne ring are brcken aSanin the
organism with the formation of ammonié. In 18849, MQ§50“(3Y
;eqovéfed over 90% of the bénzylamine injected to a dog as
'hippuric‘acid in urine. . Minkowski (4) shdwéd_the
formation of benzoic acid from benzylamiﬁe after incubating .
the amine with minced rabbit ti$sues. Ewins and Laidlaw (5)
reported the reéovery éf thyaroxyphenylacetic acid when

. tyramine was-éerfnsed through the liver of~cét or rabbit

or through the uéerﬁs of rabbit. Subsequgntif‘éﬂe

same authors (6) isolated indolacetictééid.as the breakdown -
product c':’E typﬁm:he in .the perfused liver of the rabbit.
5inf1916 Guggenheim and L3ffler (7) reported £he conversion
in vivo of B-phenélethylamine_into phenylacetic.

acid. 'Three years later they obtaiaed evidence for the




Iy

‘formatlon of lsovalerlc acxd after perfuslng rabbit llver
thth 1soamylam1ne. In all ‘the above reports,the first
reaction was assumed to be an ﬁydrolftic ene followed by
oxidatien (1) . " |

— N The‘earliest mention of oxidative deamination
‘was made byEHare in 1928 (8) | She showed that tyramine
lncubated Wlth rabbit llver extract resulted in an 1ncreased‘
oxygen,eonsumptlon and conclgded that the oxidation of
tyramine teok place in'the_presehce”of an-enzyme_contained
ln the liver extracts. This autegg also'reported that the
reactlon liberated amménia and sztogen peroxlde and

postulated” the format;on of an aldehyde (8, 9). In 1937

Pugh and Quastel (10) described. a similar amlne-oxldlzlng
syste; that ected on aliphatic amines which was distinct
from the s-amino—acid-oxidizing system. 1In a later report
(11) they mentioned a common amine oxiéase system co;cerned
with the oxidation of tyremine, 3—§henylethylamige and
indolethylemine, and proposed the term amine oxidase-tor
.thls kind of oxidase. In the same year Kohn (12) suggested
the. ldentltx)between the enzyme described by Hare and the
adrenaline oxidase reported by Blaschko et al.(13). Blaschko,

' Richter and Schlossmann (14) concluded that the adrehaline

Fd

- ’;w4
the al;phatlc amine oxldase of Pugh and Quastel were

J

identical. This conclusion was based ‘on the sxmllarlties

‘oxidase descrlbed by them, the tyramine oxldase of Hare and



of the chemical reactions they catalysed, their dietribution
.. in the animal kinédompand.their’behavior towards inhibitors as
well as the competition between different substrates

. line—tyramine;Iisoamylaminejtyremine and tyraﬁigef
tryptamine). 1In 1938'Ze11er, (15) proposed the hame
monoamine in order to dlstlngulsh this enzyme system from
dlamlne oxidase (EC l 4.3. 6). In 1940, Zeller et al.
- (16, 17) attempted to classzfy the amine oxrdases into two. _‘ "_
'groups, the monoamine oxrdases_and the diamine oxidases,
on the basis of their substrate specificities:h“rhe
significance of this clessifieation was questioned when it

was demonstrated that long chaln aliphatic dlamlnes were

ubstrates for monoamlne oxidase and not for dlamlne oxldase

(18). Futher complications arose when other _monoamine

oxldases were dgscribed. In 1947, Steensholt.(19) reported-

a rabbit llver amine oxidase that acted on mescallne,
‘hlstamlne and cadaverine. It was lnhlblted by diamine

' oxldase lnhlbltors. Other mescallne-oxldlzlng enzymes were
described ln the hog 11ver and hog kidney cortex with
properties similar to a monoamine oxidase rather than a
diamine oxideSe (20, 21). The amine oxidase of beef plasma
wes found to be aetive on epermine, spermidine, benrylamihe
and several aliphatic monoamines; tyramine and mescaline were
poor substratesr(zz,AZB). -rhis-amine oxidase was inhibitea

by iproniazid and isoniazid. In some species the plasma amine



oxidase acted more specifically on behiy;amine rather than on .
spermine and spermidine (24, 25). .kolb (26) described

- another amine oxidase in hog serum which deaminated

_ histaﬁiné, but with little effect on cadaverine. Buffoni

and Blaschko (27) found that its best substrate was
benzylamlne and that it was 1nh1b1ted by carbonyl reagents.
Kobayash1 (28) reported yet'another-amlne oxldase with similar
propertles to MAO that metabollzes hlstamlne and cadaverlne.
Hill and Mann (29) purified an amine oxldase from pea R
| eeedllng’whxch“was.seqs;tmve_to carbonyl reagents. This |
_enzyme deaminated aliphatic diemines as well as aliphatic
monoamines, phenylalkylamines, histamine, spermidine and
aijmatine. Histamine 2 classical_substrate fot diamine

oxidase is also a weak substrate for monoamine oxidase (30)

and itsAN1%methylated.derivate is a good subetrate-fo: the'
latter enzyme (31, 32). In_view of these observatiops new
‘classifications appeaﬁed.' In 1959} Blaschko et*al. (33)
classified the amine oxidases en the basis of their
sensitivity to carbonyl reagents. Two groups of enzymes
were descrlbed, one which was inhibited by carbonyl reagents,
group I, and the other which was not, group II. Group I
included diamine oxidase (3#). histamipase (35,-36),_spermine
oxidase (22),lbenzylamine oxidase ({26) ,mescaline oxidase
i37), pea_seedling_amine oxidase (38) and the pOlyaﬁine

oxidase of Neisseria perflava (39). 1In group II the

classical monoamine oxldase and the mouse llver hlstamlnase

-

L



AT AT R T T

T T

They wanted to point'out that-when one of these names is

be possible that some of the identities listed may be

were ihcluded (28). Blaschko et al.(33) explained that

it was not their intention to replace names like

histaminase, amine oxidase or diamine oxidase oy new ones.
/
used, "the term is applied to what is in fact not one

entity but a collection of enzymes of differing properties”.

The differences among the analogous enzymes of differept

species could make the identificationjoffheﬁ identities

dependent on 1nd;v1&ual preference. Other'complication
could be the dlfference in organ spec1f1c1ty in the same
species. In accordance with Blaschko et al, (33) it may

-

superfluous.

o similar basis Zeller (40) and zeller et al.
(41) proposed another classification. .The enrymes
attacking aliphatic compounds with rerminai amino groups_
are separated by means of semicarbazide in two groups:
a) Semicarbazide-resistant monoemine_oxidasee
with one type of receptor in tﬁeir active

center.

b) Semicarbazide-sensitive diamine oxidases

with two types of receptors.



To the sgmiéé;bazide—resistant enzyfe gréﬁp_'
Belonged the classical mcnoamine o*idase which he described
as a group of enzymes with small'differences. On the other
hand, the group of semicarbazide-sensitive amine oxidases;
which was’gonsidéred heterogeneous, included classicai diamine
oxidase,(BS, 40, kz),~beef and sheep plésﬁa'séérmine oxidase
(22, 23), benzylamine-oxidase (24) and mescaline oxidasel(37)-,
Zellei (40) mentioned that thé'ultimate solution to the - S

problem of naming the different amine oxidases shoulé come

from a reliable insigﬁt into the structure of the active

1

center of these enzymes.

Up to the present a failure to get a clear

picture of the amine oxidases continues in spite of the

large ambun£ of work accumﬁlated. Recent review$ oﬁ this
 subject have appeéred elséﬁhere (43-45) . Some aspects of
the recent advances maﬁe_in the comprehension of the
classical MAO (EC 1.4.3.4) will be discussed in

subsequent chapters.



CHAPTER II: SOME PROPERTIES OF THE

MAO CATALYSED REACTION

- The amihé oxidases'dré considered enzymes that
'oxidatévely deaminaﬁe mono, i and'polyamines with the .
stoichiometric formation of one molecule each of aldehyde,.
~ammonia and hydrogen'ﬁeroxidel(43)

-

- (I) R-CHzNH2 + Oz + H20 —» RCHO + NH3 + HaO:

The classical intracellular MAO is characterized
by its localization in the partiduléte fraction, its
oxidative action on monoamine substrates, its inability to.

deaminate histamine and short—éhain diamines, its sensitivity

.-

to octanol and certain heavy metalls, its resistance to cyanide
‘ion, hydrazine, semicarbazide and carbon monoxide and its

~

action on primary and seeondary amines (43).

o

Since long the rea products of the Mﬁo enzymic
. reaction have been isolated by several authors (8, 12). The |
stoichiometry of the.reactiénlwas shown in accordancé with -
'equaﬁion I. 1In presence of catalase (EC.1.11.1.6)

(II) 2H20: Catglase‘

> 2H,O + O2

The overall reaction will thus be
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(IIT) - R-CH;-NH; + % 0, —<2E213%€ o pewo. + fH,

When a secondary or tertiary amine is attacked, one molecule
of a lower amine is released (46)}. Therefore equation III
in a more general form, can be delineated as follows

-

(IV) - R—CH:—FTER: + ¥ 03 =———» R-CHO + ﬁHz—Rz'
where R'= hydrogen or‘an'31kyl group.

In presence of catalase, H:0: can be‘ggéébqlizeq
by a peroxidétfvé reaction if there are hydrogen donors
such as ascorbate, ferrocyanide, phenols, short-chain
alcohols, formate, sodium nitrate, azide é: hydroxylamine
(47).

Aebi et al. (48) used the coupled oxidation of

‘formate-'"C as an indicator of the relationship between

mitocﬁondfial MAO and catalase, They found in lyoéhilized'
mitochondria, without added catalase, that a pe:oxiaase type
of reaction occurred to an extent of 15-40%. The éldehyde ,
can be further oxidized to-the corresponding acid (40). The
reaétionslcatalatic and pe%oxidative catalyzed by catalase

as well as the further oxidation of the aldehyde can alter

the oxygen comsumption stoichiometrically. The oxygen uptake

is a common method used to measure MAO activity (see p: 51, -

™~




this thésis). 'Thus it is necessary to evaluate the possible

_ ' < /.
occurrence of each one of these reactions béfore inte

nonfpurified_éreparqtions are used. >
) —
. ) -
o . : -
Pletscher-et al.(49) in accordance with Masen (50)

‘ - |
classified MAO as a 2 electron transfer;se: two electrons

are transfer:Ed éiregtiy or indirectlf to oxygen;,Which is
‘reduced to hydrogén pé;oxide, wpile‘the aminOgtoup is
.oxidizedﬁto the iminogroup or-tﬁe aldehyde. Earlier, in
1931 Hare-Bernheim (9)lrepresehted the possibleJStaéés“éf; .

b

the MAO reaction in the following way: \

-

(V) R-CH;-NH2 + O ——————~R-CH:NH + H202

-

(VI)' R-CH:NE + Hz0 —————»R-CHO + NHj

Smith et al. (51) showed by means of iéotopic
oxygen.that thg éngen, in the MAO catalyzed reaction, is
convertedltd hydrogen peroxide and that the’bﬁggén in the
piéduct arises frém the solvent water. The prodﬁction‘df-' _
aldehyde under anaerobiC'coﬁditiqns have also been demonstrated
{52,53). Thus Yasuncbu and Oi (54) divided the MAO reaction
into two phéses, an énaerobiq cne where the aldehyde.iS'
_ produced, ammonia is liberated and the enzyme is reduced; and

a second phase where the enzyme .is reoxidized by molecular



— o B
BN

-exygen with theféroduction.of hydrogen peroxide. These‘
authors and Tipton and Spires (55} described the reaction

as occurrlng through a ping-pong mechanism. Hellerman et al..
(56) discussing the validity of equations (V) and (VI) observedw- >
*remains only the proof that the imine, elaborate as’ such at - %
the active smte, appears as the immediate reactlon product . o
They claimed to have exper1menta1 evzdence for the conflrmatlon.

- of this idea.

I

[\
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CHAPTER III: SUBSTRATE SPECIFICITY

-
-

| Mogpamine;oxidasenexhibits a faié&y broad substrate.
: sPecificity'dependingfon'the source of the enzyme (57-61).
The dlfferences»ln substrate spec1f1c1ty among the enzymes

% from different organs and spec1es, make any class;flcatlon of

- the different substrates difficult. However, some general

rules could be established:

_ Primary and secondary amines are readlly oxldlzed

E by MAO, PIOYlﬁEd the substituént in the secondary amine is a.
:metsyl group (62). Biaschko (62) has suggested that an
attack on N-methylated amines appears to be a safe criterion
sffor theigrésence'of a "true™ MAO. The rate of oxidation of
;}methylémino compounds is high} sometimes even highexr than
;that of the corresponding primar&_amines;- The tertiary amines
;gare oxidized more slewly;

The rate of oxiaaﬁioﬁ and affinity of the eliphatie
_iamines depend on the number of carbon etoms. Methylamiﬁe is
1lpot attacked and ethylamiﬁe is oxidized sloﬁly‘in’some

¥ species, for(exemple in cat and cattle (59). With increasing
flength of the chain, the bate of oxidation increasesrand |

f maximal rates are reached with amylemine and hexylamine. after
.xiﬁich‘the rate falls offkl)} Sﬁort'chain diamines are not
’1deaminate3 by MO (14, 37, 59) . However, long chain diamines

D



from:hepfaméfhylene diamine onward are oxidize the enzyme.
The diamine most'répidly oxidized By MAO is the compound Wi
13}pethylene'groups; beyqnd 13 methylene groups therraﬁé of
oxidation decreases with increasing chain length (1}. Scme
derivatives of ethylendiamine containing a substituted amino _

_group serve as MAQ substrates (63).
Substitution of a hydrogen on the a-carbon atom of .
an aliphaﬁic or aromatic amine prevents attack by-the enzyme N
(11, 14, 59, 64, 65). Belleau and Moran (66) used tyramine &
(2) and kynuramine (b) together with their a-deutergum isotopes

as substrates. They found that the removal of an u-hﬁdfaéenjsﬁ'

the rate-determining step in the oxidation and that this fs.,

independent of the nature of the substrate.

T S

" (a) S w /"
The o-deuterium substrate had a much low:;\affiﬁity'for the
enzyme. The substrates of‘more recognized Physioldgical |
importance are B-phenylethylamine and tryptamine derivatives -
e.g. qabamine, noradrenaline, adrenaline,'metanephrine,f
normetanephrine and serotonin. Though histamine is not a MAO

iysubstrate l—4-methylhistamine is atcacked by MAO. An increasing

bkt o 2 R0 AL LE LR



number of methoxy substltuents ln ‘the benzene rlng produces'
a deoreage\ifT;i: afflnlty of MAO for such compounds. TﬁG;:
mescaline, B- ,S-trlmethoxyghenyl)ethyl xn§T/I;/;;: a

k‘_‘\\‘_ . ) . N
MAO substrate (X920, ;:§gz:ff). Substltutlon of hydrogen

-on the‘B-carbonlcauses e decrease in the'reactlv;ty (14, 59,
67) . If both B-hydrogens are substitued the resulting |
compounds do not serve as MAO substrates (68, 69). The
intfoduction of an o-hydroxyl into catecholamines and |

benzylamine_ﬁerkedly reduced their rate of degradation (70).

Systematic study on the. optical specificity of the
enzyme has recelved relat;vely little attention. Blaschko
et al. (13 14) found that l—epznephrlne was oxxdlzed at a

higher rate than the corresponding d-isomer by extracts of

guinea pig liver or rat kidney. ‘Prateei and Blaschko (715
latef reported that a preparation of gﬁinea“pig'liver, but
not of_:abbit liver, showed optical soeoificity in deaminating
B-hydroxyphenylethylamine. ‘The guinea pié liver exﬁracte
fﬁoxidiied the D-forﬁ more rapidly tﬁan the L-form. Leeper

gﬁ gl.(?Z) found that io a soiﬁblelguinea pig liver MAO
preparation L-epinephrine was oxldlzed at a sllghtly hlgher

" rate (10/8) than the D-isomer, but in ‘the case of noreplnephrlne
the reverse oocurred (12/16). Giachetti and Shore (73) found
ehat«the l-isomer of octoﬁamine,'norepinephrine aod

eplnephrlne were prefentlally destroyed in d;fferent organs

and preparatlons of rabblt and rat. 'f//,
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. "Kohn (12} and Phllpot (74) “found the rate of

T,
.

the MAO reactlon depended on the partlal pressure of oxygee/l
Aebi et al‘(48) ‘confirmed this finding and. reported the '
inhibition of MAO act1v1ty in the presence of pyruvate, whlch
they explalned on the basfé of competltlon for oxygen. Novick :
(75) described increase of the reaction rate with 1ncreased
oxXygen tension yhlch was dependent’ upon the tissue, species
. and substrates. The Km values for 6xygen in different |

preparations are relatively high.($3,'76, 77) . These Km f
values are all close to the value of the oxygen cencentration_.

of air saturated water ar physieloéical temperature {76L~/7//'_ ey
the other hand the response of MAO to local fluctuatlons in

oxygen concentration depends upon the operatlve concentratlon

of the amine. The relative eff1c1ency with which the enzyme
will eridize Iow concentrations (<‘Kmi.of amines will increase
- as the oxygen concentration falls (76). Tiptor;(76); dsing j
purified.pig brain MAO obeerrea that when the cohcentration
.of tyramine was 10 uM or iess the activity of the enzyme was

- relatively insensitive to quite large fluctuations in the

' concentrations ef'oxygen. This author remarked that the

-

, , -
enzyme activity would depend on the nature of the Sjﬁfgrafe
- involved. These factors are'importent when the ial
D e - -

pressure of oxygen in the tlssueS'is consi ed as a .

::regulatlon ‘of MAO activity.

e 11terature on the kznetic data 13 diffxcult to
, f‘“’ﬁ -

P
)
4
L



compare due to d:.fferences in exper:.mental conda.tlons and
hvarlatlons between d;fferent preparatlons as mentlonea above.
Alles and ,Heegaard (59) and 05wald and Strittmatter (61)
a'crlbed,these variations between drfferent preparations to
the possible existence of different enzymes.

The optlmunlpH is different forvdlfferent substrates,
Werle (58) gives values ranging from 6.3 to 8.4. McEwen et al.

ik (78) found that in a partially purified MAOC from human liver
mltochondrla, the apparent Km values for N-methylbenzylamlne,_

and veratrylamlne depended upon pH. In an analysis of their -

i RE;H [yt h ok SIS S ARSI S R I Bl A2 frie i ot taniain & 44

data they reported no. evidence of ionizations, other than

}Ethose'of the free substrates, that might affect the formation_

i of the eubstrate-enzyme complexes. The marked changes in the

i}apparent Km valpes with changes in pH were followed by little
_3or no change in.the maximal velocitiee. ‘These authors
:concluded that their data indicated that the non—protonateo
ispec1es of these substrates were bound by the enzyme. '
;Yasunobu ;nd 01 (54) using a purlfled preparation
;of'bovine hepatic MAO found a pH effect on the formal
;mechanlsm of the enzyme. They {eported ‘constant values of Km
. and vm for oxygen and benzylamine from about pH 7.3 to 10 3.
| ‘Below pH 7.3, both Xm and V values change with pH. Above pH
£10.3 only the Km for the amine changes with pH. /Combining -
fchemical and kinetic data‘they proposed several forma;

gmechanisms and derived rate expressions for the different pH



' . -' -18- . N . . R - .

- : o

_ R | - ™ . . N .
¢ ranges which are in agreement with a "ping-pong” mechanism

.t

¥ for the MAO reactions. -

Gorkln and collaborators (79) -some time ago reported
3 alteratlons in the properties of MAC by the effects of |
}-oxldlgifg agents such as peroxides of hmgher,seturate?,fatt
‘facids,'cupricgions, H202, ergosterol peroxide and o-iodoso-
?jbenioate. These alteratiens‘consisted iﬁ‘an‘inhibitigﬂ of the
7;enzYﬁe tewards its natural substrate‘end‘appearance.of a new

? ability to deaminate oxiéatively new subetrates (histamine,
é'cadaverine, lysine;‘spermidine, adenosine. 5'-phosphate) . Tﬂe
i enzymatic activity also became resistant to MAO inhibitors
;lié waslsensitive to'carbonylAreagents. The MAO inhibition

k¥ was fellowed'by a reduction in the content of SH groups in

-'the preparatlon nsed. Incubation of rat liver mitoehondria'.
3*w1th oleic acid, in the presence of harmlne or a—methyl-*

- tryptamine, at concentrations which inhibited the deamlnation
"of serotonln,,caused almest complete inhibition of tyramine

' deamlnatlon bu£ deamination of serotonln was only slxghtly
:decreased. The new ability of mitochondrial MAO to -deaminate

;new substrates could be prevented by preincubation with Mao

%inhibitors. The properties of the original enzyme, as in the ' ,

. case of Sarcinea lutea tyremine oxidase, could partially be"

. restored by treatment with reducing agents.

. Exposure of diamine oxidase to reducing agents




decreased the rate of putrescine deamlnatlon. At the sane‘

. tlme the ablllty to. deaminate tyramlne appeared whlch was
;tinhlblted by MAO 1nh1b1tors {(79). A similar phenomencon of
E:the dlsappearance of MAO properties, was reported by Gorkln.
;_et al.(SO) to occur durlng the development ©of radiation

“‘ disease in ral 1ijer mtochondrla in vivo. They suggested
;:that these changes were due to the peroxides of hlgher
:iunsaturated fatty acids released during the development of

f radiation disease. Dlaz Borges and Drujan (81) reported an

) 5
;_lncrease in MAQ actzvmty, using EYnuramlne as substrate, in

:fseveral organs of the fish Eugerres plumieri 1mmed1ately

.

‘?afte: exposure to y-irradiation. This inorease was possibly

E caused by factors outside of the organs where MAO was measured,

t since this activation eould not be produced in vitro. Forty-.
5;eight,nours after the exposure to Yeirradlation the-MAO activity
E started to diminish but reached values below the control only - |
after 72 hours. In mice, changes in MAO actlvlty were notlced
i'only-in.liver and spleen. The enzyme acthlty in kidney,
'%brain and heart_remained constant. In spleen, though the
1specific activity for MAO'increased ‘there was actually a -
Sfdecrease in the total.enzyme content of the. whole organ
following a drastic reductlon in the organ weight. In liver
;there was a decrease in MAO actzv;ty, as noticed by Gorkln et
;al, in the rat liver mitochondria durlng_the development of

the radiation disease.
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CHAPTER IV: INHIBITORS OF MAO .

A wide variety of drugs which inhibit MAC has been
introduced following the demonstration by Zeller-€t al. (82-84)

that iproniazid, a compound which was developed as an . - !

PRI WG I O T U PT, O S P T RO o T

antitubercular drug, was a potent inhibitor of this enzyme.

;_As stated by Ho (85) MAO is pérhaps the enzyme with the
] largest number and widest variety of inhibitors. Several

3 reviews have been devoted to this subject (49,.85-37).

There  is no representative MAO inhibitor as such.
;'The degree of inhibition, rapidity of action, organ specificity,
:itoxicity and pharmacoclogical action are*pecﬁliar to each

“Ecompqund,or group of compounds (94, 96). Marked species differ-

.Sences in response to MAO inhibifors also occur (94, 96). It is

~

?jdifficqlt to makegenerg}iZétions as to the specifiC'st:ucturéi
-?reQﬁireﬁents for MAQ/ihhibitory action, notwithstanding the
 prolific rgsearch/c;arried out in this“field. The inhibitory
factivity varies with the substrate and some inhibitors either
:selec£ively inhiﬁit only a limited fraction of the‘total
ienzyme activity or exert'selectivitf towérd a particular
itissué-or organ (85). Some of the Mgo'inhibitor effects could
ﬁbe due to either direct action of the drugs themselves or to
-{changes‘in'tpe binding of amines in thé tissués'father than.
kdue to MAO inhibition (94). Among the MAO inhibitors we find

;derivatives of hydrazinés, ptcpargylamineg, cyclopropylamines,
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indolealkylamines, a-,8- and y-carbolines, pyridines and a
heterogeneous group of substances. Werle (58) distinguished
two main groups of MAO'inhib;tors:

, 3

I.. Ccompetitive inhibitor.

v 1. Hydrazine derivatives.
2. a—aikylated arylalkylamineé.
'3._ Choline-p-tolyl ether.
v _ 4. Harmala a]kalé_;ds.
| 5. Alkaloids as piperidine, nicotine

and chlortetracycline.

II. Nonl fpmpetitive inhibjitors.

1. Amidines.

12. Antihistamines.

2
]
:

As this last author pointed out the in vitro effect
of some of these MAO inhibitors often does not parallel their

in vivo actiqn'(SB, 99).- -

Hydrazidés - : -

The prototype of this group is iproniazid.

{l-isonicotinyl —2risdpropylhyd:azine). It has beén proposed
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f that iproniazid is converted into an active principle before

;
. o) '
N
C-NH- NH-CH~-CH,
' ]
CH,

IPRONIAZID ™

::it inactives the enzyme (85). The formation of isopropyl
;;hyd:aiine, a more potent MAO inhibitor than iproniazid, was
;prpposed (100) . Another alternative possibility was the

;formation of l-isopropylidene-2-isonicotinoylhydrazine by

i dehydrogenation of the iproniazid molecule after its
X : ‘

.fatta;hment to the active site (100).

Iproniazid is a competitive inhibitor of the
!enzym% ffOﬁ'fat liver m%gochondria as tested in presence of
fthe substrate, tyramipé (100). In contrast theé same MAO
;inhibitor acted as a ﬁoncompetitive inhiﬁitor with‘respect
f;to the substiaté, veratrylamine in a purified enzyme prepa

. ration from human liver mitochondria (101).

Substitution of a chlorine atom on the para-position

k of the benzene ring of benzoylisopropyl hydrazides results in
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a nearly three fold increase in the in vivo inhibitor activity

PV TETY PR TR YR

on the oxidation of tyramine by rat liver mitochondria’ (102) .

WY
—
—

- 'ISOCARBOXAZID

, Isocarboxazid (S—methylF3—isoxazolecarboxyiic acid 2-

jbenzylhydrazine)‘is boéh'ig'giggg and in vivo a much stronger

- inhibitor than'iproniazid for the deamination of tyramine and
 is less toxic (49, 103). Introduction of a dimethyl-amino
'group on the para-position of the benzene ring of isocarboxazid
yielded a short acting MAO inhibitor [1—(Ega§methy1§minobenzj1)-
. 2— (S-methyl-3-isoxazolylcarbonyl) hydrazine] (104-106) .

'

Hydrazines.

Vetracin (3.4—dimethoxybenzylhydraiine) had the
:same effect on the deamination of tyramine when the incubation
'w;s carried out in an atmosphere of oxygen or hydrogen as it |
- had in air; and £he,rep1a§ement.of air by nitrogen did not

‘decrease the inhibition (107) . So vetracin is different from
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proniazid which reguires oxygen for the inhibition reaction

}(100). Kinetic studies Wiﬁh rat liver mitochondria showed

" that the inhibition by vetracin was noncompetitive with

f7respect to tyramine, serctonin and benzylamine (85).

Horita (108) observed that the route ef administration
‘could be important for some hydrazines in relati6n|to their.

| organ specificity. phenelzine (phenethylﬁydrazine) and

: phenipraZine (B-pheny1isopr0pylhydraZine) showed much greater

1 inhibfiion of brain MAO than that of liver MAO when it was

3 administered subcutaneoely to rats and the reverse occurred

- when the compounds were given orally. This organ seleetivitf'

t was not noticed with iproniazid and nialamide.

. . The inhibitory effect of phenylalkylhydrazine

‘ decreases with an increase in the methylene chain length up

: to four carbons, cdmpounds with a five-carbon chain producing
Z the same degree ef inhibition as those with a three-carbon |
| chain. The a-methylated anelog exhibited no striking
difference in inhibitioe (109) . . .

The ig_gizg_activity ef a hydrazide may depend-upon
the readinese of hydrolysis of the acyl group to free alkgi-
" or aralkyl-hydrazfnies (110). The transport of the inhibiter
into tissues and its tiSsue selectivity may be provided ey

the acyl portion-of the hydrazide molecule (85).

/
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Propargylines.

Pargyline (N-methyl-N-2-propynyl benzylamine)'was
found to produce inhibition, both competitive and '

'nopcgmpetitive, with respect to veratrylamine in purified

" human liver mitochondrial MRO preparation and it was

PARGYLINE

l, similar to that‘obsérved witﬁ't*anyltyp}omine (101). EHellerman
] and Erwin (111) reported results lndlcatlng that pargyline

i was covalently bcund to the actlve szte of the’ enzyme.

1 Hellerman et 513(56) suggested that the covalent linkage was
%.most probabiy‘to the flavonucleotide tomponent of the enzyme.
(Cofactors and sulphydryl groups. This thesis}. It hasobeen
i proposed that a reqﬁirement fot the irreversiﬁie inhibition

i of tyréﬁiné deamination it the attachment of patgyline to -

? metal ions (112). Vina et al. (113)- observed that pérgyline

; inhibited the deamination of tQZ;hine at sﬁbétantially icwer
% concentrations than dopamine or serotonin. An inhibitor of
1 propargylamineFtypg compounds containing an indane nucleus,

-

3 N-methyl-N-z—propynyl—l—indanamine, was found to be characterized
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.;by a very~highpotency iglgiggé_but a relative lack of

% action on liver MRO ig_ﬁigg. It was 20 times more potent
#han-pargyline in inhibiting seré;onin and tyramine
a'deamiqation in rat brain (li4i. Maitre‘(l;4) reEorted_from
his ;tgdiés on Su-11;739(N-methyl—N-z-propynylfl-iﬁdanamine)

¢ with various tissue preparations, that the differences in -

suﬁsfr#te specificities and inhibitor éehsitivities provided‘
additional evidence that various tissues of the same animal
species contained more than- one single-MAO and that the
proportions of the different MAO might vary considerably from
one organ to another. Jéhnsfon (llS)lstudied the effects of
clorgyline [N—methyl-N—propargyl—3e;2,4—diéhloipphenoxy)—

-propylamine hvdrochloride]l. EHe .found a pair of sigmoid

L ~0.CH,CH,, CH,N

LY

CLORGYLINE . -

curves joined by a horizontal section ﬁhgnfhe plotted the

E  percentage of inhibition in rat bfain MAO against . the ﬂwﬁ

concentration of inhibitor. This author concluded that MRO

L is a binary system of enzymes each of which has

detectably different sensitivity to clorgyline. Hall et al.

-

~
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;115}‘éxtended this cbservation to a variety of species and
‘}rgans.and deduced that two enzymes are present in the brain

;ff rat, man, rabbit, oxX, dog and cat and also in the llver

Lof rat and man, whereas the MAO frcm the braln of pig and

fllver of_all speC1es examined, other than rat and man, seem/*////f/
  -'be homogeneous. Hall and Logan (117} demonstra that -
Eunlike ipreniazid, the iﬁhibition of élorgyline.neither :

f:equires pre-incubation, nor w?f/i;/affg;;;d by cyanide.and.
%gopper.' Phenylisopfggg}metﬁ?ibroninylamine (Deprenil), a

;strong MAO inhibffér of this groﬁp-is a potent inhibitor of

;the oxidative deamination of m-iodobenzylamine and benzylamine

t a poor inhibitor of serotonin deamination (118).

. Cyclopropylamines.

‘ TRANYLCYPROMINE '
) Tranylcypromine (gfgggggfzéphenyléfclopropylamine)
f is a better in vivo aﬁd in vitro inhibitor of MAO than
E iproﬁiaiid*and its mode of action is different from other
';/irreversib;e MRO inhibitors such as pargyline and iproniazid .
(85). In contrast to other irreyérsibie iq&ibitofs‘of MAO

o
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anvlcypromine did not require either pre—incubetion or the

esence of oxygen. Mzass and Nimmo (119) reported that rat

1;rain MAO was inhibited noneompetitively by'trany;qypromine
:ﬁhes' the substrate was serotonin. Other authors found that
fthe inh;pition was irreversibLe and competitive in the liver
Lenzyme from various species for theysubstrate tyramine (120-
;123). aranylcypromlneznhlblted the deamination of veratrylamlne'
:competltlvely and noncompetltlvely (mlxed type) when human
fllver mitochondrial MAO was used.

The inhibition of rat'ﬁrain mitochosdrial MAO by
j[?-(gfehloropheﬁoxy)ethyl]cyclopropylamine was found to be
?1rreversible and nonccmpetitive with respect to serotonin or

Fphenethylamine (124). The deamination of indolealkylamines

twas preferential as eomparee to pﬁeﬁethylamines when this
{drug was'use&..‘A camparison of this ccmpeund.with pargyline’
fwas done by Fuller in a later report (125) . EHe used -

' -thylamlne and tryptamlne as substrates and found that
ipargyllne showed greater potency when phenylethylamlne was
Ethe substrate and caused greater lphlbltlon in tissues ;n
:whichhphenylethylamine oxidative capacity was hiéh with
frespect to tryptamine. The‘opposite was' the case when

f[2— o-chlorophenoxy)ethyl]cyclopropylamlne was the inhibitor.

Huszti et al. (126) showed that 1—(E-aminopheny1)-'

. 2-cyclopropylaminoethanol dihydrochloride preferentially



yinhibited the deamination of MAO substrates subh as

 norep1nephr1ne and serotonin, but not tryptamlne in rat

5bra1n homogenates. —

o Indolealkylamines.

The 3—substituted“indeles are, in general,
f inhibitors of irreversible nature and of shorter duration
i (85) . Huszti and Borsy (127) observed marked differences

~

| N, N-DIEZRYI T RYPTAMINE
:in‘the inhibito?y pﬁoperties of N,Nédietnyiﬁryptamine and

its 2-sub§%itnted deriv%tives dependent on wnether the
;i_substrate used was tryptamine orlS-hydrothrgptamine.. These
diffefences are interesting in view of the clese structural
szmllarlty between the two compounds. Barlow {128)‘suggested
that the dependence of the 1nh1b1tory actxon of Z—methyl dlmethyl-
3 tryptamlne on the type of substrate could be due to the

existence kf at least two types.of enzymes. ‘Husztl and_Bersy
(127) felt that Enertheory of-Zeller ofiéutopic angldystopic

complexes (129) might be a more suitable explanation. Gorkin
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et al.(130) reported similar observations w1th some
a-substituted t:yptamlne derlvatlves. They found that
a-methyltryptamlne (1ndopan) selectlvely lnhlblted the

oxldatlve deamination of serotonin by rat liver mitochondria ;s

&g_v1tro as compared to tyramlne or tryptamlne. This :

selective inhibition was demonstrated in llver and braln
tissues in vivo. Spec;es .differences in sensitivity of MAQ
preparatlons towards 1ndopan in gﬁtgg_were also observed by
these authors.

L

Other heterocyclio'compounds.

The harmala alkaloids, B-carboline ‘derivatives, are

MAO inhibitors with reversible effects in vitro and faster .
. action ig.gigg (85);' Harmaline ia'the mggt‘potent inhibitor
| of this series (I31). Applied iﬁ;gigg_thia drug protects an
E animal_against the actions of SZme'iongéactingVMAO inhibitot§
1132). Squfres (133) has divided the mitochondrial MAO
: capable of deamlnatlng kynuramlne E;to two groups. one of’

a these groups is lnhlblted by. harmine but is relatlvely

B ]

re51stant to pargyline, while the other is re51stant to

harmlne but is inhibited by low concentratlons of pargyllne.

3
3
v
E
3

" Gorkin et al (134), after testlng 30 carboline derlvatlves, . "
found that harmlne 1nh1b1ted the oxldatlve deamination, of '
serotonln by rat llver m;tochondrlal MAO atﬁthe lowest&\

concentrations and w;th.the g:eatest selectivity. They
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dbserved 100 to 1, 000 fold d;fferences in the sen31t1v1¢<L
of deamlnatlon of serotonln or;tyramlne to inhibition by’

- harmine in dlffgrqpt organs of animals of the same séecles;
and also in the same organ of. anlmals of dlfferent species.
Yasuhara et al, (135) showed that harmine lnhlblted the *
oxidation of serotonln more specifically thgn_that of

:. tyramine in the beef'brain. d- and B-carbolingS‘are weaker
inhibitors than the harmala alkalocids (85). -Methyl—B-

f plperldlnopyrazlng (modallne) is a rapldly actlng MAO
inhibitor whose effects are 1rreversxble and of long duration

(136, 137).  This compound -as well as 3—(5—nitrofurfurylideng)_

amino—z-oxazoiidinone (Furazoliaoné), 3-[2-(4—methy1—l- .

4

| | -
E piperazinyl) -S-nitrobenzylidene Jamino-2-oxazolidinone and
E 5-oxo-(D—trans-zéphenylcyclopropyl)ll—z—pyrroliQOne carboxamide -

reéquire biotransformation before exerting its effect as an MAO
. _ &
| inhibitor- (85). 3-Amino-2-oxazolidinone is yet another

compound with similar properties (138).

Miscellaneous.

7

Am@hetamine‘and ephedrine inhibit MAO competitiyély 2
and reversibly (il, 14, 59, 62, 139). MAO can be inhibited
1 by compounds that react with sulphydryl groups such as
p-chloromercuribenzoate, iédoécetate, mercury salts,
a?senicals, salts of cadmium and silver as well as by an excess

. . A : /
of certain sulphydryl compounds, methylene blue and tetrazolium
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\
salfs‘(§8). Another group conéiét"of the peripher&l MAO
 'inhibito£s_(8§). This group of inhibitors generally has a
‘charged moiety ih‘;he molecule whiéh makes its penetration
through the blood—bréin Barrier'difficuit. Compodndé of
diverse structure are found in this éroup such as
beﬁzylguanidines, guanylhydrazones of aromatic carbonyl
compoﬁnds, styrylquinoliniums andJB-caibo1ines.
Cﬁeﬁical Sﬁbstangeé as diﬁerse as 2-bromo-2-
é phenylacetaldeh&de (140, 141), 'nitroglycerin (142),
| 2-(aiethylamino)ethyl 2,2-diphenyl-valerate hydrochloride
(proadifen) (143), choline-p-tolyl ether (144, 145), octanol
(1), local anaesthetics (146), urea (65), amidines (58, 146,
; 147), s-n-alkyl-lsothloureas (148) , sodium pentobarbltal
:'(149), hydroxyqulnollnes (153), thyroxlne derlvatlves (150),
. estradiol (151) and various anions (152) also produce MAO

f inhibition.
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stomach (14, 65). In man the parotid and submaxillary glands
i ﬁepreseht the richest source of the enzyme_(lSS). In the‘~

i uterus the MAO activity is high. Changeé'in the human’

C =33- , .

| CHAPTER V: °  DISTRIBUTION

-

“MRO is widely dlstrlbuted in the tlssues of
dlfferent anlmal species (l, 14, 62, 154). .The amount of.;
enzyme varies with the species (155). It is found partiéﬁlérly
in glandg, smooth muscle and nervous tissue (13, 65 156).

The highest activity of the enzyme is found in the liver and
kidney of most animals. However, rat kidney is a relatlvely
pocr source_of the ‘enzyme (11, 14). The brain of Bufo

marinus shows higher MAO activity towards kynuraﬁine than

the liver (157). Preparations with high MAO activity can

.. also be cobtained from pancreas}' ijtestine, aorta and

. endometrial MAO has been reported during the menstrual cycle

(159, 160) as well as in various tissues of the rat and guinea

t pig‘during the estrus cycle (160, 161). Visceral organs other

. than liver and kidney usually display less MAO activity (10,

11, 14). Relativgly high activitylof MAO is found in tissues

: rlchly endowed with sympathetlc nerves as well as in thererws

themselves (162) The superior cervical ganglia of the rat is

' .rich in MAO and the ganglionic MAO activity is greater than

in other investigated, except liver.(164). In the brain,

MAO shows highest activity in regions with active

" monoamine metabolism, but also occurs in other parts

-
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}of,the brain. It has been suggested that this enzyme could

ﬁhe a’ safety factor" against the uncontrolled entrance and o \
?dlfquLon of monoamines into brain tlssue (164). Séveral bio-
éichemlcal and histochemical studles on the distribution of

_' thié erizyme in brain are available for diverse animal species

£ (164) . This distribution is not homogeneous. In general,

i%hlgh a~t1v1t1es can be found in midbrain,: hypothalamus,
:ithalamus, basal gangl;a and hippocampus, though the locali-

- zation varies as a function of both spec;es and substrates

x;(162, 164-169) . By means of chemical (G—hydroxydop;mine)
E;and surgical sympothectomy the occurrence of intra and

f extraneuronal Ma0 has been studied in several tissues

- LS

i (170-172) . The existence of differences in inhibitor

¢ sensitivity, substrate specificity and thermal inactivation

: of MAO in normal and denervated tissues suggested different
T.properties for the neurocnal and extraneuronol MAO (171, 173).
.AMAO has been found in the human placenta as well as in that “
; of other mammals (i§4).” The human blood serum (175) and

¥ blood plasma (176) also contain MAQ. Bleod platelets are a

¥ relatively tich source of the enzyme (177, 178). Due to the.
‘ accessibility of the blood tissue, some investigators have

1 attempted to kest the degree of MAO inhibition by means of

.% MBO assayl in the components of‘this_tissuot\ Recently,

¥ Collins and Sandler (179) have cfitized this-approach'because
h.of the mult;plzczty of MAO, the 1nh1b1tlon of MAO in platelet’

é could not correspond to the lnhlbltlon in other tissues.
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_?-t21as and Dole (180) observed that the major part of MAO in
fat liver was in the mltochondrla. Hawklns {181) found that
3-out two—thlrds of the enzyme in llver was localized in_
fthe m;tochondrla and the rest of the act;vmty res;ded in

e microsomes. These results were confirmed moxre recently
fly nther authors (182-187). De Champlain et al. (187) ob-
J#efved similar 1ocaiizatibn in the rat liver but in other
éprgans the subcellular distribution was different. In the
;héart 50% .of éﬁe activity was associated with the microsomal
P;fraction and 20% was foun&‘in the' supernatant. In the sa-

t livary glands equal amounts were found in microsomalland mi-
.;tochondrial fractions. 1In therrat vas défetens {186, 187)
Vland bovine thyroid (188) also exist a higher proportion. |

t of MAO in the microsomal fraction which is again at variance

-Iwith the liver.éittribution. In the bovine adrenal medulla
;}MAO activity°seems to“be found exclusively in the. mitochon-
-;drla (189). In brain the enzyme is also localized méinly
,;1n the mltothondrlal fractlon (167, 1%0-193). It has been
;‘shown that the enzyme occurs in synaptosomes (193) as well

F as 1n gl;al cells (194). Weissbach et El' (195) descrlbed
"a soluble MAO in gulnea pig liver.. Oswald and Strlttmatteﬁ.
(61) suggested that thlS soluble enzyme could arise from lyzed
1 m;tochqndrla 51nce in the llver of this animal MAO is easlly
: llberatgd upon lysis of mltochondrla. Purthetmore‘Jarrot and

Iversenm(lsﬁ) believe that the most likely explanatlon for

'~ the origin of the microsomal MAO is that this arises as an
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fact dgring homogenizetion ih which the enzyme is
;-covered as frag@ents_of‘mifochondrial outer membranes. As
ripton (196) indicated, if this is the case, the differences
;&1 properties between MAO of mitochondria end microsomesr
fwonld then be modifications of the properties of the enzyme

by disruption of the mitochondrial membranes.

MAO is associated with the outer membranelof.
3n'tochondria (137) . This idea was originated from the
‘erudies'of Schnaitman et E},leS) and it was confirmed subse-
‘quently by other -reports (193-205), although Green et al.
-(206) reported contradlctlng results. Leter on‘these‘last
authors found a great enrichment of MAO activity in purlfled

.outer membrane ‘fractions of beef heart mltochondrla (207) .

'MAO has been used as a 'marker“ of the outer mitochondrial

- membrane by several.authors (208-215) . Gorkin (208) hes

- questioned the use of rhis enzyme as marker of the outer »
_mitochendrial membrane because he found higher MAO specific‘
Eactivities in cytoplasmic membranes and, especially, in the
'nuclear membranes. Racker and Proctor(216) cbserved that
ipurified moneamine oxidase eombined specificall§ with prepara-
.éions of resolved outer membrane. Oreland and Olivecrona

' (217-219) also recomblned a solublllzed MAO from pig liver
fnutochondrla with lipid- depleted ‘mitochondria from the same

. soupce in the presence of added phospholipids. - A similar

Tphenomenoniwith the same enzyme was observed using delipidated
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;red cell membranes and delxpldated mzlk fat globule membranes.“
fThey found a correlatlon between the yield of soluble enzyme
 and the extraction of anionic phosphohplds, cardiolip:.n

'being the major component. The solublekénéyme .could interact

ﬁ w;th acidieg’ phosphollpzds either in solution or bound to
Tmembrane residues. Oreland and Ekstedt (220)" found
.gdifferences in thermostability and resistance to digestion
by trypsin between solublé and in situ bownd mitochondrial
. MAO.  The soluble MAQ was more labile. When the soluble
 enzyme was rebound to relipidated membranes its ability to
tresiSt heat denaturation .was partially restoied, but the
;rebound enzyme.haa geeater sensitivity to the trypsin
idigestion,dindicating that a larger area of the rebound

;enzyme was exposed in comparison to the original bound

lenzyme. Recently Greenawalt (221) has reviewed the

?localization of MAO and reported preliminary results where
-kynuramine MAO activity showed a different distribution,
fin'subcellular fractions of rat liver mitochondria; from

. those of benzylamlne, serotonln and tyramlee MAO act1v1t1es.
Kynuramlne activity was almost equally distributed in the

outer membrane, inner membrane and matrix fractions,; while

the activity for all the other substrates was largely found

ey

in the outer meﬁb:ane. Kroon and Veldstra (222) separated,. -

by means of sucrose gradient centrifugation of. a crude -

mitochondrial fraction of rat cerebral hemisphere, the MAD

i R e L T

activities for several substrates. Their results indicated
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{ that‘dopémine and serotonin ;ctiviﬁy have fhé-éame

3 lbéa;ization in the gradient‘and this was different from those
of ﬁoradrenaline and kynu;amine activities. Tﬁese authors

3 concluded that in rat brain homogenate existed synaptosomes
which preferentially deaminated'dqpamine and serotonin and
theyfwere differeni fr&m th¢: noradrenaline deéminating
synaptosomes. Thé free mitochondfia_diffefed from thé
ﬁitochohdria enclosed in,synaptosomes by their relatively

high affinity fo} kynuramine.




P
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CHAPTER VI: COFACTORS AND SULPHYDRYL GROUPS. .

In 1952, Hawkins (223) found a decrease of llver

E-MAO act1v1ty in rlboflav1n deficient rats. Thls work was
iconf;rmed and extended by Sourkes and collaborators (224—227).
-fw1seman—Dlstler and Sourkes (226) reported that the riboflavin
%fdef1c1enoy renders_the hepatlc MAO of rat more susceptlble to
f the action of inhibitors both in vivo and in vitro. After
;:iproniazid inhibition the restoration of dopamine oxidation

. was slower thatn that of serotonin oxidation (226). ‘These
fistudles did not dlstlngulsh whether riboflavin was an integral
}1part of the enzyme (prosthetlc group) or if it was necessary
j;ln the blosynthe51s of MAC. Furthermore rlboflav1n antagonls
3 could inhibit the enzyme (225, 227-229). All these finaings

}- suggested the p0551b111ty that MAO might have a flav;n

fﬂcofactor._ Nara et al. (230). showed ev1dence for the presence
of flavin in beef mitochondrial MAO. Their study was based
'”on changes in‘the'absorption spectrum of the enzyme as well ae
' onlidentification of the flavin by a microoiologicel asSay and
1 by its fluorescenoe properties. The flavin was apparently
"covaleﬁtly bound to the enzyme. These results were extended'
in other'reports (231-233). Erwin and Hellerman (234) on
similar besis also postulated the presence of flavin in beef

i kidney mitochondrial MAO. . quy, as well as Yasunobu and
collaborators (230—233), falled to remove the flavln m01ety

from the apoenzyme.. Tipton (235) was able to extract a
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}luorescent materzal.from a purified pig brain MAO which was
;dentxfied as flavanadenine dinucleotide (FAD). Pyrzdoxal
;i}osphate was found to be absent in the preparatlon and the ,x
inactive.FAD-free apoenzyme could be reacjtivated by FAD. ' %ﬂ ;
}}alker et al, (236, 237) have isolated a pentapeptide‘froﬁ ) |
: eef liver mitochondrial MAO in which a/thiéetheéﬂlinkage of
;cysteine to the 8 a grou§ of flavin was-found.. Fﬁrthermore
EGhisla and Hemmerich (238) fouhd that the properties of
ieynthetic cysteinyl-8a-riboflavin are similar to those of the
cbmpound isolated by Walker et al. FaD has also been |
;1dent1f1ed in the beef and human brain Mao by means of
;fluo;escence spectra and thin layer chromatography (239-242).
1m11arly FAD has been demonstrated to occur in purlfled rat

llver mitochondria MAO (243, 244) Though the flav1n

“extracted from purlfled MAQ.preparations of pig liver

behaves like FAD in a chromatrographlc system, the fluorescent
;propertles and optical spectra were found to differ from those
1of authentlc FAD (245). The difference of the MAO flav1n from
ﬂFAD could be attributed, accord;ng to Oreland (245}, to an

A}amlno acid still attached to the.flavin, or to a difference in

F the flavin molecular structure. ' ‘ ' } | i

The strength of attachment of the flavin to the_:
;enzyme-is'vaiiable in different preparations. In beef kidney
f(234),.beef-1iver(231) and pig-liver (245) purified MAOS the -
'éflavin is tightly bound. In purified péeparaﬁion of pig

fbrain (235)'the flavin appears to be more.ldbsely bound
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ffile in preparations from rat—liver dbout one half of the
:rn'ls loosely bound (acrd-extractable f1av1n) and the other

i;lf is tightly bound (non-acrd extractable f£lavin) . The

"a.

'Zipton (196) or due to species varrations;

| {
; The possible requirement of MAO for a mEtal
2¥-factor has‘been sﬁggeséed b§ several authors (243, 246-256).
jfara et al.(252) reported purifications of beef-llver MAO
3 ere there was a direct correlation between the copper
Ffcontent and the specrfrc act1V1ty of enzyme preparatlons.
: thlS basis as well as on the MAaO 1nhlbltlon by copper

elating agents and other propertles, they thought that

:copper could be a cofactor of the enzyme Other metals such
;as iron, molybdenum, cobalt and manganese were not present
}1n detectable quantities. ch and Baron (254) descrlbed the"
;reectivation of MAO by copper after prolonged dialysis. The
-bovine'thyroid mitochondrial. and microsomal MAC were reported
tto be inhibited.bﬁ copper chelating agents and on this basis
a possible reqpirement_of copper for the enzyme actiYity
'fﬁas suggested (257, 258)}. Reports of other investigators_
fﬁlth purified preparation of other sources farled

.'to corroborate the results of Nara et al. (234 235, 242,

2¢243' 245).- Further purlflcatlon of beef 11ver MAO by
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fYasuncbu et al. (232) showed results quite different from

kthose of Nara et al.\(252). Correlatlon between the/copper
fcontent and the specific activity of. MAO ln,the preparatlon
jwas not found during different stages of,purlflcatlon.
:‘cordlng to Yasuncbu an_ 01 (54) MAO is not conszde:ed a

 copper enzyme. - 7

A possible role of iron in the action of MAOQO has

e
A

_ en scggested’by Symes gglgl,(zss; 256). This metal, N2
Faccording to these authors, could have some role as a
f-rosthetlc group of the enzyme or as a functlonal part‘of an
zyme cataly21ng the incorporation of rzboflavln into the

b fication of the significahce of this metal.

E.
3
]
.

‘ The presence of SH groups essential for the activity
of MAO was first suggested by Friedenwald and Herrmann (259%
The enzyme was inhibited by organic mercurial compounds which
freacted with SH groups and the 1nh1b1tlon was reversed by
{glutathione or cysteine in the presence of.cyanide.l Later it .
iwas demonstrated that cyanide reacted with é&chloromercuriﬁenzoate
and thlS‘WaS the cause of the‘reactlvatlon. ‘Since glutathloneEH'l
fStlll had a reactlvatlng effect in the absence of cyanide, it
Ewas concluded that SH groups were necessary,for enzyme act1v1ty
L(260) " Lagnado and Sourkes {(246) studied the inhibition of the f
Lenzyme by metal ions and sulphydryl ccmpounds and 1nteﬂfreted

\

L - . . ) - ¢

-

TS TR
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fthelr data as 1ndlcat1ng the presence of SH groups, although
:they p01nted out that other mechanlsms for metal 1nh1b1tlon
‘?uust also be con51dered. The 1nh1b1t10n of MAO act1v1ty by
Tmercaptlde-formlng reagents was confirmed in experiments -
;W1th partlally purified preparatlons (123, 249).

Nara gg.gi.(251,‘252) reported the presence of SH
;groups in a purified beef-liver mitochondrial.HAO~preparation .
EWthh dld not seem.to be vicinal. The enzyme preparatlon was .
?very sensztlve to sulphydryl reagents. " Gabay and Valcourt
;(253) found that their purlfled rabblt-llver mltochondrlal
?MAO was more sensztlve to the actlon of Efchloromercurlbenzoate
;than that of Nara'et al. This dlfferepce may bé due to the

?fact that this rabbit-liver preparation was subjected to

}repeeted'column.chremetography7(249,-253). Other preparationg
 from different sources with different degree of purification !
.Esuch as beef (240 242, 261) and human {241, 242) brain
imltochondrla, pig braln mltochondrla (262), bov1ne thyroid
}mltochondrla {257) and mlcrosomes (258), bovlne kidney ' v
é;mltochonera (234) ‘and rat llve:_mltochondr;a (249, 263, 264)
:ihave been found- to be affected 5y sulphydryl reagents. R
~3K1yashtarin andtéfidneva (264) showed in ret liver mitochondrial
uﬂpeeparations fhat for the inhibitioh of the deamination of - ~
ﬁieeretonin it’wee necessary to block less SH groups with
?Emerceptide;forming reagents than for the inhibit;on‘oii

 tyramine, benzylamine and p-nitrophenylethylamine. Erwin and.
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a

éﬂellerman (234) found 1n)bov1ne kidney MRO a decrease of the
Uenzyme act1V1ty whlch kept a llnear functlon with the amount
;of B;chloromercurlbenzoate added. Thls would.suggest the “_ s
-f90551b1e direct 1nvolvement of the SH groups in catalysis.
;From klnetlc studles with beef llver MAO which d;sclosed

-ithat both‘Erchloromercuribenzoate and heavy metal ions‘are‘
fnoncompetitive iﬁhiﬁitors, Gomes et al. (265) concltded that' ' -

_ 8 . .
f the SH groups are not involved in catalysis. These. authors

'isuggested that the SH groups are required for confofhatidnal, 2
fstéPilitY- In a recent report Yasunobu and_Qi (54)-proposed
E 2 model where two SH groups were localized in;the active
E?center and five others were on the surface of the -

} enzyme. These last five SE groups would‘be‘responsiﬁle for

£ the conformational stablllty as suggested by'Gomes et al.

f(265). Gorkin. and collaborators (79 266, 267) observed
fchanges in the content of SH groups durlng the 'transformat;on
=;of MAO to. a d;amlne—oxldase-llke enZYme by the lnfluence of
i;OdelZlng agents. These -authors suggested the existence of a
1?relat10nsh1p between the SE group content of Mao and the
:-phenomenon of qualltatlve alterat10n¥ of its catalytic i

L properties. - ' ?/

—
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CHAPTER VII: DETACHMENT OF MAO FROM

BIOLOGICAL MEMBRANES. PURIFICATION

MAO is tlghtly bound to 1nsolub1e structures of

m;tochondrlal membranes (62 249) renderlng the purlflcatlon

‘_,.. -

of the enzyme very dlfflcult, notwithstanding the great amount
of eftort put to this end, s;nce'lts initial discovery by Hare
{(8). In the initial'attempt to purify this‘enzyme from .
homogenates, the soluble material.was separated from the
inscluble and dlscarded but the degree of purlflcatlon
obtained was poor (8, 12, 59). Subsequently several groups

of workers tried to liberate,the,enzyme from the biological

membranes as a first step in its purification by‘meens'of'
different techniques‘Such as extraction with either detergents
(51, 123, 268-273) or by sonlcatlon (262; 274-276) or with
both detergent and sonication (84, 261 277, 278) or with
organic solvents (279, 280). Weissbach et al.(195) cbtained-
a soluble Hio-from'guinee nig liver after homogenizing the
tissue with distilled'wéter. As already mentioned, OSwald
and Strittmatter (61) thought that this soluble MAO was' a

~

product of mitochondrial lysis. . \

-~

The term solubilization adopted by several authors
could be misleading since different criteria were used to

determine whetner MAO was solubilized (281) erg; eentrifugation-

at arbitrary time and egntrifugal force, stability in the



" agqueous phase efter_several purificatioo'steps, precipitation
by salts and ‘resuspension or-diésolution in aqueous medium.
This problem increases .in v;ew of the tendency of .the enzyme
to aggregate (196) or to form complexes with other subparticles
(217, 218). Akopyan et al (282) used the term solublllzatlon
to denote a phencmenon of.appa;entlconversion of "polyionic
macromolecular aggregates (e.g. mitochondria)‘to an optically
clear, homogenecus, single egueous phase. On the other hand

in many of these attempts of.solubilizetion the purpose was
further purification for woich a true solubilization was not

essential (281).

The liberation of the enzyme from the mitochondria

has made it possibie to use . standard techhigues such as
salt fractionation, gel filtration and ion ex“change '
chromatography for the purification of MAO. With these and
othef techniques purification of this enzyme to various
degrees has been achieved in beef liver (123, 232, 233, 282,
283), kidney (234), brain (240,242, 282), adrenal medulla
(284) and thvro;d (257, 258), pig braln (262 285) and liverxr’
(245, 270, 280), rabbJ.t liver (253), monkey J.ntestme (286) ,
human 1i%er (78), brain (241), blood platelets (179) and
placenta (287). Kapeller-adler (300) has made a detailed
‘survey' of soﬁe of the above mentioned purificatioo procedures.

t

Different methods for the purification of rat liver
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' mitochondrial MAC have.béen Eéported. The first significant.
éurificatioh of MAQ from this soﬁrcé was achieved;by Guha -
and Krishna Murti in 1965 (276). They subjected a“soniCAted
prepargpion, with 90%‘6f the activity of the 9riginal~'
mitochonéria; to two ;uccéssivé steps of chromatography on
DEAE cellulose. A 350-fold purification over‘fhe homogenate
_ was reporté@.. When tyramine, Se:btonin,‘tryptamine and
adrenaline were usedlas,substrates,fno'significant difference
was observed in the substrate specificity of the preparation
after the chrpﬁatographiC‘stEPS, as éompgred'to‘the |
sonicated prepafation.- A year later, Kléashto:in et gl,(563)
obtained ard overall 26 fold purification over the rét:.
-liver homogen&te with a vield of 4%. The purification

procedure jinvolved the use-of the non-ionic detergent OoP-10 -

and chromatbgraphy.on calcium phosphate‘gel (hrushite). In a

' similar fashion the purified preparafion retaiﬁed the
abilify of.the”ﬁitochdn&ria to deaminate several amines as

tyramihe, serot;nin, isoamylamine, tryptamine and dopamine as well

’as its ser‘als.itivity to MAO inhibitors. “ in,the same year,

'Youdim‘andﬁggprkes'(278) reported a purificatibﬁ of rat liver
‘O/uﬁfgg/zoa—fold over the homoéenate‘with a yield of 29%.

The MAO activity was measured using kynuramine as substrate.

The edzyﬁe was solubilizéd:from the mitochoﬁdrig by_soniéa;ion

and cholic acid and purified in several steps involving

ammonium sulfate, Sephadex G-200, DEAE-Sephadex A-50,

ammqnium'sulfate and calcium-phosphate gel. Ultracéntrifugation

3
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of’ the purlfled preparatlon showed a sxngle peak; The
molecular WElght as measured by gel flltratlon was "290,000
and the content of .iron and copper were 0.12% and 0.034%,
respectively. The sedimentation coefficients yielded an
estimated mo}ecular weight.of aboot 150,600 which was
interpreted as suggestiog the presence of a monomericaenzyme}
and that a dimer is formed duting the course of gel filttation
(243) . This procedure of purifioation was applied-to monkey
and rabbit liwver, end_similar purificat;ons as with tﬁe rat
liver mitochondria were obtained (243). Youdim et al. (160,
288, 289) applied an analogous procedure to rat liver
mitochondria and to different organsuof distinct species.

The purified preparations obtained by these-authors ﬁere'

subjected to acrylamlde gel electrophore51s and several bands

‘_were demonstrated by memns of tetrazolium stalnlng using the

method of Glenner et al. (290). These bands_were recognlzed
by this grotp of Workers as MAO isoenzymes.  Akopyan et al.
(282) described another procedure for the purification of | ‘
rat\llver mltochondrlal MAQ. They subjected the mitochondria
to an\alkallne medium containing 1 mM benzylamlne_;n dlstllled
water after which the preparation was treated with a non-ionic
deteroent (oP-10) . Followipg this, -the saﬁple was carried
through different steis of centrifugation, tre(:gent with
alﬁoina Cy gel, fractionation with aﬁﬁonium sulfate, dialysis-
and chromatography.on hydroxyapatite. The purification r

_ N ' .
cbtained was about 180 fold over the .original homogenate
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(substrete kynurahine? The yield was 2%. Polyacrylamide

gel electrophores;s of the preparation in presence of~the
‘detergent OP~IO resulted in three bands Whlch could be
demostrated by either protein stalnlng (amido black) or ot

tetrazolium staining (290).

‘The purified preparations mentioned abose are
possibly not pure proteins as mentioned'by'Tipton (196) .
The molecuiar weight in the differeﬁt'prepgtations of R J
distinct species veries from 100,000 to over one million.
The éurified MAO from beef liver, (233), pig brain (262)
and plg llver (245) has been found to aggregate. According
. to the content of flav1n in beef llver and kldney, pig lzver

and brain, rat liver’and human brain, the minimum molecular

weight of the enzyme has been found to be about 100,000 (196).
One question‘arising from studles on these
purtfled preparations is how close are their properties to
those of the enzyme in its natural state, since the enzyme-
or1g1nally is not free from cellular memuranes. Another
question is felated to the existence of multiplicity of the
enzyme. If the purification ptocedure is followed using,bnly
.one substrate and there ls Ioss of the activity for other
substrates,,lt is dlfflcult to explaln how and why this

occurred. The loss in act:.v:.ty couid be due to mod:.flcatlons

in the catalytic properties or due-to undetected loss of some

L
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of the multiple forms, which could be specific towards one

of the substrates not tested during the purification.
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CHAPTER  VIII: METHODS FOR THE ESTIMATION

OF MAO ACTIVITY .

- For the assay of MAO activity numerous methods are
available. The dlsappearance of substrates, the consumptron
of oxygen, or the formation of products, name&y aldehyde,

ammonia’ and hydrogen peroxide, have been measured.

-

!

The rate of OXYGEN CONSUMPTION has bee\n widely

utilized. Earlier workers measured oxygen with manometric

techniques (8-11, 14, 18, 46, 59}. Creasey (291) conducted

a thorough study of the factors which interfere w1th the

manometric assay of MAO. He included semicirbazide and

cyanide. in the reaction mixtures to block other respiratory.
reactions, different from those catalyzed by MAO and catalase
(catalatic)}, which could alter the oxygen consumpt;on. “The
use of the manometric technrque has been crltrcrzed because
it requires long periods of incubation and also a period of
equilibration (292). Yet another problem is.their low |
sensitivity (293, 294). Zeller et al.(293) found that 40 to
50 times as much tissue homogenate was required for the
manometrlc assay as compared to the spectrophotometrlc method
described by them. The addition of cyanide and semlcarbazlde'
produce a complex and rrgld .system (295).' Furthermore it has

}

‘been suggested that the presence of cyanlde ions changes the
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susceptibility of MAO to-certain inhibitows (100, 293, 296).
In spite of the cbjections mentioned above, the manometric
technigue as stanéarized by Creasey (291) has been a very

- useful tool. This technigue 4Jt.s particularly convenient f£or the

compagison of the activity of the same sample towards different

éubstraﬁes. _ ' : - J/

Many of the difficulties in measuring oxygen
consumption with manometric methods have been overcome by

the use of polarogravhic methods. Lessler and Brierley (297)

have reviewed the appl;cation of the oxygen electrodes to
biochemical analysis. . The ciérk-type electrode (298) has
been used to assay:of-MAO activitx‘insteéd of the'Warburé
‘apparatus (149, 255, 272, 299, 300). This type of electrode

can operate‘well in ﬁedia with different substrates, different

gas content and differeﬁt ﬁH. It can give continuous infor-
mation of instanfaneous reaction rateslandvrequires relatively
short periods of time for equilibration and monitoring
processes. In comparison to mancmetric tedhniques its

sensitivity is highly increased.

~

~

The estimation of liberated AMMONIA duéing’fhef

enzymic reaction is a reliable and accurate meth of asgg;
for MAO (296). This method has been used for many years

(8, 10-12,46, 74) and permits the comparison of activity |
different-substraées; The determination of ammonia has been -



-53-

'made w1th several procedures involving one of the

follewlng operatlons:l a) vacuum dlstlllatlon (8, ll, 74)
'b) the Cenway micro-diffusion (46, 247, 301) o) diﬁfusionl
in the Warburg mancmetric apparatus (276, 302) d) ammonia ..
assay directly in the incubation mixtures after
deprbteinizatien(lGSL 303). The liberated ammonia was
estimated by nesslerization (8, 10-12, 74, 301, 302, 304)

or by.other techniques (165, 303,.305-308). The measuremeﬁt
of the rate of ammonla production in the MAO reaction by
following the oxldatlon of NADH in presence of glutamate
dehydrogenase has been suggested by Lprenz et 5;,(306).
The.deﬁermination of MAO by measuring ammonis formation has
several shortcomlngs. The methods are generally tedious,
lnsenSLtlve and a contlnuous monltorlng of the enzymic
reaction is not possible (309) . There is also the problem
of eliminaﬁiﬁg the -ammonia from externai.sources and also

the elimination of-ehdogenous ammoﬁia from reactions other

than those catalysed by MRO.

MAb'activity has-also been measured COLORIMETRICALLY
using tyramine and serotonln as substrates (310 311) .
Green and Haughton (294) suggested another technlque in
‘whlch the enzyme was incubated in the presence of tyramlne and
semicafbazé@e.- At the end of the 1ncubatlon period the’

semicatrbazone formed was converted into the correspondimy
Y
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2:4—dinitrophénylhydrazoﬁe the absorbance of which was
measured at 450 mu. EfNitrophenylethylamine'haé been used"
as a substrate and 1ts colored oxldatlon product has been
~estimated for the assay of MAO act1v1ty (263, 269, 312).
Zeller et al. (313) used o-aminophenylethylamine thch was
covvereed to indoleAih the presence of MAO. The indole
formed was measured-by the procedﬁre of Turnex t§l4). The
productlon of hydrogen peroxide has been measured by coupling
- MAQ with peroxldase in the presence of o-dianisidine which
produces a stable chromophore (315, 316). Sjoerdsma et al.
teseed the monoaﬁiﬂegekidase inhibitioﬁ in man by measuring
the urinary levels oé_s-hydroxyindolecétic acid after an oral

load of serotonin (317,‘31é).

SPECTROPHOTOMETRIC methods have been frequently-'
employed for the determiration of monoamine oxidase. While
simple to perform these methods have éertaigxlimitations. ~

Many of them are not useful for the comparlson of the activity

‘between different substrates. Not all the MAO preparatlons are
fsuifable for spectrophotometric assay since they must be free
from materials which would interfere with the aseey measurement.
Several werkers have used benzyiamine and iﬁs deiivatives as
substrates, for this assay. Benzylamine was first usea by
Taborigg Ql;(ZBJ for the assay of‘beef plasma amine oxidesef
but it is_aiso_applicabie to MAO (319). With this substrate

increase in absorbance at 250 myu, the absorbance peak of
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benzaldehyde, is recorded. -A drawback of this method is

that prote115 also have a strong absorbance at thls wavelength.
Other derlvaelves of benzylamine which produce aldehydes

with peaks of absorption in other regions of the ultraviolet
Spectrum, such as m—nltro-gfhydroxybenzylamlne (309) and
pfdlmethylamlnobenzylamlne (320, 321) have also been ‘used

to measure MAO. zeller et al. (293) assayed MAO activity

by measuring'the-formation of gfiodobenzaldehyde, at,2§3nm;

" after incubation of MAO preparations with gfiodobehzylamine._
They found that this was a better substrate than benzylamine
for MAO assay.- ﬁeissbach‘gg.gé,(BZZ) described a method
based on the rate of“disappearance of kynuramine which'

has been widely used.h It has been critized because

the initial concentration of kjnuramihe is relatively

1ow and the initial opt1ca1 readings are high (293, 319).
These authors have also proposed to measure the rate of
formation of 4—hydroxyqu1nollne. Obata et al.(323) measured
the residﬁal amines after their'lncubatlon with MRO in
presence of 2,4,64trinitrobeozeneil—sulfonic acid. Popov
‘et al. (324) assayed MAO activity measuring aldehyde
semlcarbazone formed from semicarbazide and aldehydes
rimarily arising in oxidative deamination of amines.
ith the 1ast two methods it is possible to use

everal amines,‘bnt they do not give information about

instantaneous rates.
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dehydrogenase: Udenfriend (329), for large amount of énzyme,ff

' separating the product of serotonin oxidation using column

—

.'. ' f1hﬁﬁﬁﬁﬁ;\:55i‘&h;.
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The éLUOROMETRIC ﬁethpdé-a;e véry sensitive;
Séveral criteria have been followed in the development of
these methods. . The consumé;ion of‘ser6tonin‘(325, 326) éqd:n__ ]
norepinephrine (325’ hgve been used to estimate MAO activity; e
The method; based on thg consumption qf substrate are not
advisabple beca?se o< their lack of accuracy and spebificitﬁ
(327) .. Lovenberg et al. (328} and\Udenfrieha (329) used
trfptamine-as a substrate and measured the rate of formation

of indoleacetic a¢id, in presence of MAO and aldehyde

suggested to separate the indoleacetic acid from tryptamine

by caticn exchange resin. A similar method was described

by Hidaka et al, (330) using serotonin “as substrate and /
- 5 - -

chromatography -on Dowex~50. Rosengren (331) estimated brain

MAO activity:by’ﬁeasuring the 3,4-dihydroxyphenylacetiq acid
fo;méd wﬁen incubating brain ﬁomogenates with'dopamine:'- |
Kraml (332) developed a'sensitiﬁe.fluorometric procedﬁre
based on the spectrophotometric method of Weissbach gE.§l,
(322) . ' In the method of Kraml, 4-hydroxyquinoline, the
product from the spontaneous cycllzatlon of the lntermedlate
aldehyde formed by- the oxidation of kynuramlne, 'was measured
fluorometrlcally. In thls method trlchloroacetlc acid,- which

produced a strong quenchlng was used for deprotelnlzlng

the samples. The use of TCA limited the sen51t1v1ty of the

method. Several modlflcatlons of this method have been

-



reported Prujan and Diaz Borges (157) suggested the use -

of ethanol instead of trichloroacetic acid. Centgry and Rupb

- (333) replaced'the trichloroacetic acid with perchlotiea:de

and obtained more. stable readmgs. Squa.res and I.assen (334) |

’ used NaOH to’ stop the reaction instead of the.protein

preclpltant mentioned above. Takahash1 and Takahara (335)
suggested a method whexe S-hydroxykynuramlne was used as
substrate. The product of the oxidative deamination of the 7
substrate, 4,6-quinolinediol, was separated by paper - _.
.chromatograghf ahd measured by fluorometry.' Diaztﬁorges and_ _
Drujan {81) successfully applled the Kraml principle to the
] assay;ofthoxig vivo. Sjoerdsma et al, (336, 337) used the
: meastremeht st_tryptsmlne-ln urlne_as_an index to monoamine
oxidase inhibition in man. The velocitg of formation -of

: - ¥ A
Hibzwhas also been assayed fluorometrically. The methods

usiﬂg*this principle are based on the fcrmation otka‘highly_
fluorescent compount when H20:2 reects-with‘eithér homo@anillic
acid (338, 339) or p-hydroxyphenylacetic acid (340), in
presence of peroxldase. ‘The estimation of MAO activity by
measuring the rate of H20: formatlon, makes it posszble to

use several substrates, though the formatlon of fluorophors

r

 ie lnterfered wlth_compounds such as catecholamines
and serotorin.
The methods which use RADIQISOToéEs:are“by far the

most sensitive. They are based, in general orf the incubation



of the sample with the radioactive'substrate an separation
of the radicactive products e:ther by extraction\with
organic solvents (138, 169, 176, 177, 272, 341—346) or column
-chromatography (177, 346, 347). These methods,‘th ugh very
specmf;c have two prznc1pa1 dlfflcultles. fOne is & e
1mposs;b111ty of getting continuous lnformatlon about Lt
instantaneous rate. . The other one is related to tbe |

| quantltatlve recovery of the products (345-347) . Sevtrai
substrates such as tryptamlne (177, 341, 345~ 347), tyramine
(169 176' 177, 344, 348), serotonin (169, 177 272, 342, 344,

| 349, 350), butylamine (343) phenethylamine (138), benzylamine ¢ .

(177, 232), norepinephrine (346) and dopamine (169, 346) have

been used . The_metabolites.OE the radioactive substrates‘ha&e
also been sepagated;by thin layer chropatography‘after'extraction

. with organic solvents 6349,'3503._ Pellman et al.(348) measured

the tritium- released by oxxdatlon of tyramine-1, 2-%H by monoamlne
oxldase. Comparatlve studles on the different procedures for

the separatlon of the radloactlve products has been reported (346,o
E 347) . Symes et al. (256 1 351) estlmated MAC act1v1ty in vivo by
 measur1ng the %C0: after admlnlsterlng n—pentylam;ne-l—‘“c

i lqtraperltoq%ally.

_For the 1ocelization of MAO in different tissues
several HISTOCHEEICAL techn;ques have been descrlbed. The v
first of ‘these methods was reported by Oster and Schlossman

)

(352) in 1942. The aldehyde produced upon deamination of .. -

B T
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tyramine wds.reécteduwith a approp:iaﬁe'feagent aﬁd_the
Schiff's base formed was_1ocali£ed_histochgmicaliy. The
Formation of a dark brown pigment when the tissues are
Aiﬁcgbated with fryptamine (353)-6: serotbnin (354)

'ﬂés also been used to localize MAO. All ‘latter
methods lack accuracy and speéificity.(qss, 356). Koelle

and Valk (355) used 2—hyé;oxy73-naphthoic acid,hydrazihé to trap
‘the alaehyde of tryptamine as its hydrazone. The

condensation product is then éo;verted tb a blﬁish-purplé
piément 5y coupling with tetrazolium Qfdianisidine. The ‘£
validity of the method was assessed by the aﬁéence.bf |

reaction either in presence of MAO inhibitor or without

substrates, It is notpossible to use this methqd in. the
central nervous system or in tissues éontaiping much oxidizable ﬁﬂ-
1pid. . Francis (357) introduced neoﬁetfazpliﬁm'fér_the ¢
detection of MAO. This method was unsatisfactory‘in the hands
af most wé?kers; Glenner gﬁ.g},lZSﬁ) sdbstituted tryptamine
for tyramine ana néotétrgzélium for a more reducible tetrazolium
.salt. This ﬁé}hod bf Glenner gg‘gl,has been the most-widelyi
applied in lighé microsc_cﬁpic ﬁistocﬁv_amical studies:'(BSS) .
Tetrazoliund salts-have also been widély applied to the
_ loca%iggtion of MA0 after eleétrophéresié (76, 160, 271, 288,
359). Several authﬁré have re&iewea-the histochemical
techniques meéntioned above (356, 358, 360, 361) .
Graham and Karnovsky (362} coupled th;\HQO

reactign to peroxidase activity'with thé formation
: ' 0 v

j
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of a colored insoluble preciﬁitate. The same authors'
) _concluded -that it was more difficult to v13uallze and
photograph the colored prec;pltate in thelr method than )
in the method of Glenner et al (290) Boadle and Bloom (363) -~
have adapted the . llght mlcroscoplc hlstochemlcal method of

. Glenner et al (290) to electron mlcroscopy u51ng
osmloohlllc dltetrazollum salt, thlocarbamyl nltroblue
tetrazolium. This technique glves no reaction in tlssues such
- as gariglia or vas deferens. Recently, Bloom et al.(358),
looking for a more sen51t1ve and accurate electron macroscoplc
technique, used a reactlon in which the flnal product

is a prec;pltate of cupric ferrocyanlde. This product was

formed when the aldehyde of the MAO reaction reduced

ferricyanide to ferrocyanide. Then'the'transition metal
preC1pltate catalysed an osmiophilic polymer generatlon. This
new technlque is presently being studied and some technlcal
details remalh_unresolved,

Other prlnc1ples dlstlnct to those already mentioned,
above haye been used for-measurlng MAO.. Manukhl (365) has
‘measured thewcomsumption of ﬁorepinephrineﬂin a bioassay-
using the pressor reaction of splnal rabblts and cats. The
tetrazollum salts have also been ‘used for biochemical
.determlnatlon of MAO 1n v1tro (271, 364) . Mason and Olson
-(366) ‘have measured the MAO activity on “the basas of

differentlal amperometrlc measurement at tubular carbon

4
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electrodes. fhgy coupled the H20: produced iﬁ the_MéQ
reaction enzymatically to another redox couple, .
"KaFé(éN)s;KaFe(CN)s, by means of a peroxidaSe réaction.
—Tﬁe KsFéfCN)s form;tion is assayed ampérometriéaliy by
reducticn.tb K4Fe (CN) ¢ at+sthe tﬁbular éarbon through which

the reaction mixture flows. The KjFe(CN) formation is

proportional to the rate of the MAO catalyzed reaction.

o,
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' CHAPTER-IX:  MULTIPLICITY - . - .  * .t

N

Enzymes capable of oxidiziﬁg monoaﬁines were first
reported by Hare (8), Pughand Quastel (10) and Blaschko et al.
(13). Several authors suggested (ll 12 14) that the ob-.‘
sevved activity.was due to MAO Jﬁlch.has since

been considered as one enzyme capable of exidiziﬁg all
monoamines. On the other hand,'as we can notiee fsom the
preceding chepters, several quest;ens about this last
statement arise when considering the properties of the
enzyme such as’substirate specificity, inhibition and distri-
bution. In fact evidence that MAO is more than one enzyme

has ‘gradually -accumulated (160, 288, 289, '367). This evi-

dence has come either from studles on the lnteractlon of MAO

with its substratd® and thlbltors or from separatlon of
enzyme fractions with different properties using chqgmatogrephic

and electrophoretic techniques._

Alles and Heegaeré (591lstudied the substrate
sped;ficity-of liver MAO of differené»species; Thef concluded,
“the way Eﬁat'the maximum of activity varies in a particular
homologous series (substrates) with-enzyme of different
sources is very marked, and may-be taken as good‘evidencer
of there being different enzymes present“ Similar
conclusmons were reached by Hagen and Weiner (57) when they

discussed the dlfferences in substrate spec1f1c1ty between
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various species ano organs. Hope and Smith (60)- suggested
that each organ night contazn a dzstlnct enzyme after
studylng the substrate specific1ty of MAO in different mouse_
organs. Kobayasﬁi and Schayer (274) measured the oxidatiooe
of labelled tyramine and tryptamine in a“mixfure of both
substrates using e‘solubilized oreparation of rat ;ivef
mitochondria. These authors also measured the tyramine-‘“c
‘consumptlon in a mixture of nonlahelled phenylethylamlne and
i- amylamine. They concluded that tyramine and tryptamlne

are oxidized at ;he same active center, though-lt was possible
to determine whether or not the oxidation of the four amines
was carried out by one/fnzyme alone.

Hardegg and Heilbronn (368) using rat liver |
mitochond:iaéﬁfound that ioioniazid inhibitethhe enzymatic
activity toward tyramine. At the sameﬁéime, the inactivaction -
of tframine activity broceeded at two different rates. 'They
suggested that the two substrates probably were okidized by
two enzymes; serotonin was oxidized by ooeeeﬁzyme; whereas
tyremihe was oxidized by two enzyﬁes. According tc Barlow
(128),‘it'appeered possible to distinguish two types of gu;nee
pig liver and rat fundus MAOs: one of which has a higﬁer
affinity for‘serotonih then che;oﬁher and is.more susceptible
to inhibition by 24ﬁethyldimethylt;yptamine. Barbato and
Abood (123 ) found in a purifiedAbeef liver MAO preparation

that when the effecc of pH on the activity was measured with

M

~
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benzylamine as substrate, the enzyme alone had an optimum
pHiof 8.0, while in presence of phenylcycloprOpylemineaEhere
wes a‘sharp pH eptimum of 7.0. When the concensrationrof-
phenylcyclopropylamine was increased secondary optimum at
pH 8.0 disappeared; With ipreniazid the pH-activity curve.
was found to be similar to that of the enzyme alone. These
" results, according to Barbato and Abqod: suggested the — ¥
presence. of two MAds not equally sensitive:to-the inhibitors
mentioned above. \- | |

a

Oswald ard Strittmatter (61) found quite different
relative rates_of_activigy,yifh different suﬁstretes in
various tissues of rat and geipea pig as well as different
Km values in different tissues. ?hese_euthers mentiened
several possibilities for expleining these results. Tissues

might (a} contain a d;fferent single MAO, (b) centain a

- different group of MAOS, eFjCc) eoﬁtain different proportions
of several monoamlne ox*aases common to several tlssues. on
the other hand, they observed apparent competltlon for

enzyme in multiple substrate experlments and- this suggesteék
that each tissue contained a single enzyme active on the

four substrates examlned (tyramlne. serotoq1n, enzylamlne .
and Efxylylenedlamlne).' But as Severina and Gorkln (369)
éoinped out "competitive interactions between amlnes_ |

observed by the method of mixed substrates- cannot be

considered as simple evidence for the presence in a’
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preparatioh of one enzyme, since it is known.that tﬁere are
casss of changes in enzyme activity under the influence of
different compbﬁnds which do not'resCt direct1§ with activefi“s«w
.centers (so ~called allosterlc or conforwatlon cofactors) ™. ”
These two authors, using rat llver mltochondrla and two et
substrates, benzylanu.ne and tyram:n.ne., stud:.ed the inf luence.
of heat, pH, chelating agents and sodium oleate on MAO
actitity. They showed that with each of these experimental
conditions the-MAd'activity‘with a given substrate

vatied diffsrently'in comparison'uwith b
the-dther substrate:\-These results could be explained,
accdrding to thé authors, by assuming thetgresence of two

enzymes oOr two actlve centq;s on the surface of one

" macromolecule. Later Gorkln and co-workers found other
éxsﬁples-of selective inhibition such as the influence of
hydroxy ollnes on the oxidation of tyramlne and benzylamine
(153), the lnhxbltory action of proflavzne on the deamination
of tyramlne, serotonin, tryptamlns, 1soamylam1ne, d0pam1ne.

.and benzylamine (229), the major sensitivity of the |
deamination of. tyramlne to lnhlbltlon by pargyllne as -
compared to that of dopamlne or serotonln (113) , the actlon
of harmlne on the deamlnatlon of serotonzn and tyramlne
(140) and the inhibition of serotonln MAQ act1v1ty ?y
s—methyltryptaﬁine (130). .Severina'and Sheremet!evskafa |
{370) ﬁouﬁd selestive inhibition of tg;amins an

phenylethylamine as well as tyramine and benzyl ine in rat
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liver m1tochondr1a1 MAO subjected to- controlled heatlng and
treatment thh urea. EfMethoxy-B-phenylethylamlne had
pH dependent changes analogous\to the deamination of -

{
;yramlne. Gorkin and Romanova [371) studied, the effects

ig.vivé of perq{llne (N—methy1—N4benzy1propyn11amlne HC1),
phenelzine (B"Phenylethy1hydrazine BECl), nialamide o
[l—isonicotinoyi—Z-(benzylcarboxamidoethyl) hydfezine]f
modaline (2—methy1 3-piperidinopyrazine sulfate) and.

Ro 4- 2308(Nl—d~hydroxyprop10nyl—N‘, szdl—lsopropy1-hydrazzne)
on the deamination of tyramine and serotonin lo,several
tissues. With- the exception of nialamide all the inhibitors
caused selective inhibition with the substrates studied, but
thie selective dnhibition was dependent-on the oxgan.
Correietion betyeeo the resultsﬂof selective inhioition in
vitro with thoSe‘obtained in vivo was observed only in

experiments with some inhibitors and in certain tissues.

Huszti and’ Borsy (127), as mentloned above
(inhibitors, p. 29), consxdered the theory of ga}ler of
eutopic and dystoplc complexes (129) a more suitable
explanation for the selectlve inhibition of serotonln MAO
Cthlty than the mult1p11c1ty of MAO proposed by Barlqw (128)
since they did not flnd a compound which would inhibit the
oxldatlon of sercotonin only, or tryptamlne only Furthermore,‘they

felt that the low ;nhlbltory effect of 4-methoxypheny1-

diethyltryptamine and'3,4-dimethoxypﬁeny;-diethyltfyptamine

L, e
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. - . : _ _ : .
waetalso better explained by the theory of Zeller. Fuller
and Walters (372) observed in rat liver mitochondria that

| therehwas"ﬁg'relation between the degree of inhitition of
kynuramine oxidation 'and efficacy 'of an amine as substrate.
This might be considered in terms of Zeller's theory (129),
where the formation of dystopic ccmplexes.would infiuence
the degree of lnhlbltlon, whereas ~the formation of eutoplc
complexes would determine its ability as substrate. Fuller
and Walters reasened that their datargere‘compatiblelwith a
single MAO that acted on all the amines studied or that.a

. family of MAO enzymes exlsted w1th broad or derlapplng

substrate spec1f1c1t1es.

Youdim and Sourkes (227) studled the effects of

heat and lnhlbltors on the MAO activity at%dlfferent pH

The pH~activity curve of the enzyme w1th.kynuram1ne as
substrate~had a shoulder around pH 6.5 and a peak at pH 7.4
in pﬁbsphate.buffer'or at pH 8.1 in borate buffer. The
activity at hiéher pH was more sensitive to heat and
tranylcypromine whereaslthe inhibition by pargyline was more
marked at pH 6.5. Chelating agents sgeh as 8-hydroxyqﬁinoline
and theneﬁitrifluoroacetone also;iphibited the enzyme more
strengly at-the 1ower pH.'_The.authors indicated severalj
édssibilities to suitably e:tplain this phenomenon, such as

(a) two distinct enzymes ﬁith different.pH'maxima (b}

formation'of active enzyme-substrate complexes (c) presence

~
-
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of an ampholyte inhibitor (d) presence of more than one
active site in "the same enzyme. Attempts to separate
dlfferent enzymes by sucrose*densrty gradient centrrfugatlon

were unsuccessful.

‘ Van"Wdert and-cetsies (ISZ)'found'that the degree
of lhh;hltlon by wvarious anlons depended on whether serotonln
'pr"tyramine was_used’to measuré the MAO act1v1ty. Slmllarly, .
the inhibition was affected differently by_tempereture and
PH ‘depending on the substrate'used. According to these
authors, the differential lnhlbltlon of MAO by anions
suggested the exlstence of more than one actlve site or more
than one’ enzyme suvbunit in rat liver MAO. Maltre (114),

testlng the effects of a non—hydrazlne MAO. lnhlbltor,

—methyl—N-z-propynyl—l-lndanamlne, found. that this .
substance inhibited brazn MAO more thah llver MAO when
flngected, and, as with other inhibjtors, the degree of
inhibition was dependent on the substrate used, i.e., tyramine
or serotenin, in measuring MAO activity. Maitre considered
hlS data .as further evidéence that various tlssues of the "same
anlmal contained more than a szngle Mﬁo. Squlres and Lassen
.(334) suggested that the incomplete inhibition of MAO" by -
Y-morpholxno—butyrophenone reflects the existence of two or
more forms of the enzyme. Fuller (373) studled the action

of six lnhlbltors on the deamlnatlon of phenethylam;ne,

tyramine, tryptamine and'seroton%n. N-(2-chlorophenoxyethyl)-

]
-
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cyclopropyiamine and.harmaline inhibited the ‘enzyme maximally
when tryptamine or serotonin was used as the substrate.
Trancylpromine and pargyline wexe most active as inhibitors

" of the oxidation of phenethylamine or tyramine. According

. to  Puller " these results could be indicative of the
existénce of separate enzynes for oxidizing phenyl and
indoie—alkylamines. But he pointed out that this work, at
thersame time, shouldrprobably‘not'be used as strong.
ev1dence for MRO multiplicity, 51nce an lnhlbltor mlght act
on a single enzyme and 1nfluence at varying degrees its
combination with dlfferent substrates. The varlatlons
observed with different MAO inhibitors and different pH
depending. on the substrate used led Cog and;Baronl(374) to .

accept the presence of at least two enzymes in rat liver

mitochondria.

*e”. ' -Johnsteon (115) concluded that the pair of sigmoid

>
1\

curves jolned by a horizontal sectlon, observed when the

Al

percentage of lnhrbltlon (tyramine as substrate) of rat brain

~
MAO was plotted agalnst the concentration of cloxgyline, were

"due to the exrstence of a binary. system of enzymes. One
51gmo;d curve would. represent a relatively clorgyllne

sensitive MAO, enzyme Ky whlle the'second would represent a

. -~
—

relatively orgyline IESlStant MAO, eniyme B. Hall et al.

%
(116) extended the observatlon of Johnston to other s cies.

They found tqat in rat liver and brain the component A was
‘ -

]

v



70~ S

activeé upon tyramine and serotgnin,'yhile the component B

:fiacted on.tyramine and-bengylanine,{thﬁth enzymes‘deaninatedf
o dopamine and tryptamine.’ Theylconcluded:dﬁat:the brain of
man, rabbit, ox, dog and ‘cat as well as the liver of man |
also contained a binary system of enzymes, whlle the MAQ
from the brarn of the plg and the llvers of the other specles
studied other than rat and man appeared to be homogeneous. ‘
Goridis and Neff in similar experiments to those of Johnston_ -
studied the "enzpmesfkland B" in rat superior cervical

; ganglia, cerebral hemispheres, brainrand pineal gland (375-

P .; t377) as well as in human lumbar sympathetlc trunk and plneal

gland (378). The possibility that the pair of 51gm01d gurves,

observed with clorgyline as 1nh1b1tor, was related to the

.permeabilitxﬁgi_the mitochondrial membranes was excluded by
them-since they observed the same.behavior with a solubilized
rat braln qpo preparation.: Since each one of the- MAOs of plneal '

gland and superlor cervrcal ganglra prep rations was

1nh1b1ted to about the same percentage clorgyline, when.
} : ‘

compared'hefére and after freezing-followe by dialysis, it

was also ruled out that endogenous amines or synaptosomes ln'
these preparatlons d;fferentaally protected against

ibition by clorgyllne (344).. The proport1 of these

enzyjes in some organs accordlng to these authgrs, was as

follows (375—377). p1nea1 gland 15% of A and 859 of B,
- |

superior cervzcal ganglia 90% of A and 10% of B

brain 60% of A and ‘40% of B. Because the ratlo

dﬁ¥> o | u-.i' . : :




lactivities between tyramine and serotpnin'taries from tissue
to tissue, they (375'237%) shggesteé that "enzymes A and B"
represent classes of MAO rather than single en;ymes.i
Noreplnephrrne and metanephrlne seem to be deamlnated by
enzyme type_A (376). The same group (344) studled some
properties of MAO fromh?hneal gland (type B) and sympathetic
ganglia (type h) " They found the sympathetrc ganglia enzyme
had 1ower Km for tyramlne than the enzyme of the pineal,.was

heat stable and was readely lnactlvated by trypsrn, while

pineal MAO was not readily, inactivated by - trypsrn and was

\n.\e
v

heat~labile.

Jarrott~(l7l)'fonnd, after surgical sympathectomy in .

rabblt submaxlllary gland and iris, a decrease in MAO act1v1ty
for tyramane, serotonln and benzylamlne. The decrease in
serotonin MAO actlvrty was, greater than that for tyramine although
there was no dlfference between the percentage decrease of |

A=

benzylamlne and tyramine MAO act1v1ty. In vas. deferens after

kS

sympathectomy the percentage decrease of act1v1ty seen with
benzylamine in rabblt and gulneagplg was srgnlflcantly less than
the decrease seen with® tyramine or serotonih._'The lost and -
remaining MAO activities did not seem to correspond to the enzyme
A and B descrlbed by Johnston, 31nce 1t was shown by experlments‘
with clorgyllne that there was no complete 1oss of either
component. On the other hand, ‘there is no correspondence

between the curves of vas deferens, normal‘

and denervated, after plotting the percentage of

s
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'un'nhibited ho-nogenate vs = Iog M concentratlon of the

\\nzymes.~ The same author showed that extraneuronal MAO of

~

:.nh:.b:.tors clo*gyllne and MsB 9303 (Mav & Bake}:) In view of

tl'*n.s Jarrott foncluded that, in rat vas -deferens,, MAO ‘was
a b:.nary mixture but cons:.sts of a "group cf three or more

A 1 '
. vas dererens was J.nactlvateu by 1ncubatlon at’ SB-C at a faster
rate than’ the neuronal MAO. He pornted out that although the

extraneuronal and neuronal MAO are - d:.fferent in propertles .

o

"such as inhibitor sensrtzvrty, substrate preference and heat
stablllcy, this did not conclu51vely demonstrate that the two

forms of the enzyme were isoenzymes. Tipton (76) had|ear11er

suggested that the d:..ffer:.ng substrate spec:.flcrty of neuronal Tga
and extrﬁneurcr'al MAO could be :.nterpreted as belng dre to a ‘ %{

"single’ enzyme existlng in. dlff&ren.t lipid env:.ronments. The

same author (141} found in rat liver m:.tcchopdr:.a that the

[

time ‘course of theé™ inhibition wi;th 2-bromo-2-ohenylacetaldenyde,

‘an a.nal'ogue of the aldehyde pucts fro:n substrates such as i
benzylam:me and phenethylamr : when shown as semllogarz.thmn.c

pl crts produced a stralght llne for the inhibition of seroton:Ln

.'MAO actlvz.ty whn.le wh.th tyram:.ne and benzyl ine as su.bstrate

the graphs are more compl:.cated. Accord:.ng to hJ_m the graphs

w:.th each one of the last two substrates could be J.n..erpreted .
. - .
,as be:.ng composed of two first o er curves. Moreover—,—-a__,,___,_____

' cox%b:.ned experlments w:Lth 2-bromo—?.—phenylaceta1dehyde and

clorgyllne suggested the presence of two %popents in the

Ki

clorcrvl:.-ze -insensitive enzyme (B) ,. which differed in their .
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‘react1v1t1es towards 2-bromo—2-phenylacetaldehyde, although

he did not discard the pOSSlblllty of two reactlve groups
on the same enzyme. On- the other hand, plg braln

m;tochondrlal MAO appeared -as homogeneous 1n experlments in

which the homogenelty of thls enzyme was znvestlgated using

mixed. substrates, partlal temperature denaturatlon and the

inhibitors harmine and_2-bromo—Z—phenylacetaldehyde Wlth
five different substrates (tyram;ne, tryptamlne, L-adrenallne,.
sexrotonin and D—L—m—o—methylnoradrenal1ne) (140) .. ' :
< ' a

~
"

Huszti et al.(126). found that the‘ inhibition with

1 g_amlnophenyl-z-cyclo{PrOpylamlne—ethanol dlhydrochlorlde

(AB~15) was dependent on the substrates and the enzyme

preparation used. ‘These -authors. pointed out that it was not

known whether'the difference in MAOs was due_to different

subfragments. of the enzyme or 1f'different single ‘enzymes

were responsibie for the deamination of the different amines.

“Fuller and Roush (125) studied- the 1nh1b1t10n of MAO, in rats

and mlce, by N-cyclopropyl -2~ chlorophenoxyethylamlne lelly

51641) or pargyllne. The enzyme act:vrty was measured with
phenylethylam;ne or tryptamlne- Their results showed that

these 1nh1b1tors were selectlve on the two substrates, and

‘also revealed d;fferences in thelr actlon on’ dlfferent organs.

,”The authors lnterpreted these results as an - 1nd1catlon of the

| exlstence of" multlple enzymes, although they: could not

F

ndlStlﬂQUlSh between dlfferent explan%tlons such as. separate

P . £

-
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'enzyme protelns, 1soenzymes or the same proteln in dlfferent.‘
:molecular envlronmths. The selective inhibition of MAC has
been exten51vely reviewed by Fulleé (379) . Accofding td him
the most compelllng ev1dence that selectlvqugubltlon is’

due to esfects on wultlple MAQ forms comes from experlments
with .irreversible inhibitors. The theory for these
'experimeﬁ;s is briefly aslfollows: the :ate constant k was

determined in the equation

"E'4 I ——»ET . = -. =
where - E= enzyme

I= inhibitor

' EI= undissociable enzyme

. inhibitor complex. - -

&
th
o

_single enzyme oxldlzed two substrates 51 and .S, “the
ki = kz, but if two separate enzymes exists ki will be -dif rent o
fromsz- Vaxlous examples of. the last case, w1th MAO, were

shown. The multiple forms of MAO were lnterpreted in a SLmllar

férm'by Fuller and.Roush_(lzs). B 'j'; L U ) ¢

In the mouse, evidence‘fon tﬂé exlstence of-several
forms Of mltochondrlal MAG'ln dlfferént tlssues was shown on

'the baszs of 1nh1b1tor and Ehermal xnactlvat;on experlments

{133). Accordlng toquu}res £133) the mplt;plc £orms ‘of MAO_;"
in the_mbus?;COuid be divided into tqq'qroups: one group

L
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-which is inhibited hy harmine but-relatively'resistant_to
pargyllne and another group resxstant to harmlne but
-1nh1b1ted by low concentratlons of pargyllne. The harmine—
.sen51t1ve group was further separated into. two other groups‘
by heat lnactlvatlon expe/;men s$. Recently, these experlments
were extended tOJELth mammallan \pecres (380) and to other
1nh1b1tors. Squlres (380) correlated his resﬁlts with those

- of Johnston (115) and other authors and concluded. (a) In
intact mltochondrla MAO may, usually but not lnvarlably,‘bel
divided into two fractrons on the basis of selectlve 1nh1brt10n.
(b} In most preparatlons clor line, harmine and Lilly 71641l
are selective inhibitors of.fraction A while %-ls'usuall}
;inhibited by low concentrations of pargylihe or deprenyl;

(c) The A and/or B fractlon in several mltochondrlal

preparatlons seem to be hetercgeneous. (d) There does not
: appear to be any correlatlon between the presence of an amlne
_and forms of MAO Wthh deamlnate lt in different cell types.‘ E
(e) Pig brain, lzver and gadney seem to lack the A fraction
falmost completely. ‘The B fractlon contalns different -
proportions of the:\:mostable and thermolablle forms in these
organs. In guinea pig the B fractlon rﬁﬂghermostable and
-homogeneous whlle the A fraction is thermolahlle -and
. heterogeneous. [f) In general, the ratro of fractlon -\ to-
'B (K/B) is. hlgh in the small lntestlne.' In mouse, rabblt, |
-cat, dog. pig and ox the A form xs almost absent from liver

while in the same‘organ of rat, gulnea:plg and human ‘the A

D -



activity is quite high.

Egashara et al. (381) found that sodium nitrite
rnhlblted rat lrver MAO as measured with tyramane or - serotonin
as substrate. However with. benzylamane, butylamlne,
amylamine;-hexy;anlne and prhenylethy;amlne there was an;

?

;norease in thelenzyme aotivity; In rat brain, an inCrease'

in Mno.adtivity was-notibéd with this compound when tyramine

or butylamlne was the substrate. No srgnificant'effect.in

this last organ was observed when ‘serotonin, benzylamlne or _
tryptamrne was used as the substrate. They‘suggested that . -

their results might - lmply ' the exrstence of multiple forms

of MAO. SLerens and D‘Iorro (272 281) reported evidence for

‘the muLtrplrcrty of rat liver MRO based on the kinetics of

the enzyme with serotonln and benzylamine. Three krnds of .
;experlments were performed (a) the apparent Xm and Ki of

each substrate were determlned usrng a mlxture of radroactlvef
and nonradloactlve serotonln and benzvlam;ne. The Km of
serotonrn was slgnrflcantly dlfferent from the Kl whereas for
benzylamlne the Rm and. Kl wexe not srgnlfrcantly dlfferent.

(b) They tested the 1nf1uence ofzseveral concen;ratlons of

A

nonradroactlve serotonln on the slopes of the recrprocal

-

-plot of reactlon veloclty agalnst substrate concentratlons
when the MAO actlvrty was measured wrth benzylamlne-- “C.
A hyperbolrc 1nh1b1t10n by n01radroact1ve serotonzn on the _

slope (Km/V) of thé benzylamrne reactlon was found ‘(c} The

+

/ ’ R -

N




entymatic reaction uelocity was measured in the presence;of
several ‘concentrations of serotonln and the Lrneweaver—Burk : ’.
plot was found to corncrde with an hyperbola. As these
authors mentloned, all experlmental results could)be
explarned on - the ‘basis of a two-enzyme model, a{though each
experlment could be. explalned by alternatlve models such as
erther allosterlc site of actlvatlon or inhibition or_
-drfferences 1n reactron with a second substrate (oxygen)
p?hese‘auéhors separated two’ fractaons.of MAO by subjeetrng
deoxychélate solubilized rat liver'mitochondria-to .
polvacrylamide gel electrophore51s. bne fraction acted on.
benzylamine and the other fracgion acted on both benzylamlne )

and serotonrn._

" Along with the indirect evidence mentioned abovegﬂ-
the separatron -of multlple forms of MAO has been attempted usrng

Zarrous physrcochemlcal methods As early as 1952 Werle
‘and Roewer (382) identified enzymes from dlfferent anrmal
.sources capable of oxldlzrng either alrp‘ ic or aromatlc

monoama.nesg In 1963, Gorkln (269) reported the separatlon
.of two dlstrnct MAO actrvrtles from rat lrver mltochondrla
| using a non-ronlc detergent and. chromatography on a calcrum'
phosphate gel column One MAO fractlon deamlnated f
' pfnltrophenylethylamlne and m—nltro—pfhydroxybenzylamlne.

However, only a small percentage (6%) of m-nrtro-pf -

ydnéxybenzylamrne actrvrty was recovered.' Later on he
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-confirmed his finding. but the recovery for the later act;vxty
was not rmoxe than 25% (383). Kim and D'Iorio (384) and

- Youdim and Sandler (287)'iﬁdependently reportedrthe flrst v

. . _ . a

electrophoretic separations of different‘fractions of MAO-

identified with'tettazolium.salts. Since then;'sevetal

reports on thenseparatien ofteietinct MAQ fractions from

different species and organs such ae'fat liver (271,.27é

282, 385-391), brain (222, 392-394), uterus (161). and heart

(385), chick braln (393), embryos of South African clawed

toad Xenopus laevis. (395), rabblt llver (386}, plg liver

~

(245)., beef liver (233r 386, 396), brain (240, 397-399) gn51
- adrenal medulla (76, 284),‘and -human placenta (338). _
/Egg;metrlum (lGl),,braln (400) and llver (389, 390) have

acgumulated. The 51gn1f1cance of - the above $tﬂdles

dealihg with the_separation of diffetent MAO fractions will

be discussed in the experimental part of this thesis.

-

L
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. . . SECTION I: TLIBERATION OF MONOAMINE OXIDASE

FROM RAT LIVER MITOCHONDRIA

fhe'term solubilisatdon is ﬁsed aere'as.adopted by jf

Akopyan (282) ro denote a'phedomenon~of}g@erent confersion

of polyionic macromolecaiar aggregates, .in rhis case rat .

liver mitochondrial fraction, to an opticaldy'clear,

homogeneous,, single aqueous poase. - - .

’ : L ) o

JAE The purpose of solublllzatlon is to obtain a '. .

preparatlon in whlch the MAO substrate spec;f1czty pattern lS

'SLmllar to that_of the orlglnal mitochondrial preparatlon in-

questlon The solublllzatron process should also facilitate”

. the- utlllzatlon of the preparatlon for separatlon of the

-

dlfferent forms of MAO., ". ' >

- -

PREEY

As discussed elsevhere various procedures have been

employed to solublllze the mltochondrlal MAO., “The degree
-of success has been varlable. However, in most cases the
effect of solublllzatlon on the actlv;ty of MAO with
3 dlfferent substrates has nét been studled. Although a
partlcular method evaluated with one substrate may be
. promxszng, the same-. procedure may not be adequate when

. other substrates are used.

. s a .
= . . . >

N . L
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- A solubilization technigue making use of a
non-ionic detergent and sonication Willhbe:described'in this .
sectlon together w1th some aspects of the lnfluence of an

ienic detergent, sodium deoxycholate, uoon the MAO activity -

of rat liver . mitochondria,

,\'/

~ -

METHODS -

All the chem;cals used throughout this work were
of reagent grade or of the hlghest purlty avallable and were

generally purchased from Flsher Sc1ent1f1c Co. lelted or

L )

Canadlan Laboratory Supplles lelted. In . the case of some’

e’
speCLal chemlcals the source is 1nd1cated in parenthesrs in

the text. B _- ' f -

" A . ‘ ’- A ) ’ A
’ - ' ) . . 4
I ' - ‘

. Preparatlon of rat llver mitochondria: Male
: ==

Sprague-Dawley rats- wexghlng between 200~ 250g and starved

overnlght were decapltated and the livers were dlssected out.

% '
The llver tlssue was homogenlzed 1mmed1ately w1th cold 0.25 M =

=

P

. sucrose in 0.05M phosphate buffer, pH 7.4. The mltochondrlal.frac—’

" the method of Schneider apd Hogeboom (401) .

MAO w1th dlfferent -substrates was, determlned

° <
tion was obtalned by dlfferentlal centrlfugatlon accordlng to ‘

;
3

MAO-assay by oxygen consumotion: The activity of " ~

S

. o W . ‘-rs‘.
{

‘polarographlcatly, usmng an oxygen monltor (Yellow Spring

S
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.that descrlbed for the manometrlc method of Creasey (291). The

-81-
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Instruments Co. Model 53. Blologlcal oxygen monltor) with . .
a Clark electrode’ (see P 52, chapter VIII). The output of

—_—
thlS aooaratus was connected to the- mnout of a recorder,

. Photovolt Varlcord, model 43. The llnear scale was used and

the sen51t1v1tv was adjusted to lOOmV full scale. Hhen hlgher

sensrtrvrty was requlred it was 1ncreased up to 10 times.

In order to restore the readlng to a range which. could be
reclstered on the’ recorder chart, a variable offset voltage'
sourceX* (fig. l} was introduced between the output'signaldof

the oxygen monitor and the input Signal'of the recorder’

ﬁ ' The mixture for the enzyme assay was smmllar to -
&

lncubatlon mixture contained 2090 umoles of phosphate buffer

pH 7.4, 2 umoles of neutralized KCN, 20 umoles of ‘neutralized

semlcarbaZLde, the substrate to a f1na1 concentratlon of

3 mM, with ‘the exceptlon of tyramine (6 mM) -, and the enzyme

2 preparatlon. The total volume, of the rncubatlon medlum was

3ml. In order to 1ncrease the - senslt1v1ty the volume in

some cases was also redtced to 1. 2 ml the fznal concentratlon

L}

- of the components of the assay remalnlng ‘the. same and tbe

micro: aécessory klt of the YSI oxygen monltor was used.

After proper testing, of the oxygen electrode the
\ The . var.able voltage offset source was\desigyed\§? Mr.
\Arthur Lysionok for our exper_ments. , — o

f-—-‘ E . 3 - “
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Variable gf’gset voltage source,. -A.- Mercury cell.
"B. -10 turns potentiometer with turn countingdi‘i'tiai.‘

LN T
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apparatus.was-standardized. The scale of the oxygen monitor\

-

'(0 100) was adjusted to 90, in the presence of air saturated
dlstllled water. All the procedures were carrxed out "at 37-

The assay mrwture without the enzyme. was equlllbrate Wlth alr

“-—..,
T ~

for 5\51nutes by constant ‘stirring.. ‘The concentration of 0,

—— .

T —

was measured for 3 to 5 iinutes (substrate blank) - The enzyme
‘reaction was- started immediately and measured up to about 5-8
ninutes. The blanksvconsrsted of a similar mixture but

e L
without substrate. The initial~wvelocity oxygen consumption

2 e

was estimated by drawing a tangent to:tﬁeirecorded line .
through its origin-and was expressed as percentagefof'oxygen

consumed in 5 minutes. In general the. reaction was linear

S
~
~

during the time of the measurement. e

T

.

The readings expressed in percentage can be -

converted to umoles of oxygen, using the appropiate conversion‘“\\\\

factors. It was assumed that at 379_‘and 1 atmosphere of air

pressure, 1 ml of uater dissolves 0.217 umoles of oxygen’ (402)-.

The conversion factor for total-volumes of 3 ml and 1.2 ml was.
+

0.0072 pmoles and 0.0029 umoles, respectively.

T8
. gince the Clark eléctrode measures the activity and

not the concentration of oxygen present (403) and the
fl’

substances dlssolved in the reaction mixture can change ' the

oxygen” solublllty, it was necessary to estlmate the extent

’

to which solublllty was changed. Therefore, true oxygen
p

’
4

o
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content of the ae;;§\medium was estimated by the procedure"
described by Dixon and Xleppe (404) This-procedure is based
‘on deriving a correctlon factor from the recorder deflectlons
produced when a khouu amount of oxygen is lntroduced into L

air-saturated water and alr-saturated reactron mlxture. In

this assay the correctlon factor vas estimated as.follows.

—

T ——

presence of 3 ml.of air-saturated dlstllled wates. '"T'“*t
contalnlng 133 Slgma unlts of catalase (Slgma Chemlcal Co. )

and.then 20 pul of 0.1% Ezoz‘were-added and an,increase jin

" the reading was observed. The same steps were carried out

with 3 ml of the reaction mixture. It was. found that in

this case the increased reading in the reaction mixture was

IS%HmQre than that detected in dlstrlled water.= This
\

difference denoted the change in the act1v1ty of oxygen caused
\
by the dlssolved‘substancesxlg\the reaction mixture.
. T )
Therefore this percentage was usedwtb\\correcting_the conversion

-~

factorﬂ The values of the conversion factor after.thls

e

correction are 0.0061 and 0.0025 um

xture with volumes of 3 ml and 1,@”ml, respectively. The e
conversion factor was the same with different substrates such
as benzylamine\iEastman Kodak Co. or Slgma Chemical Co.),.l .

serotonzn (Slgma Chem;cal Co.), tryptamlne (Sigma Chemical
\

' Co.), kynuramine (Sigma Chemical Co.) to a flnal concentratlon

\

of 3 mM or tyraminé (Sigma Chemlca% Co.) to a final

concentration of 6 mM. ' T

) . - . A



Solubilization of rat liver mitochbndrial'fraction

by a non—lonlc detergent and sonlcatlon- The mitochondrial

fraction was treated thh 12.5% (w/v) Lubrol W (a cetyl—

U

ealcohol-polyoxyethylene condensate, n: average 16 Canadian ,
Industries Ltd.) for 16 to 20 hours, in ;resence of 0.01M
Tris—HCl'buffer, pH 8.8,-ben2y1amine and serotonln (3 mM).and
30% (w/v) sucrose. The final volume was 8.2 ml. The |
suspension with a protein’'concentration of about 10 mg/ml
(10.4 mg + 0.4 S E. / ml) was kept under an atmosphere of |
hydrogen for 3- 4 hours{ in-a.50 ml Elenmeyer flask in ordet to

displace the oxygen present in the solutlon.“ The hydrogen

was prev10usly passed through an alkallne solutlon of T

pyrogallol as described by Verevklna et al.(275). After this

-

treatment the sample was subjeoted.to intermittent sonication

using ‘a Biosonic III (Bronwill Soientific, Inc.) ultrasound
'device with a 4 mm diameter probe. It was utilized to an
intensity of 20% of "the maximal output {(maximak permissible ‘
output w1th thls probe 35%). The sample was sonlcated for

1 mlnute and after an lnterval of 3 mlnutes 1t was sonicated
again. The cycles were repeated until the extent of
sonication required was qomplete. These operatlons were

performed Qt_o - 40.

.

Other technlques. A Beckman Acta.TH IIT UV-Visible

spectropbotometer‘was eaﬁloved at room temperature for

absorbance measurements. s e




Prote?n.was estimeted by the method ef Lowry et al,
(405)._.Bovine serum albumin_(Sigmaséﬁémicel qu), in whicﬁ
the degree of hvdration was @etermined by'iyOphilization,:“
was used as standard. ‘Ih samplee containiné Lubrol W.a fine
prec1p1tate appeared on the ‘addition of the Folln-C10calteau
reagent. This prec;pltate was ellmlnated by centrlfugatlon
at" 1000 g for 5 mlnutes before taklng readings (406). Table .
1 illustrates the influence of various concentratzons of this
nonionic detergent on the estlmatlon of protein by the r
method of Lowry et al. fter centrlfugatlon of the samples as
mentloned above. It was found that the gxesence of Lubrol W
did not change the absorbance of the standarg proteln up to
certain concentratlon. Care was taken not to exceed thls
concentration by propexr dilution of the sample. The -

interference of sucrose with the assay (407)in some samples,

was overcome either.béraialysis or dilution. Tris buffer alse :
interferES'with‘the assay (408) but it was present in low TN \“\
concentrations and was usually further‘diluted. \\

X The enzyme preparatiens were centrifuged in a
Sorvall RC2-B refrigerated centrifuge Wlth an SS- 34 rotoxr for-
centrlfugal force less than 46000 g, For greater centrlfugal
'force an ultracentrlfuge Splnco model L with a rotor $# 40

was used.

RESULTS - : o .
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| Table 2 glves a comparrson of the MAO actrvltres
“of nltochondrla solublllzed by. sodlum deoxycholate aione and
by the same detergent in the presence of the MAO substrates,
benzylamine and serotonin, and- subaected to dlalYSlS agalnst
0.01 M phosphate buffer pH 7.4 for 36 hours After this trme
thefassays of all.the samples were carrred"out. The values -
are“erpressed as percentage of the MAO activity-of
mitOchondria suspended in buffer; These percentages were . ‘Exl
calculated from the'specificlactivities of the samples. . The
MAO activity solubilized with deoxyoholate without the |
substrates was found to be'unstable.. The loss of acti#it;d\
for serotonin was nuch.higher than that for benzylaﬁiné.hzhl

" the other hand when'the‘sample was solubilized in presence

of MAO substrates and dialyzed for 36 hours, the recovery of

both the activities were better, but the loss of activity
for serotonln was always greater than that for benzylamrne.
These experiments were carrled out, in a prellmrnary effort,
to test the possibility rf mitochondria, solublllzed by
this ionic detergent could be used to separate the
multiple forms of MAQ by sucrose:gradient electrophoresis.u
—changing the 0.01 M phosphate'bufger, pH 7.4 for 0.0l Tris-HCl
buffer, pH 8.8 or phosphate buffer 0.2 M, oﬂ 7.4 produced

similar effects.

Table 3 1llustrates the 1nf1uence of the
solubilization of rat llver mltochondrra by Lubrol W and

P » "
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"
::sonication’on MAO.activity as assayed with three-snbstrates:'lw
benzvlanng_& serotonln and kynuramlne. The values are
expressed as oercentage of actzvzty in m;tochondrla suspended
in buffer and as in table 2 thejpercentages are. calculated -
from ‘the soec1f1c act;v;tles of the samples With this Drocainn
it was observed that: the MAO activity decreased by
approxdmately -thejsame extent, about 20%, for ali tne.
substrates stndied.. This procedure was designed after-repeated
trial and error. In a preliminary exoer;ment different
concentrations of Lubrol W were added to the matochondrla
and the 0.D. measured at 550 nm (fig. 3). "Even though Lubrol‘ .
had very little absorption in"this region of the.spectrum. - -
(maximal. absorption at 236 nm according to our data) , the.
samples were read agaanst reference samples contalnlng the -
same buffer and the same concentration of Lubrol W. It was

o

" found that at a Lubrol concentratlon of about 12 5% a maxlmal

"‘decrease in the optical dens:.ty ‘was ohrtalned and after
incfeasﬁgg\the detergent concentratlon, no further decrease
in'O.D. was observed.. In view-of "this the concentratlon of
12 5% was selected for our standard procedure. Slmllarly it
was found that the decrease in 0.D. was-even greater (up to
20%) if the Lubrol W was allowed to dissolve slowly in ther®
preparatlon instead of_addlng a solution of the detergent._
In view of this the former procednre was adopted.
i |

(The amount of sonication was deternined by a similar

: S | . |
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Figure 3.

Influence of Lubrol W on the absorbance of a }
suspension of rat liver mitochondria in Tris-HCl buffer
0.01 M,.pH 8.8. The 0.D. was measured at 550 nm. Lubrol

W concentration is expressed in gr/100 ml.




procedure, as described by Verevkina,et al.(275).- A sample ‘f‘\'
treated with 12 5% Lnbrol was' subjected to sonication for-
dlfferent gerlods of time. (flg. 4) and after 15’ﬁ;nutes no
decrease in 0.D. was observed and therefore the perlod of
sonication Wwas standardlzed to 15 minutes. The concentratlon

e

' of Lubrol and the extent of ronication were further teste for their

-

" éffect on the activity of MAO as described above,‘by/,,-

ultracentrifugation and by subsequent experiments to be

» N
described in the succeedind -sections.

N

About 85% of the orlglnal MAO act1v1ty was found -
in .-the supernatant cbtained on centrlfugatlon of ’
the mitochondria solublllzed as abovekﬁat 105, 000 g for 2.

hours; though there was some varlatlon depending on.the

experiment and the - substrate used (see fig. 5). After
1ncrea51ng the centrifugal forée to 145,000 g and the perlod

.

" of centrlfugatlon to 3 hours, 1e amount of MARO act1v1ty

SRy

remaining in the supernatant was 86 2% and 83.6% for
benzylamine and serotonln, respectlvely. When the same.
procedure of solubilization was followed up with 3% Lubrol W, -
only 30% of the MAO act1v1t1es for serotonln and benzylamlne
“were recovered in the. supernatant after centrlfugatlon to
105,000 g_for Z_hours. ‘ T ' Q4ﬂ'
In these experiments the values of MA0~act1v1ty

for .thé mitochondria resuspended in a hYPO-OSNOth medlum and
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Figure 4.

‘Influence oflthe time of sonication on the
absorbance of a suspension of rat liver mltochondrla in
Tris-HCl buffer 0.01 M, pH 8.8 treated with 12.5% Lubrol W.
‘The sonlcatlon was carried out in a Biosonic III ultrasound

-

device under the same conditions degcrlbed in the text

(see p. 88 ). | ' ;
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Figure 5. o

Activity of MAO remaining in the supernatant
after centrifugation at lOS,OOO‘E_x 2 hours. The heights
of the columns represent the mean of the values of MAO

activity which is expressed as percentage of the original-

solubilized saméle..The bars indicate the range of these

values and the figures in brackets‘the number of samples.
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ekpressea as uatoms of oxygen (méah i‘S.E.)'/houf/mg

protein with‘differeht'substrates‘wergi\

"Benzylamine 0.576 + 0.024
Serotonin . - 0.512 # 0.028
Kynuramine 0.485 + 0.031
) Tyramine 0.784 + 0.038
Tryptamine 10.310 % 0.024
e
. .
|



' DISCUSSION | .

From a survey of various papers deallng with the
lberatlon of MAO from mltochondrlal membranes it is apparent
that the term solubilization cannot be used in a general
sense as aifferent authors have chosen different Critafia.for
considering their anzymes as‘soluble. As mentiOnad alsewﬂére
o MAC has\been eitractéd from the ceilular membranes é}incipallf4 0
by treatment with detergents (51, 123{ 268, 273) orlby '
sonication (262, 274, 276) or byifhe use of both (84, 261,
277, 278). Though extraction with orgaﬂic solvents were

unsuccessful at first (123, 268), Hollunger and Oreland

(279, 280) have recentiy reported a successful solubilization
of pig liver mitochondrial MAO employing 2;butanone. ‘The
vield of soluble enzyme was about‘ZS% with a total recovery
of about 65% of activity. ~Ia general'the degree of | -
solubilization haa been determined estimating the MAO ac@iﬁity
in the supeﬁnatant fraction obtained on submitting the |
mitochondrial fraction- treated by d:.fferent methods to
high-speed centrlfugatlon. However, it has to be bome in
mind that treatments such as sonic irradiation, mechanical
disruption, or extraction at alkaline pH may result in the
dispersion of‘lipoproteiﬁ pr'formation of s@all membranes'
fragments that do not sedimena readily and remain in the
soluble fractlon of the cell (409). On the other hand, for

preparatlons solublllzed with detergents it is dlfflcult
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to distinguish, between ‘true solutlon and formatlon of\

: surfactant-proteln or lipoprotein complexes of low densrty
lwhich will not sedlment at high centrlfugal force. The
dispersing agent must be removed before assessing the degree -
of solubiliZatien, but thisg is net always possible, especially

in MAO preparation'solubilized'with high concentration of

high molecular.weight detergents. The detergents are usually
precipitated along with the proteln in many of the standard

protein fractlonatlon technlques (262) Erwin and Hellerman -
(234) have reported the presence of dlgltonln, the surfactant
used for solubrlxzrng the enzyme, in purlfled MAO preparat:.ons~
of bovine kidney. In other preparations in. which other

- {

detergents have been used to solublllze the enzyme, these

are present even after extensive pnrification (76, 219, 242,
410) . We did not test if ourrMAD preparations were in "true"
solution, because the ndn-ionic.detergent used, intrel W, was
present in high concentration and it was not’diffusible.
Notwithstandina * this, after treatment with this detergent and
sonication an apprecrable amount of the enzyme, as measured by
drfferent substrates remalned in the supernatant after
ultracentrlfugatlon (fig. 5). This compares favorably with
different MAO.preparation'splubilized by various methods

(81, 268, 270, 273-275, 277, 278, 396). ‘In view of these
facté we adopted the term solubilization as.dEfined.by a
Akopyan et al,(282) (see p- 54 and p- 79, this thesis) which

does not necessarily mean that the enzyme is in "true” solutlon.
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Sinée MAO is flrmly bound to the mltochondrlal
membranes (249), several attempts were made before this
enzyme could be successfully detached from this organelle
w1thout con51derab1e 1oss in enzyme act1v1ty. Furthermore a
”method reported successful with a particular MAO preparation g
is not necessarily applicable to another preparation, even
when is it used with another organ of the same speczes (279).
aAll the procedures toward this end have been tested on
. the basis of trla} and error for each source of the enzyme.
Different detergents have beendutilized for the

solubilization of MAO. Cotzias et al,(268) reported an

increase in MAO activity for tyramine in homogenates of rat -
and rabbit liver treated‘with the detergents isooctyl-
phenoxypolyethoxyethanol'(anqactive constituent of Cutscum),
polyoxyethylenelauryl alcohol and Alcohoxg;'The_maximal increase
was obtained with isooctylphenoxypolyethoxyethanol. The oreater
part of the MaO activity was in the supernatant after centri—"
fugation at 140 000 g. for 180 minutes. This would seem to be

a good criterion commonly employed to indicate that a hlgh "
solubilization rate was achieved. However, it was found that
when the sample was frozen wrthout changing the centrifugal-‘
force the fractione obtained from the top ﬁegé inactive while
the bottom fractions contalned the hlghest act1v1ty.

Gorkin et al;(giéi studled the factors affectlng the

solubilization of rat liver mltochondrlal MAO using the
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" non-ionic detergents istEtylphenoxypolyetﬂdxyethanol,'

Brunegal 0, OP-7 and 69-1‘0 sﬁbstitution of 0P-10 by the

other detergents w1th the exceptlon of op- =7 had no ;erked = ‘e’f
effect on the MAO act1v1ty estlmated spectrophotometrxcally
wlth benzylamlne as substrate or on the progress of the
solublllzatlon folloﬁgg by a turbldometrlc method . This last
methodo ogy was similar to the methods used in the present
study to select the optimal concentratlon-of ‘Lubrol W and the
amount of sonicati;n. Gorkin et al. (319) found that after a

certain concentration of the detergent an \inhibition of the

_enzyme activity was observed. On the other hapd the amount of

protein solubilized increased proportionally to

concentration of detergent up to a certain limit after which
the proportionality was lost. They ‘also descri ed an lncrease

in the rate and intensity of the sol ization with an

increase of pH from 6.75 up to 8.65._‘bue'eqnsideration was
given to all these factors in.devisin§ the present procedure.

Mushahwar et al. (258) solublllzed bovine microsomal
MAO with TergltalANPx and alsc found a critical concentratlon
of the detergents when the solublllzatlon of MAO was maximal.
The recovery of solubilized MAO was 80%- as measured with
tyramine as substrete._le study of the effects of saponine,
Tween 20, sodium lauryl sulfate'and digitonin on the

solubilization of rat liver mitochondrial MAO was reported

by Cog and Baron (273). They used serotonin as substrate;
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The greater soiubiliiatibn, uﬁ-to‘so%,.was'obtaiaed with _
'sodium'lauryi sulfate. Tween 20 inaet;vated the epzymé-while,//’/f
with digitonin and saponine the activity of the’sdlu#ifri’éef

jMAO was 20% as efalﬁated agter eeAtrifugat‘ attloo,odo.g‘

for 30 minutes. This low recovery,' the‘supernataat could -

he ascrlbed to the substrate’ﬁged and perhaps w1th other a S
substrates the condrtlons could have been better. We have
already shown a selective’ ‘inhibition of serotonlnbnho

activity by sodium deoxfcholate.' Van'Woert and Cotzias

(152) found that the detergent Igepal Co—630 (a polyethyleneoxy
derlvatlve) also prlmarlly affected the deamlnatlon of

serotonin by rat liver mltochondrla as compared to ‘that of

tyramine.

L]

-

Beef liver mltochondrlal MAC has been solubilized
w;th detergents usrng several procedures. Barbato and - Abood
(123) ~treated this preparatlon with Trlton x—loo several
tlmes and increase in the pH to 8.5 in dlfferent steps. |
They obtained 42% of the orlglnal activity in the supernatant
after centrlfugatlon at 100,000 g for 30 mlnuteé._ Gomes-gE
.,al (233) who used the same detergent desmgnated their
preparatlon as soluble only after several steps of
purification. They cqnsidered.the enzyme as soluble wheén it
remained stabilized in the aqueous phasefwithout.adding
detergent. But it is possible that the detergent could have

been attached to the enzyme even during the last step of
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purification. More rece ly Shih and Elduson (394), after
trying 10 d;fferent procedures, found .that the procedure of.
Gomes et al (233) was .the most adequate one for solubilizing
rat brain mitochondrial MAO. They teésted the so1ubi1ization
by measuring the MAO reﬁain;ng in the supernatant‘after’
centr{fpgation. The conditions of centrifugation and the

substrates used were not reportea Kinemuchi (386} using

- sodium cholate obtained 60% of the MAO~act1V1ty, as measured '

with tyramlne as substrate, in the supernatant after
centrlfugatlon at 50,000‘3 for 30 mlnutes.‘ This shows
how difficult ie is to compare different pfocedures,.
even in the same preparation. hnofher-procedure used Ly
Harada et al, (240) with beef brain mltochondrla was‘heatlng
the preparatlon at 40° for 10 minutes and addlng Nonion
NS5-210 to the preparation after cooling. Using kynuramine
as substrate they detected 33% of tﬁe MAO activiFy in the
supernataﬁt after centrifugation at 107,000 g for one ﬁour;

They also found a 3-fold increase in specific activity in

their preparation. They consider this procedure better -

than' other procedures of solubilization making use of Cutscum ‘

. and Triton X-100.

Sourkes-(243) discarded the use of a non-ionic -

detergent for solubilizing rat liver mitochondria, because of

its nonaifﬁusibility through dialysis membranes and its

tendency fb bind strongly to the proteiﬂe. He suggeeted the
| . ’ oo
|

\
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" use of sonication under. standardizedconditions. - The

BN —.
optrmal condltlons for sonication such as volume of the

sample, intensity or vibration, concentratlon of protein,

PH, v1scos;ty and the presence of other substances must be
chosen according to the materlal to be sonicated and the .
apparatus at hand (405, 411). The ultrasonic waves have
inactivating effect on tbe enzymes which are usually revealed
when enzfmeslare irradiated in the presence of oXvgen, the
enzyme activity being more resistant when. the irradiation is
carried out in a aqueous medium satugated with bydrogen.'
Detachment of low-molecular welght‘peptldes from proteln

molecules has been observed as a result of irradiation with

sonic waves. Depending on the nature of the gas,present

form ragments of proteins are transformedﬁto stable -
molecules or lnteract one w1th each other, causing

an increase in the molecular welght of the protern. These
changes in structure do not necessarlly lead to a loss in the - =-
original enzymatlc.propertleS'of the. proteins. All these
findings have been reviewed by.El'éiner (412).

As early as 1955 Kobayashi and Schayer (274). used
sonication-to solubilize rat liver mitochondrial MAO. They
sonicated the preparation for 1 hour'and obtained the same
specific activity (tyramlne as substrate), as in the orlglnal

mltochondrla, in the supernatant after centrlfugatlon at

21,000 g for 2 hours. Verevkina et 253(275))7pn1cated the .

VA ™
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same organeile"after’equiiibfating the médium'ﬁith an
atmoéphere of hydrogeﬁ. ‘Sonication .for a period of 60 minutés S

was without any effect on MAO behzylémipé activity. They

-found that the énzyme-was not in.the-free state; After

centrlfugatlon at 105,000 g for 1 hour all the enzyme pre—-

c1p1tate and in the electron mlcroscope 50-200 A part1c1e5\~

were observed.-Guha and KrlshnavMurtl (276),exposed a suspen-

. sion of rat liver mitochondria in 0.01 M phospﬁgie buffer pH

7.6 to ultrasonic waves for 25 minutes. Afﬁe# centrifugation \
at 4,050,000 g-minutes they obtained 90% of the activity-in\\d
the supernatant, with an 11 fcld'puﬁifi&atioh ésléompéred to
the original homogénate. Tyramine was‘used-as sﬁbstrate for.

the assay of MAO act1v1ty. - Ganrot and Rosengren (270)

sonicated a pig 11ver mltochondxla%\Preparatlon at PH 9. MmO ,-"
remained in the supernatant after centrifugation at 40,000 g
for 2 hours. However, they commented that the éreparation
could not be used as a startlng materlal for purlfzcatlon,‘ i
though they did nct mentlon the reasons. Perhaps, the most
successful solublllzatlon with sonication was obtalned by .
Tipton (262) u51ng pig braln mltochondrlal MAO By SUCCESSLVE*_ 1
freezing, thawing and sonlcatlon he uld liberate up to 60-80%_f
of the enzyme which was purified by izk’équent steps. _His
procedure was followed with tyraﬁine as a substrate. :Murali

and Radhakrishnan (286) applied a similar procedure to MAC

from monkey intestine.
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The COmbination of sonicatioh with detergent has

also been used by several authors wrth varrable degrees of ;
‘success. Zeller et al.(84) reported the lrberatlon of MAO
'from hog liver mltochondrl y means of deoxychollc acld and
sonic oscillations,l No furth®r particulars of this: procedure
are found in the literature.’ ' Sakafioto et 310(277) subjected
beef liver mitochondria to sonication and cholic acrd, but
the recovery in the supernatant after.centrifugatiOn at
105,000 g for 2 hours was only 4%. Nagatsu (261) studied
several procedures for llberatlng MAO from beef braln o
mltochondrla.' The solublllzatron was measared determlnlnc

the MAO w1th kynuramlne as substrate in the supernatant

after centrlfugatron at 105 000 i £or 1 hour. EHe -found that
T with Cutscum (1.2%, flnal concentration) the hlgher the pHH
the hlgher was the act1v1ty in the supernatant.. But the
enzyme was unstable in alkaline pH He. found the -
combination of- Cutscum with sonlcatlon at pH 7.1- 7 2 to be >
the most effectlve medrum for solubrllzzng the enzyme,
achlev1ng a solublllzatlon of 70% - Gabay and Valcourt (253)
used a 51m11ar procedure for solubilizing the\rabblt llver

mltOchondrlal MAO. These authors noticed that too large a

volume of sample and -too long a period of sonlcatlon resulted

e T a

in greater loss of the’ enzyme. They _reported as -

unsatlsfactory the solublllzatlon with Triton X-lOO. Youdim

-

and Sourkes (278) treated rat livexr mltochondrla with

sonlcatlon in presence of benzylam;ne after wh;ch chollc

-
¢ .

-
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acid was added; Thef‘obtained uﬁiﬁOISS%“(kynuramine as
Asubstrate)of‘the ofiginal mitochoedrial activity in the
ISupernataht after,centrifugation at-160’000 g-for'QO.minptes.
Benzylamine wes used on the basis of an earlier fepor£ bv the
same authors' (227). 'In this work they showed tﬁat'

= Substrates of ﬁhe ehzyme, such as benzylamiee, dopanine, -
epinine and isocamylamine; were able to protect the enzyme
against_denaturatidn‘bf ﬁeat.. Later on, Youdim and Sandler
(287) modified the procedure of Youdim and Sourkes .
subsgitptiné cholic acid with Triton X?lozt

It ie'éeil known that an increase in pE facilitates

the solublllzatlon of several membrane systems’ (409). In the'

case of MAO Nagatsu (261), as mentloned above, observed tha% o ‘E
Cutscum was more effective for SOlLb 1zzng the eﬁzyme in an -
alkaline medlum but -the enzyme was unstable.- Akoéyan et al.

. (267, 282) obtained solubilization of ,M.Ao-from mitochondria

of beef liver and bxaln and rat liver based on two facts: the
protectlve effects of the MAD substrates on the enzyme and the
increase in the solublllzlng action of non-lonlc detergents in
alkaline medium. They treated ‘the mltochondrla w1th non-ionic
detergents (OP-10 or Trxton X—lOO dependlng on the _
species)in the presence of benzylamlne wh;ch was used to‘-' ol
increase the pE and to protectnthe enzyme - agalnst
iﬁacﬁiﬁatioﬁ. )
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It is dlfflcult to compare and select from the -

technlque of soiublllzatlon whlch would be most ideal
for an organ of a determined specles 51nce the source: of -
-the enzyme and the methods to estlmate 1ts activity are °
quite dlfferent. The majo;:t§“of these procedures have
been designed to-be followed by spe01f1c methodology for
further purification or electrophoretic separation. Some
.authors have reported difficulties in applying‘solubilization
procedures which have been found sultable for other MAO
preparations (240 257, 261, 281, 394) .. As some authors .
‘specify, problems.arlsgng £rom the use of detergents

could be overcone by-resorting to sonication (243, 262)

or extraction witﬂjorganic solvents (245) .- éhe detergents,
besides'the'difficulties mentioned above, can produce
alterations in§the conformation of proteins (413) . But the

ultrasonic waves have aimarked influence on the structure
. of the_protein.o When the pig'llver ﬁltochondria was
treated with an organic solvent (279) cnly a relatively Small
‘proportlon of MAO was solub*llzed. On the other hand, with
or w1thout detergents, the question always remains 1f the
enzyme isolated by any means is 1dent1cal to the orlglnal.'
- protein in-the mitochondria. Certainly, the most probable
answer will be thatithis "soluble” protein is somewhat
different and could. perhaps be related to-tne orlginal
physiological conditions‘when the change occurring in the

MAO preparations are fully understood.




From deoxycholate '(1%), Tween 20 (1%),‘Tween 40 (1%}, Tween
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} o Slerens (281) studled exhaustlvely several

=

procedures for SOlﬂblllZlng rat ‘liver mltochondrlal MAO.

- 81 (1%), Lubrol W (5%) and sonicationt'only the treatments

with Lubrol W and deoxycholate liberated 20% or more of thel

original act1v1ty. The llberatlon of MAO was est;mated by
meaeé;ing the enzyme activity wlth benzylamine in the .
supernatant obtained after centﬁifugation at 100,000 g for 2
hours and 45 minutes. This author also found,.using

density gradient centrifugation and 'electron

microscopy that sodium deoxycholate produced a more fine
dispersiooaof the mitochondria. But he reported that MARO in

presehce of this.detergent'was'unstable as estimated with

ben;ylamlne as substrate. This shortcoming-was partly.
overcome by using the deoxycholate in presence of benzylam;ne.
Furthermore the separatlon of two MaO fractlons ofcrat 11ver
mltochondrla solublllzed with this detergent with oolyacrylamlde"

gel electrophoresis'was also reported (see p..77 , this thesxsl.

One fraction was active on benzylamlne and the other was: actlve

on benzylamlne anmd serotonin. We already showed that
deoxycholate affected the serotonin MAO activity (Table 3}. -
This effect of the detergent gives rise to two explanations

other than MAO multiplicity. The first possibility couid be

‘that one fraction would be made up of the enzype with the

detergent attached to it, thus inhibiting -the serotonin-

activity,. and the other fraction‘wcﬁld be free of
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deoxycholete‘and poseess both eeretonin and benzylamine
activit&.“ This possibility was tested by us (367{ under the
same condztlons described by Sierens and D'Iorio (272, 281)
using deoxycholate-l“c. I+ was found that the detergent
migrated faster than the fractions with MRO. Purthermore
the\fraction with only'benzyiamine activity wasutbe one that
migrated the least and consequently was further away from
bulk of the detergent,.ttereby exclﬁding the.possibility of
a fraction attached to the aetergent and another free of the
de+ergent. The conditions of the sample after being subjected
to polyacrylamide/géI*electropheresis could-be-compareble to
those in table 3  where the enzyme was solubiii;ed with
deoxycﬁolate in the presence of substrates and immediately
_subjected to d1a1y51s. The second possibility could be that
the detergent produced irreversible damage to the serotonin
act1v1ty in one fraction but not in the other.' The llkellhood
of this suggestlon is strengthened by the fact that the |
~ serotonin activity 15 greatly dlmlnlshed in the presence'of

deoxycholate and thls actzv;ty even following dialysis is

poorer than that cf benzylamine.

In view of our iﬁterest to studying if these
substrates, benzylamine and serotonin, were deaminated by
éifferent enzymes, we tried to devise a procedure to
detach the enzyme from the mitocHondria where eone of the‘

substrates studied were selectively affected. At the same .

-
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time it was necessary to insure-that'there waeeno inactivatien'ﬁ‘
during ar afterfsolubilization.treatment. This procedure

-would also have to be drastic enough to achieve the separatioe
of the multiple forms of MAO. The combination oé Lubrol W

with sonication in presence ef substrates in an alkaline
medium equilibrated iﬁ'an atmoephere of H: affected the o«

act1v1ty of all these three ‘substrates; benzylamine, serotonin

and kynuramme, approxmately to the same extent (about 20%

of inactivation). Sucrose was orlglnally added w1th the

intention of using the preparation for experiments w1th" | ' ‘
sucrose gradient eiectrophoresis fSection 11}, butrit was

found that the recovery after sonication was low when it was

omitted. Furthermore it has a proteetive,effect on the

proteins (414j . Comsequently we deii&éa' to use sucrose in
the .standard procedure for all thége experiments. Though a
systematic study was not carried out we did:notice that
when there was a decrease in enzymatlc act1v1ty the 1ossl1n

serotonln act1v1ty was always greater ‘than that of benzylamine.
dl A



SECTION II: -DENSITY GRADIENT ELECTROPHORESIS

After the libératioh of MAO from the mitochondrial
membranes the next step was to explore the possible Qccurréice h
of multlple forms of MAO. Slerens and D'Iorio obtained indi- .
rect evidence for the existence of different enzymes fof thé
oxidativé deamination of benzylémi#e apd'serotonin,.in
accordance with other autho:s.(éee chapter Ix,_this'thesis).
Even though they reported the separatioﬁ‘on polyacryiamide
gel electrophoresis, df'twé fractions with different substrate
specificities, the seleétive inhibitory action on the sgrotoniﬁ
activity by the detergent‘uéed, sodium deoxycholate, as-
mentioned above (sectlon I, table 2) led to the pOSSlblllty

that these dl%é:rences in suh\figte spec1f1c1ty could be due

to effects of detergent. - The difficulties in 1nterpret1ng

‘the results when ﬁsing detergents'which could inhibit MAO
selectively, such as aeoxycholate are eliminated in the

procedure of solubilization used in the present work. .

Foé the separation of mu;tipie forms 6f MAO two
approaches have been made.l In one the enzyme was subjected tg
electrophoresis afﬁer partial purificétion'apd-in the other
crude preparations of the énzyme were separaﬁed
chromatograéhically 6r electrophoretically after'sqlu-

bilization with sonication and/or detergent. When the
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first-procedure - was used the degree of purlflcatlon was
generally followed by measurements of. the MAO activzty with one_-r'
Lsubstrate (245, 252, 253, 262 278, 282) " This has the - ﬂ
disadvantage that the activity for some substrates could be
lost without belng detected. The second approach presents
the disadvantage encountered with crude preparatlons, such,
as low specific activity and lnterference with some assays
of enzymatic act1v1ty. The laéter approach, however,
permits,with relatively few steps,a preliminary visualization
of the possiole multiple forrs, thus helping to plan the
subsequent steps in the purlfzcatlon of the dlfferent enzyme
fractlons\\“Thls approach has been used by different authors
(269, 271, 272, 281, 287, 359, 384, 330, 391) but mnfortun-

ately some of these reports were preliminary and were not

followed by other reports (263y 287, 390).

In order to studf_whether_a differenr,enzyme
‘deaminated benzylamine and serotonin as well as kynuramine;
we . subjected our solublllzed preparatlon to sucrose éradient
electrophore51s. Th;s electrophoretlc method offered the
advantage of permitting the use of iarce amounts of samples -
free from sorptlon effects thereby ellmlnatlng the necessity
to elute, which is normally. requlred w1th other procedures.'

METHODS



For chemicals used see section I, p. 80.

Sucrose cradient electrophoresis: The equipment

used was a LKB column electrophoresis apparatus model 3340C, 

an ISCO (Instrumentation sPe~4a1tiee Companf,‘Ihc ) Dielagrad
programmed gradient pump model 190, a Buchler power supply

model No. 3-1014A, a fractlon collector ISCO model 326 and a e
Buchler polystaltic pump model 2-6100. The arrangement of

all this equipment is illustrated in figure 6.

The LKB column eléctrophdresis apparatds consists of
a column {(fig. 6, A) Wthh is connected by ground jOlntS to. a
cathode (fg. 6, C)}. and to an anode’ (flg. 6, B) vessel. The

- separation of the sample was ‘carried out in this columm. Its.

bottom can be opened or closed by~means of a funnei (D) the end
of which was attached to a tube of 3.5 mm aiaﬁeter.“ This tube
was connectéd to a two-way valve (fig. 6, F) and-throth this
to the programmed.gradient puﬁp and to a peristaltic pump. T
For some procedures the peris%altic pump was substieuted by B

~

a syringe. o

The procedure followed before the introduction of
the sample was descrlbed ln the manual supplled with the
electrophore51s apparatus. The light solution conszsted of
0.0L M Tris—HCi buffer and the heavier solution of 50% sucrose

in 0.01 M Tris-BCl buffer. After filling the apparatus with both
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Figure 6.

Arrangement of the equipment used for sucrosé
gradient electrophoresis. (A) Column for the electrophoretic
separa%ion_of the gample. »(B) Anode iessel. tC)rcathodé
vessel. (D) Funnel for closing or opening the bottom of the

column A. (E) Mariotte flask. (F) Two-way valve.
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solutions and cloéing the bottoem with‘the funnel, all the’

heavier solution was,extr§Cted from theAcoluﬁn wheré the. -

actual separation was cafried out. Then a~1inear.g£;dient was
;ﬁplied through the glass tube united to_thé‘funnel by means

of one programmed gradient pump appara;us,'which consisted of

two indepenaent pumps; Cne was'connécted #o a 20% solution of‘
sucrose .in 0.01 M Tris-HCl bﬁffer and the other to a 50% goluti¢n
of sucrose in the same buffer. The program consisted of 50
different steps. It was adjusted in such a way that in each

step the flow rate of the heavier solution increased'to 2% of

the total flow rate (100 ml/h) while the less v1scous solutlon

had a flow rate decrement of the same amount. The program was

set at 2 hours. . If any adjustment was done in the total flow

rate, a corresponding adjustment waé nade in the program _ Q
time to compensate for'itu-The_gradient pump was stopped.%hen'
the gradient reached ; aensity similar to that of the samplef_
The sample was rat liéer mitochondrial pieparation prepared
by the procedure described in section I and centrifuged at -
40,000 g for 15 minutes.” The”aen51ty—of this sample .was .
estimated by a prev;ous run of the programmed gradient
pump connected to the fractlon collector. Each fractlon
represented a step of the program. ' A drop of the sample was
added to each.fraction and in this way its density was
evaluated. Then a volume equivaient to ‘that of the sample
(4 to 6 ml), was extracted frcm‘the column. The sample was

applied through the two-way valve with a syringe. The



appllcatlon ‘of the sample -was not quantitatlve because some
of it usuallv was lost during this. step. On the

other hand to.make certain that no air penetrated into the
column, 1t was ‘necessary to ‘evacuate some of the sample
before connectlng the programmed cradlent oump to the
column. The gradient was contlnued after omlttlng 10 steps.
When -the program was finished the pump was allowed to work’
for another 10 minutes period under-the_same conditions as,
the last step of.the program. From then on the procedure
followed was exactly the one described in the manual of the
electrophoresis aéparatus. The electrophoresiS‘was run at

1,000 V and 3.5'mhswith‘thexBuchler power supply set at

constant voltage. After the electrophore51s the funnel was

llfted in. order to close the bottam of\the column The.dlfferent

fractlons were collected by means of a fractlon\collector and . o

‘\

a perlstaltlc pump whlch was connected to the two—way valve.
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Radioactive assay of MAO: For this assay radioactive

benzylamine~1*C (Internatlonal Chemlcal & Nuclear Corp.) and
gerotonin-'“C (New England Nuclear) were utilized as substrates.
The method used was that descrlbed by Otsuka and Kobayashi

(176) as adapted by Sierens and D' Iorlo (281, 272). It was
based on the incubation of the enzymé with the radloactlve
substrates in =a buffered medium and extraction of the products

with toluene after acidification with HCl.
AY
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The 1ncubat10n and extract;on of the products were
carried'out in polyerhylene centrlfuge tubes (A.H. Thomas *
Scientific Company) which had a capacity of n,é ml. thei
reaction mixture was identical to the one used by:Siereﬁs and
D'Iorio (272, 281). . If contained 20 Wl of 0.2 M phosphate
buffer (pH 7.4); 5 ul"of radioactivc,substratc solution ana
5 ul of the enzyme preparatlon. The final conccntration of
the substrates was 0.3 mM (2 0 mCL/mmole) and 1. 5 mM (9.3
mCi/mmole) forlbenzylamlne and serotooln,.respectlvelyf The
different components of theorcaction'were mixed by _
centrifugation with a Beckman 152 microfuge. for 5 seconds.

The incubation was carried ocut at 37:°C for 30 minutes in a

shaking water bath (Eberbach Corporation). At the end of the.

lncubatlon the tubes were placed in ice and 10 ul of

5N HCl were immediately added. The transfer of the aqueouc
solutions was done with polyethylene micropipettes (B & B
brand, Blo—Rad) or w1th mlcrollter Eppendorf plpettes. When
it was necessary to use glass mlcroplpettes ‘a thin film of ' -,n

.slllcone stopcock grease was applied to the tip of the pipette.

The products of the enzyme reaction were extracred
with 100 pl of toluene and mixed for 2 minutes on a
Vortex Genie mixer (Flsher Scientific Co.). The organic phase
—was separatea“from'the-aqueops-pﬁase by ceptrlfugatlon in the
Beckman microfﬁge. Fifry rl of.the organic phase were taken

and transferred to a counting vial containing 15 ml of
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omnlfluor (4 g/1. ‘New England Nuclear)'in toluene. The

countlng was' carrled out.ln a ‘Mark 1 llquld.sc1nt111at10n.‘

ey _ o T

counter (Nuclear-chtcago Corporatlon). The quenchlng was
estimated by the external standard method following the
procedure descrlbed in the counter manual.. The counting efficien-
cy approxlmately the same for all the samples (about 84%)..
As the efficiency of the extractlon was unknown the

’ values are only cpmparatlve. MAO activity is expressed

as counts per minute (c.p. m. ) ln 100 ul of " extractlon solvent.
The correction for quenchlng was applled ana the blank was
subtracted. The blank consisted of the same'react;On mlxture

but instead of 5 ul of enzyme 5 ul of the same buffer present

in the enzyme reaction mixture were added.

Fluorometrlc assay .of MAO: The procedure was that

descrlbed by Drujap and Dlaz Borges (157) ‘As mentioned in’
chapter VIII (p. 56},'1t was based on the prlnc1ple of the
nmethod described by Kraml (332) in whlch the 4—hydroxyqu1nollne:
formed by the spontaneous cycllzatlon of the product of the

action of MAC on kynuramlne, was measured flubrometrlcally.

| The reaction mixture cons;sted of 1 ml of sample,
dlluted or undlluted accordlng to ltS activity, 0.25 ml of
0.2 M Tris-HCl buffer (pH 7. 4) and 0.25 ml-of a kynuramine
solution. The final,poncentratlon of the substrate was 0. 2

mM. The samples were incubated at 37 ﬁc for 30 mlnutes in a



-126- o T

:shaking.water bath;; At the end:of the incubation Q;mh of

te ethanol was added. If-reduced uolumes of the sample

'wére," tillzed, the volumes of all the other reagents were :w
/

reduce proportlonally. After centrrfugatlon 1ml alzquot of
the supern ant was made alkallne with 3 ml of 0 1NX NaOH

The 1ntensrty -0of the fluorescence was measured in an Amlnco

Bowman spectrophotofluorometer at a wavelength of 325 ‘nm =" .
L N e ]
andh§90 nm (uncorrected) for actrv&tlon afd em1551on, ¢

respectlvely. The concentratlon of 4-hydroxyqu1n011ne was .,
estimated by comparrson ‘with a standard curve .of the same -
compound - (Koch—nght Laboratorles) The correspondlng blank

L

was made the same way as in the radloactlve substrate assay.

The MAO actrvzty was expressed as nmoles’ of 4-hydroxyqu1nollne
formed in 30 mlnutes. The wavelengths for measurlng the
lnten51ty of the fluorescence were prevmously selected by
testing the spectrophotofluorometer wnth a solution of

*hydroxyqulnol;ne. " o . | ..

s R o

'-"_ N ’
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D1a1251s- Immedlately after collectlng the
- dlfferent fractlons, they were subjected to-dlalysms
overnight agalnst 0.01 M.phosphate buffer pH 7.4. For the
simultaneous-d;a1y51s of ald the fractlons a 51mple device
was de51gned (flg. 7 ). This device conSLSted of two
plex;glas racks with multiple holes. In one}of these racks,'

small plastic disposable beakers (2 mi, Fishex Screntlflc

Co.) were placed and coveredowith a cellulose dialysis '
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Figure 7.

-—
v

Diagramatic representation of the dialysis device
used in our experiments. (I} Front cut (II) Top view

(A) Dialysis membrane;_ (B) Plastic beaker. (C} and (D)

pléxiglass racks. (E) Nylon. screws.
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mehbrane.' The second'rack was put on top of the firsr rack
in such a way that the top of the beakers wzth the dialysfs -
membrane fittead 1nto the holes of the second rack. The,
diameter of the holes_in this second_rack was greater where
it was first in contact‘with the dialysis_membrane,and_then
?pecame slightly and progressirely smaIler. "I‘his was.-the
object to avoid cuttlnc the dialysis membranes with the edges.
The pressure in order to have a gocs\seal was .obtained using
nylon screws. The beakers were placed with the dialysis )
membrane facing dewn to éermit'a'betﬁer dialysis of the
sucrqose. The problem of danipulation ofva highly viscous
solution and the interference of sucrose with the methods

used for the assay of-prqtein were thus eliminated.

~

Sucrose concentration: It was estimated. by

refractometry using an American Optical T/? Goldberg type

refractometer.

Protein concentration: The protein was assayed

by the method of Lowry et al (405), taking the necessary

precautions with regard to the presence of detergent as

mentioned in section I.
RESULTS

Sucrose concentration of the ‘ )
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. different.fractiohs after electrophoresis is illustrated -
in figure 8. It can bé observed that the-gradieht is ‘ -,
approxiﬁa;ely lipear_with a slight QQviatién in the zone of -
appliqaﬁion of the sample. After the‘dialysis of tﬁe differ-
ent fﬁactions, the concentration of sucfose w#s in.nof¢§se
greater than 3%. A disadvantage with aialysis was the change

in volume and loss of ajsmall portioﬁ of tﬁé sample when it

was removed froﬁ the dialysis device. The change in volume
was, however, limited because the dialysis‘méhbrane was fixed

under tension and by the rigid wall of the plastic beaker.

The results obtained with sucrose gradienﬁ

electrophoresis are illustrated in figures 9,10 and 1l.

Figures 9 and 10 show an example of the results obtained when
the solubilized mitdchoﬁﬁria'were subjected to sucrose éradieﬁt
electrophoresis for 4.5 hours. It is evident from these
figures that kynuramine MAO activity followed a similar pattern
of distribution‘within the differentrfractiéns as the
benzylamine activity. The serotonin activity was distributed |
in several peaks ind some of these were cbserved to have little
benzylamine and kynuramine‘activity. In figure 11 the
electrdphoresis‘was run under the same conditions for 7 hours.
Kyﬁuramine acﬁiéity,which is not shown :inﬂthe-graph, had a
similar distribution to that of benzylamine activity.
Serotoﬁin acﬁivity appeared, as notéa above, in several peaks

with some of them almost devoid of the other activities.



FRACTION NUMBER

‘10

L] ]

0

10

20

T
30.

40

50

SUCROSE CONCENTRATION (%)




P

Figqure 8.

Concentration of sucrose in different fractions

after sucrose gradient electrophoresis.
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Figure 9. ' .

Distribufion of MAO activity for benzylamine and
serotonin after sucrose gradient electrophoresis. The . -

‘“electrophoretic run lasted 4.5 hohrs;~ The MAO‘activities

are expressed as a percentagedsf the fraction with maxlmal.

act1v1ty (serotonln 3986 d.p.m./5 1l/30 min; benzylamine
1713 d.p.m./5 ul/30 min). The fractions are numbered from
anode to cathode. For more details see the text.

~
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Figure 10.

Distribution of MAO act;vity for kynuramine after
sucrose gradient electrophoresis; The experiment is the
same as that described in figure 9. The MAO activities are
expressed as a perceﬁtéée of the fraction with maximal

activity (43.6 nmoles 4-hydroxyquinoline/ml/30 min.). The

 fractions are numbered from anode to cathode. The protein
concehtration is ‘expressed aséug per ml of each fractichs.
For more details see the text.

-
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Figure 11.

Distribution of MAQ activity for benzylamine and |
serotonin after sucrose gradient glectrophoresis. - The

-

conditions and the legend of this figure are the same as

those described in figure 9, with the exception that the
electrophoretic run lasted 7 hours. The values bf-MAp

activity for the fragtioﬁslwith maximal activity.taken as '
100% were 1337 d.p.m./5 pl/30 min. and 2051 d.p.m./5 u1/30 min.

for serotonin and benzylamine, respectively.
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It was dlfflcult to get an ldea of the recovery of
the drfferent actlvrtles ow:ng to the non—quantltati
_appllcatlon of the sample and’ to the‘ﬂhknowo var1at1 ;ﬁ the
volume of the dlfferent fractions after d1a1y31s. FurthEImore
in the case of serotonxn-actrvrty there was 1nterférence by
proteins in the recovery of‘Ehe productﬁ‘of the MAO catalyzed
reaction :((see section III, p. 181). A rough estlmatlog oﬁ‘

the reoovery of the different activities 1t_four experigénto
where the electrophoresis was run for 4.5-5.0 hours gave -
the following values; 83 100% for benzylamlne, 47— 100% for

serotonln and 75-100% for kynuramine. For the-calculatlon of -

these recoveries the sonrceted sample and a 100% recovery ofr

 protein werex>taken as references.

Though the separatlons shown in this section seem

= o+
i =

to be promlslng for the use of thlS procedure as a preparative
method, unfortunately several shortoomiogs made it impractical .-
for thig purpose. The eiectrophoretio seperation of the
crude solubilized mitochondrié waS‘qgite complex and_it'wes'
not possible to get a similar separation consistently in |
spite of employing the same procedure;“ Hence the'diffictlty
in isolating the different fractmons of enzyme eét§v1ty. IR
Furthermore the MAO act1v1ty for serotonln was labile,

" specially after dlalysls, which' lnterfered w1th the

characterlzatlon of the fractrons..
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DISCUSSION.

" The - electrophore31s was carrled .out after taklng
lnto con51derat10n the prlnclples 111ustrated by Svensson
(415) with the necessary modlflcatlons to suit the present
exper1menta1 conditions. The sample was applled in the
bmlddle of the sucrose gradlent between a "density shelf"
which makes the isodensity condltlon for the appllcatlon of
the sample less critical. The stablllzatlon of thls zone
| Qasfalso reached at the tlme_when the more dense part of the
gradient ﬁas-inﬁected into the'columh. ‘No'dropletsf

sedimentation was'observed follcwing the procedureﬁdescribed.'

Some broadenrng of the lnltlal zone occurred durlng the
electroPhoreSLS by the. higher conductlvrty of., the samples,m
but thlS dld not 1nterfere#;;th the electrophoresis. This
could have contrlbuted to the stabllrty of the mlgrating
zones by dllutlng the complex mlxture applied to the column.
As mentloned ln chapter IX, several authors (61, 76, 116, 171
229 272, 281, 381) have obtalned 1nd1rect ev;dence that
| the MAO substrates, benzylamlne and rotonln, are deaminated
by different enzymes. Moreover Srerzis and D* Iorlo (272, 281)
using a rat liver mltochondrzal prepar\tlon, were able to 7 .
separate two fractlons on polyacrylam1d§ gel electrophores;s \
with dlfferent substrate specrflcrtles \The present e >
result show that the mlgratlon of serotonln | ﬁ\:>

4

activity is dlfferent from that of benzyhfmlne and

.
. . .
I ’ : C\
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kynuramine. Ne difference was found between the migrations
of benzylamine and kynuramine:-iThese'fesults also show
that soxe seroﬁonin activity .éan "be iseiaped free from
the activities of benzylamine aed kynuremine. This is
‘difficult to explain on the basis of selective inactivation
of benzy.lamin‘e activity, be‘qau‘se‘as mentioﬁed elsewl":.:a.re. in ..
this thesis (p 116 P. 139) when the enzyme was lnactlvated
the actxv;ty tcwards serotonin was affected to a greater
nextent., Also the treatment of solublllzatlon did not
inactivate preferentlally the*act;v;ty togards a partleular
substrate. An alternatlve explanat;on and a more’ llkely one

in view of the dlfference in this pattern of migration is

that we are dealing w1th-d;f£erent enzymes. Sierens and

D'Iorio (272, 281) described one fraction that-was active
enly towards benzylamine and another which was active fowards
benzylamine and serotonin. Assuming that the detergent did
not produce irrefersible damage to the fractioe'active
towards penzylaé;ne dnly ‘those re;;}ts-aﬁﬁ_%hg
reeults shown here strongly mllltate in favor
‘of at least eﬁd, different’ act;v;tles, one - fdi
serotonin and. the other for ﬁeﬁzylamine: and.
kynuramine.

In 1568, 3agland‘f386) reported'a_partial - ///
separation of the MAO activity for kynuramine, tyramine and

serotonin in liver mitochond:ia of Heef, rat and rabbit.



The mitochqndria,ﬁependiﬁg on'the species, were solubilized in
présenqé qf Cutspum-or Lauryl_sﬁlfate and‘Cutscum.- ﬁfter‘l-
ceﬁtrifugation at 150,000.g for 2 pburs; the supernat;nt was

. subjected to gel filtration through a Sephadex G-200 column'
equilibrated with 2% Cutscum. The recovery of. MAO act1v1ty ‘
from the column varied between 40 and 80% with different
substrates and different species. Furthermoré;the same
author found that the enzyme was not stable in the detergént
used. If Cutscum was omitted from the eluting buffer all

the MAO activity was eluted immediately after the void
volume. Laﬁer Gorkin (390} répofted a partial separation

of the MAO éctiﬁities_for serotonin, tyraﬁine and
Efnitrophenylethyiamine and of the activities for m-nitro-
p-hydroxybenzylamine and'kynuramiﬁe‘by"meaps of sucrose
gradient electrophoresis. He used rat liver mitochondria
dispersed by sonication or‘sonicatién and urea. Wﬁen )
sonication alone was used the separation was obtained,aftér |
63 hours and up to 85 hours, but qeparatibn\was not achieved
with shorter run (24-48 hour§)Q After treatment of the
sonicated preparation with urea the separation of the MAO
activitieé was obtained'even within 43 hour rums. These
results which. conflrm his earller flndlng (269) are
con51stent with those of Ragland (385} and others (367, 381 .

A

Therefore the results shown' in the present work

corroborated the findings of other authors in rat liver

mitochondria although different procedures were used .

)
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Unfortunateély the reports of Gorkin (269, 390) and Ragland

(385} were of a pféliminary nature and were not followed up.

Tipton (262) separated two active fractions of
purified pig biain MAO §reparation on Sephadex G=200
ch;ométogra hy. The fraction eluted first, according.
to .Tipton;E;Xght represent a Lipid'complex or a
tetramer®c foym of the enzyme. Gomes et al.(233) after
several steps of purification'andtchromapggraphy on
 hyd#oxylapatite-obﬁaiﬁed-three f@actions of beef liver

mitochondrial MAO. The first fraction which was not

adsorbed to hydroxylapatite was unstable. A physicdchemiéal"

study of the properties of thé‘other two fractions'ihdicated
that one fraction could be -a trimer of the other

olie. Hence the sulphydryl groups, the flavin, rlbose‘and
adeﬁlne content per 10° g were about the same and the molecular
welghts were 405,000 and 1 280 000 respectively..

Thére was a dlfference in the‘ phosphollpld content.

The pH optlmun and the temperature stability were

not dlfferent and the substrate spec1f1c1ty of the three ~
fractlons were similar. The hlgher activity was forx
benzylamlne, the substrate used to follow1ng the purlflcatlon.-
The activity for serotonin was rather lowz" The enzyme was

”observe&—to—aggregate—easilyllspecially the component with

higher molecular weight. -Gomes et al.concluded that_the

multiple components of the eﬁzyme were not isoenzymes but
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fragments in which.the‘enzyme existed in different polymeric”
states. The e greparatioﬁ, beef liver mitochondrie, was
studied by Kinemuchi (396). He solubilized it with sodium
cholate and after eehtrifugaticn separated two fractions,

MAO -1 and MAO—Z by means of fractlonatlon Wlth ammonium
sulfate. MAO-1 precrpltated at a saturatlon of 30 tn 40% -
while MAO-2 precipitated between 40 and 50%. MAO-2 was more
active than MAO-1 with all the substrates studied. The Km
values for tyfamine and seretonih‘were different. Fufthermoxe,
there was a difference in the temperature-inactivation curves
of the two fractions as well as slight differenees in the pHE
cptima of MAO-1 aﬁd_MAO—Z when B-phenvlethylamine or serotonin
was used as substrate. In view of these-differences in |
properties and based on the evzdence of MAC mult;pl;crt; -
obtalned by other ‘authors using dszerent preparatlons, the -
author concluded ‘that MAO-l and MAO—Z seemed to be zsoenzymes.
No further evidence was presented in order to dlscard the
‘pOSSlblllty of changes in the propertles of the enzyme at
different states of aggregation. Hartman’ et al.(416, 417)
reported the antigenic identity of the three MAQO fractlons
separated by Gomes et_g&,(ZBB). They suggested that the-
difference'in properties.of the enzymes separated by Gomes

et al. could be due to dlfferent degreear-f aggregatlon,.
binding to detergent or other physzcal alteratlons ‘of the

same protein. ITf" we_assume—that"themdréferegce_ln_propertles

between MAO-l anéd MAO-2 are not due to these causes but to



'the‘eristence of-different_enzymes, it is possible that
Gomes gt*gl,isolatedoniy.one:component of the multiple

-nAO forms and missed. others during the procedures of
purlflcatlon. As we mentioned elsewhere if the procedure

of purification is not followed up ‘with dlfferent substrates
and 'if there are changes in the substrate speclflclty it is

p0551ble that same MAO components, specific towards some

substrates?'could be lost undetected.

oreland (219, 245) after solubilizing~and
purifying pig liver mitochondrial MAO subjected the-preparation
to gel filtration on'Sephadex'G—Zdo and found two peaks, one
retarded and the other excluded. If the retarded peak was a

reflltrated on the same column it appeared as a szngle

excluded peak. He repeated these experiments includlng

several concentratlons of sodium cholate 1n,the elutlon buffer.
A third retarded peak appeared when the concentratlon of the
detergent was‘}ncreased while the excluded peak dlsappeared
progressrvelyi\ When the included peaks were chromatographed
agaln but eluted ‘without the detergent an excluded peak
appeared and only traces of the included peaks existed.

In consequence Oreland concluded'that the,uarious peaks -

seem to be the result of a'strongrtendency of the enzyme_

to aggregate. AS the'purified preparation-had similar‘l

‘ substrate specificity as theiorlglnal mitochondria, he

dlscarded the possibility of the selective purlflcatlon
\.-4 A

-~
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of only one multlple MAO form. Furthermore after a
comparative study of several propertres of the soluble enzyme and
the enzyme rebound to lipids (220), such as thermostabllltles,
'sensitivity to trypsin and influence to inhibitors, as
mentioned elsewhere in this thesrs, it was suggested that
these results could be in -agreement with' the exlstence.of
only one enzyme in pig liver mitochondrda.

Harada et al. (240) separated two components from
partially purified beef brain HAO by continuous f£low
electrophoresis. These two components, enzyme ‘1 and 2,
apparently did not have different molecular weights;es \

- —

judged by Sepharose 6B gel fdltration. Other properties,

such as pE optimum, Km value and the effects of inhibitors |
when kynuramine was used as substrate-are similar, o0
Jowever, the substrate specificities were different. With
kynuramine, benzylamine, tyramine, normetanephriue and
tryptamine enzfme 1 had ‘higher activity towards tyramine
while ernzyme 2 ﬁad higher‘activitx towards normetaneohriue.
The authors suggested the pOSSlblllty that both components
belong to the same. enzyme protein and were derived by the
ability of the detergent to alter the structure of the proteln.
However, they concluded that the importance of these
components in vivo remains to be 1nvest1gated—%3rther. Hidaka
et al. (418) found that it was p0551ble to*precsztate-———ag—e#hm_;

lmmunologlcally approxlmately 80% of the MAO activity from

A

fi
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partially purified braiﬂ.and‘liver extracts ﬁsing anti-liver
MaO. With further addition of an excess ‘of antiglobulin the
rest of the ‘liver MAO orecrpltated but this did not happen

in the case of brain MAO. Hartman {397) reported the

isolation of bpeef braia MAD tpat did not cross-react with
the anti-liver MAO antibody.using immunoprecipitaticn and
'chromatography (Sephadex G- 200) procedures. He'called‘itn
"brain-specific MAO" and found that properties such as the

rate of deamxnatron-of kynuramlne‘the ‘inhibition of kynuramine :

1 p rgyline, and“the relative rate of

by 1pron1azrd
deamination/of kynuramane, benzylamane and tyramlne were
different from those of liver MAO, purified by the .

method of Gomes et al.(233), total brain MAO and serum amine

ox1dase. Recently, McCauley and Racker (399) also separated
two MAO fractions from a partlally purlfled bovrne brain
mitochondrial preparation by immunoprecipitation. MAO A did
not cross-react with an antl—bov1ne liver MAO antlbody. It
deaminated tyramlne, tryptamlne noreplnephrlne, 'serotonin and
dopamine. There was little. act1v1ty tcwards benzylamlne.
Harmaline was a good znhlbltor of ‘MAO A but not pargyline.
MAO B was precapltated by the antibody agarnst bovine liver
MAO and the precrpltate was enzymatlcally active. This
fractlon was active on benzylam:.ne, ‘tyramine, tryptamine

and dopamlne, while the actrvrty towards noreplnephrlne or

serotonln was little or none. MAO B was resrstant to

harmaline but it was sensrtrve to lnhlbltlon by pargyllne
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MAO A was moxe heat lablle than MAO B. Accordlng(:;

McCauley and Racker these enzymes would corre5pond}to the
enzymes A and-B“descrlbed by Johnston (115) on .the basis of -
experiments Vith the MAO inhibitor cloxrgyline. At|the same 7
time tney-rﬁle out that Hidaka et 5;5(418) and Har;man (397) ﬁ
were dealing with enz?me A, because their nowiorgéioitable'
fraction was active on benzylamlne and furthermore‘ in their
: procedure of purlflcatlon and inmunoprecipitation _y},“"‘
inclnded heating stepsf(37' for'30 minutes) which inattivated

_MAO A.

Shih and.Eiduson(394) reﬁOrted’tﬁe separation of three
MRO fractlons from rat brain matochondrla by agarose columns
and Sephadex electrophoresis. Though one fractlon seemed to
be more active towards benzylamine than towards serotonln.as
compared to the other fractions, the data are not
conclusive about the significance of these fractions.‘ The
molecular'weights seem to be different and the‘possibie'
existence - of aggregates was considered. Studies‘with
‘the inhibitor pargyline (I“C-labelled) showed that¢thls
inhibdtor seemed_to be‘assoC1ated with the fractions
possessing MAO activity. On the other hand they found that
the ratio of the dlstrlbutlon of MAO act1v1ty to 'Kbenzylanine}
serotonin and kynuramlne, between the soluble and the |
-particulate-fraction,-was—different for each substrate. The

distribution of the radioaotlve'pargyllne was also different
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for the aifferent'substratéé._ By assumlng that there was
llttle binding of pargyllne to anythlng but MAO, they

- concluded that thelr data would suggest a possxble change in
the conformat;on of MAO in such a way that the specific
activity would decrease; but they also pointed out the : "
'insufficiéncy of their data to.distiﬁguish-fr¢m.other possible
explanations. Severina?and Zhivotova (419) foﬁnd during the
purification of rat liver mitochondria a selective'inhibition
of the deaminafion of various amines depending on ‘their
chemicai-structure. The deamination of tyramine and .
4-NH;-B—phenylethylémine decreases 50% while'the deamination
of E-phenyléthylamine, its 4Cl-derivative and benzy;amine was
not affected. The éurification steés were followed using

Efnitrophenylethyiaminé as substrate. Though these results

could explain the existence of two enzymes, they suggested

that Eheée modifications.in the activity were due to-sQaﬁial'
changes arising in'the‘enzfpe molecule.during solubilizatiqn
and treaﬁment with Triton X-IOO It is also posSibie that
both these factors lead to the alteratlons in the substrate

spec1f1c:|.ty.

The fractions obtaineé by sucrose‘graaient‘
electrophoresié with seiective specificity towards sgfotoﬁ%n
seem to correspond to enzyﬁe A describea in brain by McCauley
aﬁd Rackér'(399). This enzyme A, as mentioned above, seems

to correspond to'eﬁ%yme A postulated by Johnston (115) and
. ' o\
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studied in différent brgéns of'distinétrspecies by other
authoxrs (seé Eﬁapter le this thesis). The results obtained
. by Kroon.and veidsﬁra (222) with a crude mitochondriall
fraction of rat cerebral hemisphere and those ;eported in.é
preliminary form by Greenawalt (221) ébdut the subcellular
distribution of the MAO activity for several substrates (see
chapter V, this thesis) are consistept'ﬁith our results.

Both authors found diﬁferent 1oca1izatiqn for the kynuramine
‘and serotonin aétivities, though Greenaﬁalt also'described
differences between kynuramine and benifiamine, which are not
confirmed iﬁ'this repor£: These results élohg with o;hers '
already described in this thesis coﬁstitute sﬁrong evidence
for the ex;stence of dlfferent enzymes although there was
only the partlal separatlon of the MAO act1v1t1es and the
ldentlflcat;on of ‘serotonin specific fractions was rendered
difficult due to their instability. |

_—
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SECTION ITI: POLYACRYLAMIDE GEL ELECTROPHORESIS

P T

There are several. reports'in the literatufemon ‘the

. separatlon of multlple bands of MAO means of electrophore51s
-(76 160,. 161, 233, 240 271, 272, 281, 282, 284, 287- 289

359, 384, 385 387 393, 395, 400 420-423) . Polyacrylamlde
gel electrophore515 has been commonly employed. In the
majorlty of cases MAO has been locallzed by the method of
Glenner'gg gl.(290)‘wh1ch utlllzes.tetrazollum salts. This “
method has been questioued in relation to'its‘specificity B
towards MAO. and will be discussed‘in.this section. On the
other handfthe‘difficulty in identif&iug the ‘fractions N
separated by“sucrose gradient electrophoresis,tenderd'
interesting the possibility of corroboratiug these results

using other methods of separation. Polyacrylamide gel .

electrophores;s gives flner separatlon. The MAO act1v1ty was
localized directly on thé gel with radloactlve substrates as -
suggested by Slerens and D'Iorlo (272 281). In addltlon to
serotonin and benzylamlne, two qther substrates, tyramlne

and tryptamlne, were selected because“theyfaISO"have?been
involved with studies of MaO multiplicity‘(see chapter ix,
this thesis) Some problems found during our experlments and
related to tbe use of radloactlve methods in the assay of MAO .

are also studled.

METHODS R - ,
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For chemicals used see section I, b, 80.

Prenaratlon of the samnle- Raf liverAeitochondria
were solubilized 1n 0.1.M Trzs-HCl buffer,ﬁpﬂ 8 8, as
descrlbed in sectlon I, centrlﬁuged at 40,000 g for 15
minutes and dialyzed againet,the same buffer‘for aboutlz'hours,

o [
The sample was then diluted ° three times with distilled

water and an aliquot of eboutrl30 ug of protein was subjeeted
to polyacrylamide gel eleeprophoresis. All the operations

were pexrformed at 0-4°,

'Pblyacrylamide_gel electrophoresis: The gels were

prepared as described by Sierens and D'Iorioc (272, 281) besed'
on the disc electrophoretlcStechnlque of Ornstein (424)- "and

Davis (425) w1th the following modlflcatlon. Agarose was

included in the separatlng gel as suggested by Peacock and |
Dingman’ (426). The. inclusion of agarose‘ made the- gels‘y
harder -which permitted the use of . a lqw;r |
. concentration of acrylamide. In our expefiments’as in those
of Sierens and D IOIlO (272, 281) the concentration of |

agarose and acrylamlde in the agarose-acrylamlde gel was 0.5%°
and. 4% (w/v),‘respectlvely. Further modlflcatlons were found
te{ée necessary ‘to carry out these’ experlments.‘ Lubrol W
é;s included in the eluting buffers and in the acrylamlde and

acrylamide—-agarose gels as descrlbed by Dulaney and Touster‘mzﬂ

This detercent was the same used for solublllzetlgn of the
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samgkaand.xts frnal concentration was 0 4% (w/v).. With further‘-\
;lncrease in the concentratlon of detergent there was a tendency
of the gels to slip out of the tube and thls made the operatlons
-dlfflcult. Riboflavin was used as .catalyst in both acrylamlde
and acrylamlde—agarose gels as suggested by others (286, 428,
429) . Ammonium oersulfate whlcn has’ been used to polymerise the
gels has been shown to have-a denaturlng effect on enzymes in
_addltlon to- producrng electrophoretlc artlfaots (428 430).-uThe
gels were also prerun with reduced glutathlone 1n‘order to
remove any undesirable component which could be present af-i:.e:r--ft
the polymerisation step and also. to reduce any oxidahts that \\
could not be removed by the preelectrophoreszs alone (341) .
without the later modlflcatlons the act1v1ty in the gels for
benzylamine was poor and the act1v1ty for serotonln was not

observed in most cases.l Furthermore the electrophoretlc

migration was not reproducrble:

. . The electrophoresis was carried out in a Canalco

model 12 or in a Buchler polyanalyst electrophoresis

=8

apparatus. The gels were prepéred in 8 x 0.5 cm glass tubes.
‘The solutions and the procedures for the preparation of the -
gels were as follows: .

Solutions:

I. Eluting buffer
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60 g Txis
288 g glycine
water to 2 1

HII. Acrylamlde—agarose gel

(a) Acrylamlde monomer. o '\

e . \

19 g acrylamlde (for electrthore51s,
Easiman Organic
, Chemicals)

lgN N'-methyleneblsacrylaml e
(Eastman Organic:
Chemicals) -\\

-~

: water to 100 m1. -
b} Riboflavmn

2.5 mg ripoflavin
water ml

(c} TEMED S ' -k
0.25 ml N,N,N',NT,—tetramethyl- _
ethylene' diamine-
(Eastman -Organic
: _ Chemicals)
‘water to 100 mL o

(d) Buffer.
45.48 g Tris
60 ml 1M HC1
water to 100 ml
(e) Sucrose-tubrol W
40 g sucrose;

0.8 g fmbrol W  °
- water to-100 ml

; III. Acrylamide gel

(d) Acrylamidé monomer ' |
10 g acrylamide . (for electrophoresis,

. ' “Eastman Organlc -
e . Chemicals).-.
, ] 2.5 gN N'-methylenedblsacrylamlde
o« - water to 100 ml.

-~ -

.. - . . ' LT
- . 3 .
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(b} Ribof%avin : iy
2 mg riboflavin .
water to 50 ml
(c)  Buffer-TEMED S o,

% 48 ml IN HC1 | \géﬂv;
5.98 g Tris -

oL 0.46 ml N,N N',N'—tetramethvl- ’ -

ethylenediamine
_ + (Eastman Organic
. . Chemicals)
water to 100 ml
(d) Sucrosé-Lubrol W - . -

My

The saﬁe as If, d -

j
Procedure: ‘ ‘ ) -

oy

For the preparatlon of- the acrylamlde-agarose gel
4
125 mg agarose (Schwarz/Mann, spec1al grade purchased from

Plcker Nuclear Canada) were dlssolved by boillng 1n 12.5 ml of
Asucrose—Lubrol W solution (II, e). Thejsolutlon_was then -
cqoled to 40° Simﬁltanéoﬁsly, in aﬁoéher flask 5.0 ml of
acrylamide monomer (II, a}, 2.5 ml TEMED solutlon (II‘.F) and

2.5 ml of sacrylamide-agarose gel buffer;(II, d) were mixed-

!
1

) y I toC “» ! -
and warmed up to 400{ Before heating, both mixtures were.

_ . ) | _ | . ‘ ) |
put under vacuum for a short time. When the temperature
reached-40°y +he two solutions were‘mlxed and 2.5 ml of
riboflavin solution were’addéd*(II,.p)L' Emmedlately, the*

N

~glass tube was fiiled up'to 1 cm from the top. After

overlaying with distilled water, the polymerisation was )
‘ ' 1 o
triggered by subjecting the preparation to fluorescent light \\;\

J -

o
—

o
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for'30 minutes. After this time the overlaying water was

carefully suctioned off and the top of the gel was washed

tw1ce with dlstllled water. Then, the water was replaged by —

~acrylamide. qel eolutlon. This solution was prepafed by
mixing 2 parts of acrylamide monomer (III,ja} with 1\part of

riboflavin (III, b), 1 part of buffer-TEMED (III, c) and 4

parts of Sucrose-Lubrol W solution (III, d). Before adding the

acrylamide solution to the top of the acrylamide-agarose gel}
the .solution was degassed by vacuum.. The procedure of

‘ polymerlsatlon was the same as adopted for the acrylamide
agarose gel. When‘thetpolymerlsatlon was completed the top

of the acrylamide gel and-the bottom of the acrylamidenagarose
gel were washed with eluting buffer. lfhe_tubes containinq;d
the gels were placed in.the eiectrophoresis apparatué”and the
reservoireslfilled with elution buffer (I). Care was taken to
remove'air 5ubbles from the. top of the tubes. 50 pl of 4 ﬁM.
glutathlone in 4% sucrose were’ applled n top of/eaeh gel

and a preelectrophoresxs was run at current é€\3 mA per gel

for 1 hour. The posxtlve electrode was connected to the-

———

lower buffer reservoir.
=

At the end of the preelectrophoresis the enzyme

/

preparatlon was Subjected to electrophoresis after refllllng

ey
’ 3

both reservoxrs w1th ‘fresh eluting buffer. The S
preelectrophoreSLS and the electrophoreszs ‘were.carried out

at constant current and at 4° At the end of the run the gels

. C.

~
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were taken from the tubes and cut into thin discs (abott 25 -
mg) with a Canalco gel sllcer. The MAQ actlvmty was assayed
direct1f~og the gel fractions with radioactive substrates
(272, 281, 421 423). The acryiamide gel (about lOO.mé} was
assayed w1thout further lelSlonS. ’ o - : |

Radioactive éssay_ for MAO: Each one of the thin | i

gel discs was put in ;1 0.4 ',mi‘polyethylene centrifuge tube
(section II, p. ;24)'and forced down bf g”short.centrifugation.
10 ul of acrylamide-agarose éel buffer. (solution fI; d diluted
1:10) were‘aa' & and the thin disc was'fragﬁentéd with a

- -
DelrinR homog zer (Physics workshop, University of Ottawa)

»

which fitted o the small polyéthylene tube;“fhen, 5 ul of h’j
radiocactive éubstrate';ete added té'the tube and'the,cqntents ;T o
were mixegfby centrifugation. buring this procedure the
polyethylene tubes were kept.in ice except for the

short lntervals (about 10 seconds) of centrlfugatlon. The
incubation was carried out at‘37 for 60 minutes with constant
éhaking. At the end of this period the tubes weré again
placed in ice and 10 pl of 5 N Hcl were added. The

products of the enzymatlc reaction were extra%ted ‘with 200 ul
of an organlc solvent and 100 Bl of- the extract was mixed
with 15 ml of a 4 g/l solution of Ormmi £ 1uox (New England |
Nuclear) in toluene. The procedure for the extractlon of the;

iproducts and counting of the radloact1v1ty was the dame as

described in section II (p. 124-). The quenchlhg was also

——



the same_isseSPeCtive'of tﬁe solvent used ;or.tﬁe
extraction of the'e;zymatic products.
,. . -
‘Besides benzylamine;i“c, and serotonin-!‘c,

tyreminel“c (New Englaqé ﬁuclearyiand tf}?tamiﬁe;?“c (New
Enqlapd Nuclear) were‘alse utilitea es'substrates. éte
solvents ﬁsedrﬁor extraction Yefe diethyl ether for the
products of tyramine and serbtdnin and toluene.for the

products of benzylamine and t;yptsMihe.
. .

The use of dlethyl ether for the extraction of the
products of serotonln deamlnatlon was suggested by Baker (342). *
Baker pointed out_that serotonin was ek lacted by toluene and
not,byvéisthyl ether based oe the fin&ings of Quay (432). In
a preliminary experiment we found that diethyl ether was six‘
times more effectise thap:toluene in extracting the pfoducts:

of serotonin, but the blank value was increased to the same

extent. On. the other hand it is not likely that large

-

amounts of serotonln can be extra?ted at pH 0.45, pH whlch was
‘the pH of the assav medium in our experlme?ts (p. 151)_ .
after aadisg HC1. Tﬁeincreaséﬁzn_the effielency of extractien .
permits‘the'use of a lower specific actitity in the radioactive
serotonln ;olutlon than that used in the experlments described
section II. The same solvent was employed for the extractlon of

tyramlne products after comparison with three other solvents in

prellmlnary experiments to be described subsequently.
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Tryptamihe and benzylamine ‘were extracted/yith ﬁoluene as-
'descrlbed by Wurtman and Axelrod (341) and Sierens and - _\

‘D 'ITorio (272, 281), respectlvely.

; Another modification was the inclusion of a crude:
aldehyde dehydrogenase preparation in-the ineubaﬁicrr mixture
ekcept in the assay wiﬁh benéylamiﬁe Aldehyde dehydrogenase
-has been employed for MAO assays by other .authors (328, 330,

375)- The aldehyde dehydrogenase and cofactors~added were -
included in the 10 ul acrylamlde-agarqse gel buffer in the .
following amounts: 0.15 umoles of nlcotlnamlde-adenlne | hd

dlnucleotlde (NAD), 0.85 umoles of nlcotlnamlde and 2 ulof 1

crude aldehyde dehydrogenase..

The crude aldehyde’dehydrogenase was @repared.
according to the'procedure'of Lovénberg.eg 219(528). A guinea
pig weighing between 240 and 300G was injected intraperitonea}ly
with.12.5 mg/kg B—phenyliseprepylhydrazdﬁe HCl_(Catroh, gift
from Lekeside Laboratories, Milwaukee, Wis&); After-24 hours
the animal was killed and.rhe'kidneys were removed agd‘kept in
the cold._ The-fbilowing procedures Qere carried out é£\0-4°.

The kidneys ﬁere'homogenized in 4 volumes of‘a solﬁtion-of'o 25 M
sucrose in 0.05 M phosphate buffer pH.ﬂ 4 and the suspen51on
was centrifuged at 78,000 g for 1 hour. The floatlng fatty

layer was removed and the suoernatant was used as the crude‘

enzyme preparatlon.' The enzyme preparat;on was kept frozen
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for not more than 4 days. The actlv:.ty of the enzyme was _‘

determ;ned spectrophotometrlcally as descrlbed by Racker (433} .
The assay mixture in a total volume of 3 ml
comprised the following components:
2.4 mi ai t;iled‘water .
-0.3 ml-of Q.1 sodium.pfrophosphate buffer
pH 5.3
- N _ v :
0.1 ml of 0.2% solution of neutralized NAD

0}1 ml of enzyme suspension.

The above:solueions were piéet#ed out into a quartz.
cell of 1 cm light path, thé rgaction was initiated by adding
0.1 ml of 0.5% solutlon of acetaldehyde to the assay mixture
and the change 1n absorbance at 340 nm was follcwed ‘with tlme.

The reference cell contained all the reagents except the

substrate. ‘One unlt of enzyme act1v1ty is defined as an
optical density lncrement.of 0. 001 per minute under the above
ccnéitions. The specific act1v1ty obtalned with crude aldehyde
'dehydregenése preparation was 166 * 12~(S.E.) unlts/m}.aqd the _
‘protein éoncentration'was about 12.9 x 0.74.(S;ﬁ;) mg/ml.

The radioactive agueous solutioﬂs added to'ﬁhe
assay mlxture were the follow1ng- 10.8 mM (speclflc actLVlty

2.5 mCl/mmole) tyramine, 6 mM (5pe01f1c actlv;ty 3.0 mcl/mmole}'
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serotonln, 6 mM (specxflc act1v1ty 2.03 mCz/mmole) benzylamlne

and 3. ‘mM (SPeCLflC act1v1ty 3.0 mC;/mmole) tryptamlne

‘Preliminary egﬁerimenté wére carried out in order to
study the possibility of'improving the recovery of énzymatic.
,products when organic solvents were uéed. The binding of
these products to acid-inéoluble material (345 434)'whichr
1nterferes with the radloactlve assay of MAO (347) has been
reported. In the present'experlments, the influence of a:
‘crude aldehyde preparation on‘EPe radiometric assaf of ﬁAO
was studied. .Rat liver mitoéhoqdria,suspended in distiiled
water were used és the source of the enzyﬁe. The enzyme
reaction mikture, consisting of 5 ul'of'substrate and 20 ﬁlg
of 0.2.,¥M p?osphate buffer pH 7.4, was similar to thét
described under secti6n-II p. 124. ’

In some experiments dldehyde dehydrogenase and

. solubilized mitochondrial preparaﬁion aevbid of MAO-activitf .
were included in 20 pl of 0.2 M phosphate buffer éﬁ 7.4. When
added ﬁo the assay_mixtuxé the cpncentratiéns of the ;rﬁde
aldehyde dehydrogenase, NAD and nicotinamide were one half of
those present in the\acrylgmiée-agarose gelrbuffer usgd for
the asséy of the.gel frac£ionsQ The MAO inactive solubilized
mltochondrlal prepnratlon was obtained by 1ncubat1ng a

‘G'-..n

sample, similar to- the one utzllzed 1n the electrophoreSLS, -
at 43~-45° for 6 hours and leaving it up to 12 ‘hours at room
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temperature. The incubation was carried out at 37° for 30

minutes with constant shaklng. .The termination of the -~

reaction, the extraction of the products ané”the couhting
of'the radioactitity was dohe—es described abdve'exeept |
that the incqhetion mixture was extracted three times. - '
After the first extraction the tubes were placed in 2’ . o
bucket of alcohol-dry ice and the aqueous phase was frozen.
The remaining orgenic solvent wascdiSCarded. Two hundred
1l of fresh organic solvent were added to the agueous layer
and after shaking for'2‘minutes on a Vortex Genie mixetr
(Pisher.Scientific Cot} the samples were centrifhged. One
hundred ul of the o:ganic layer wig then transferred to the -
| counting vial and e ?roeedure was repeated twice. Further
extraction did hes improve the recovery of the products.

N

- For comparative purpose some experiments were

perforﬂed with the'assay method of Robinéon et al;(177). -
ThlS method 1is based on the selectlve adsorptlon of the MAO
substrates on the resrn Amberllte CG-50. . The assay mlxture
and the condltlth'of incubation were the same as those
desgribed'for eiﬁerimenté where the products of MAO. reaction
were extracted with'orgahic solvents. At the end of the.
1ncubatlon a 20 ul allquot of the 1ncubatlon medium was L
applled to an Amberllte 'CG-50 column and was lmmedlately
eluted with deionized water. The condltlonrng of the resin
was done as described below fo}lcwing the procedure-of )

r



Pisano (435).
| \

~ amberlite CG-50(H) of 100-200 mesh (BDH Chemicals.
Ltd;, Poole, England) was suspended in 3 volumes of aistilled.
"water and stirred for 3‘mihutee. After settling for 30

minutes the supernatant was ilscarded. fhe procedure was '

repeated untll the supernatant was clear after settllng
for 15 mihutes. The last supernatant was not discarded and 2
volumes of 10 N NaGH were added over a period of 15 minutes

with continuous stirring. The stirrihg was continued for 2°

hours. Then the suspension was allowed to settle for 15

minutes and the supérnatant was discarded. The resin was

washed several times with distilled water and then five

volumes of 6 N HCl were added and the suspension stirred for
30 minﬁtes. Then the resin was washed with water‘seferal
times and convertedﬁback:torthe'sodium form by 10 N NaCH and'
washing with water ae described aboﬁeq The resin was
suspendea in an equal volume of deionized water, stirred and

brought to pH 6.0~ 6 5 w1th glaczal acetlc acid. The

~
Amberlite was ready for use when the pdﬂ remained constant R

~after 30 minutes of continuous stirring;

I.“
f
The Amberllte columns (0.5x3.8 cm) we:e prepared

\
&n Pasteur caplllary plpettes which were plugge\\w;th glass

wool. Deionized water was used for all procedures. When

the resin sattled the columns were washed with 4 ml of water.’

-

)t




After‘applyiné the sample the column was‘waehed with 4 ml of -
deionized water.. Idcreasihg the'volume of elution did not,
improve the'recovery of products. An aliouot‘of the eluate
was added to 14 ml of Bray solution and the radloact1v1ty

‘was counted in a Mark 1 11qu1d—sc;ntlllatlon counter (Nuclear ‘
Chicage Corporation) by the external standard method. For

the .preparation of the Bray solutlon naphﬁﬁﬂene (Scintillation
grade}, 2, 5- dlphenyloxazole (PPO) and 1,4-di-~2~ (S-phenyloxazolyl)
benzene (POPOP) were purchased from ICN and p-dioxane
(sc%ptanaiyZed) and methanol ifpeCtranalfzed) from‘Fisher
Sciéntific Co. Limited. The proportion of the different
substances was the same as descriped by Bray (436).

™

Staining procedufe for the localization of MAO in

acrylamlde gel: After acrylamlde gel electrophore515 of .

SOIUblllZed rat liver mltochondrla was performed as descrlbed
above, some gels were stalned by the method of Glenner et al.
(290) as described by Youdlm et al. (388). The lncubatlon of
gels was carried ount in the dark at 37° for about 45 mlnutes
with a solution of the follow1ng composition: tryptamlne
hydrochloride (30 mg),'sodium sulfate'(lamgi,'nitro blue
tetrazolium (10 mg, 2 2—Diep7nitrophenyl*5—5'—diphenyl-3,3'- -
(3 3! dlmethoxy-4 4'-d1phenylene) ~ditetrazolium chloride, |
Sigma Chemical Company) and 10 ml of 1.0 M phosphate buffer
pH 7.4. When tryptamine wassubstltuted'by benzylamine,

serotonin or- tyramine the same concentration was used. = . “
», . - . .
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Otherjtechﬁiques: fhe assa§ of MAO hy oxygen . 7
consumption:used in this.section‘is=identiea1 to that
described in sectidn I.. In this'assay'catalase was not
added to the assay medium’ (299) because all the samples

“

assayed contalned significant amounts of ea\glase.A:
- The act;vaty of catalase was measured by the Sigma
method. A.30% solutlon of HzOz, in 0.05 M phosphate buffer
pH 7.0 was diluted to give an 0.D. between 0.550 and 0.520 at
240 nm with' a quartz cell of 1 em light path. The enzyme
assay ?as_performed in qua#tz cells. (1 cm light path) at 25°
by adding 0.1 ml ef the samgle to 2.9 ml of the substrate and
the time required for 0.D.zuo .to decrease from 0.450 to 0.400
was measured. This time corresponds to the ‘deeomposdtioh of
3.45 umoles of H20z in the 3 ml solution. One Sigma unit is
the amount of enzyme which canieatalyze the decomposition of

one micromole of H:0: per minute under these conditions.

I
o

. The'proteins were estimaeed_according-to Lowry -
et al. (405). . .
'l
RESULTS . U
Fiéure 12 illustrates the dgstribution of MAO ‘\;_

act1v1ty after polyacrylamlde gel electrophores;s when the

run was carried out from cathode to anode for 75 mlnutes with

]
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Q
a current of 2 mA per gel. Benzylamlne MAO actzv;ty is

1ocallzed in the acrylamlde gel. Serotonln MAO act1v1ty is
distributed in dl erent peaks .at the beglnnlng and at the

end of the acrylamide-agarose.ge; though some activity is -
observed in the acrvlamlde gel.. Part of the tyramine activity
remains with the actlvlty Eor benzylamlne in the
iacrylamlde gel and part is locallzed in  the middle of the
acrylamide-agarose gel. With a longer duratlon of '
electrophoresis (2 hours) the activities for benzylamine,
serotonin and tyramine are observed in the,acrfiamige gel
.but'serotonin activity is also hoticed in the‘aorylamide-
agarose gel (fig.r13). A clearmseparation of the serotonin
MAO actlv1ty from that of benzylam;ne can be observed when
the electrophore51s is run. for 2 hours and the current is
increased .to 3\m§~3§£,gel as shown in flgure 14. In contrast
the serotonln act1v1ty, the tyramlne actLV1ty remaﬁ9s in the

acrylamlde gel although penetratlon of this activity into the

beglnnlng of the acrylamide- agarose gel is also observed.—

-

When the electrophoresis is run from'anode to oatoode
using a current of 2 mA per gel for 7§‘miﬁutes (fig. 15)
serotonln MAO act1v1ty appears along the gel in several'bands
while’tyraminé activity is locallzed in two peaks at the
beglnnlng -and at the end of the acrylamade-agarose gel.__'f

Howdver, benzylamine act1v1ty could not be detected. . Similar

resu?ts with benleamlne act1Vrty were obtaghed 1n

J
l.

B
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| electropho;esis'that lasted foQ'O.S'snd Z‘ﬁours. When the
current was increased to 3 mA per gel,and-the électrophoreSis
lasted for .2 hours (£ig.\16) fyraminé %ctivity was iocalized;-us
in the acrylémide,'gei,_ﬁén;zylémir}‘g acti®ity was absent'andl

serotonin aétivity was localized in the acrylamide gel and in

-

“the first third of the acrylamide-agarose gel.

FPigure 17 illustrates the distribution Gf MAO -

activity when trvptamine was used a substrate and the

electrophoresis was run for 75 minutes with a current of -2 mA |
e : .

per gei. The distributidn_of trxyptamine astivity-is'similar
to that of serotonin under identical electrophoretic conditions

(fig. 12}.

A ssriss_of pggliﬁinary experimenfs was carried
out in order to sﬁana;sdize the conditions foi the assay of
Map with radloactlve substrates when organlc splvents were
used for_the extractias of the MAQ reac;;on products. The

-
-

results obtained w1th-these,exper1ments.are illustrated in
' N s

y - . ‘
figures 18-25 and tables 4-87. .

A perussl of table 4 wbuld shsw Ehat'diethyl ether
is more useful fcr the extractlon of the tyramlne products
than toluene, anlsole and ethyl acetate. Anisole (176)
comparable to diethyl ether afte: foﬁf'extractlons, wi

proportion of radioac;ive cpgntstetweeniblank and s

’
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" Figure 12. S e ORI ;

Polyacrylamlde gel electrophoreszs of rat liver
mitocﬁondrla. The electrophores;s was carried out for 75
mlnutes from cathode to anode-with a current of 2 mA per

gel. MAO act1v1ty was assayed dlrectly on the gel wath

benzylamlne (top graph), serotonin (mlddle graph) and’ 3 . .

N\

”tyramlne (bottom gheph) aé substrates. The activity was

‘expréssed as”c.p.m.tiﬁ‘an'aliquot-bf:lQU;hl of organic’
+ ‘ hd . -

solvent/fraction/hGur, without blank subtraction, after - £
‘extraction of the.prpducts,of thé'HAO_feaction with 200 ul
of organic solvent. F 'mo;é details see text. .
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Figure 13.

Polfacrylamide.gel,electrOphoresiS'of rat liver
mitochondria. ?he electrophoresis was earrieahout for 120
minutes from cathode to anode with a current of 2 mA per
gel. MAO act1v1ty was assayed dlrectly on the gel with -

benzylamlne (top graph), serotonln (middle graph) and

tyramlne (bottom graph) as substrates. The actzv;ty was .
expressed as c p.m. in an aliquot of 100 ul of organrc

solvent/fractlon/hour, wlthout blank subtractlon, after“ _
extractlon of the products of the’ MAO reaction w1th 200 ul . N s

of organic solvent. For more details see text.
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Figure 14. E )
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fos *

QFémlde gel electrophoresis of rat l;ver

he electrophore315 was carrled out for 120

N
e Wlth a current of 3 mA per gel.‘

mitochondria.

minutes'from thdhe to anoa

graph) as subsfrates. The actxv;ty was expressed as c. p.m.

1

[ subtractlon, after extractlon of the products
of the MAOJreactlon with 200 ul of organlc solvent., For more
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- Figure 15. ' T ' L -

Polyacrylamide‘gel'eiectrophoresis of rat -liver
mltochondrla. .The-electrbphoresis was carried out‘tor'TS
minutes from ancde to cathode wrth a current of 2 ma per
'gel.' “MAO actmvrty was assayed dlrectly on ‘the gel with -
benzvlamlne-(top graph), serotonrn (mlddle graph) and :l

tyramrne (bdttom graph) as substrates. The act1v1ty wasmﬁé

expressed as c.p.m. 1n a allquot of 100 uk of organrc'

w

solvent/fractlon/hour, wrthout blank subtractlon,.after- S

extraction of the products of the MAO reactlon with 200 ul

.!;ii>orgahic solvent. For more details see éhrt,

»

N
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Figure 16.

r
¢

= ' polyacfylamide'gel electrophoresis of rat liver
'mitochondria. The electrophoresis was: carried cut for 120
minutes from anode to cathode with a current ef‘3_mA per -

gel. MAQ activity was assayed'directly on the gel'with~.' Lol

o

ben2ylamine (t0p'graph)¢ serotonin {middle graph) and.
tyramlne (bottom graph) as substrates. The activity was
expressed as cup,m. in aligquot oﬁgloo ul organlc solvent/

IR l'

fractlon/hour thhoq; blank subtractlon, afteﬂ extractlon

e et

of the producj//of the MAO reactlon W1th 200 ul of. organlc,

selvent._ For’/more detalls rsee text.
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Figure 17. . I_ | - C R )

‘ Polyacrylamide gel electrophoresis of rat liver:
mitochendria ' The electrophore51s was carried out for 75
.mlnutes from cathode to aque with a current of 2 mA per | g

gel: MAO act;vxty was assayed dlrectly on the gel with

o

. tryptamlne as substrate The . act1v1ty was expressed as

R

~C.p.m. in an allquot of 100 ul of organlc soivent/fractlon/

, hour, wrthout blank subtractlon, after extractlon of the
products of the MAO reactlon w1th 200 pl of. tol@Lne. ‘For A

more details see text. . . _" '( L . e

(20

ety



T E . ‘ . gl ueys ﬂmwmvum 70U ses memEmm .
, o3uoTTd ]I} Usomlay uofaefaea By ‘ATeAfjoadsex ‘ordwes pue Juvlq Bu3 390
g . 8UOTIORIIXD ﬂwOM x933e A3TAT3ovoypex oyj yilTa peleduod 8e/. ThtjorvoypeRa
: Jo ebeilueoaed oyz jussexdex s36x0RIQ UT BOUTEA BUL/ ‘wnjpau Aesse
9Yy3 Uy pspniout ses uojlexedaxad sseuaboapiysp opAyspTE epnao Vv *3xX97}
ﬁ
_¢
o
00
—
1
!
_
!

. w:w Ul peqriosop se podAesse oixem Sordues eyl ‘siessy 03Iyl uo,mmwnw>a‘
9y} sjussaxdeax enTea ydeg ‘utw o/ w-d'p se pessaadxe sT AITATIO¥ OWW -

— '
-
— .

{

e

. . . L peajorIiqus :
ST ST . g S L AuRTq WITA -
. veozz 76902 - .. 85092 . z9g9T' _  BuUOFR0oRAIXD
. . S o anod

¢ . 4 - .

(00T)  (00T)  (0oT) . (ooT) .  (gHT) (00T) ©(00T) . (00T).. suofIoeazXL - 7 w
[L9%Zz . ¥s9 . 6LTTZz  98% . .- 6006E 0S6TT .  LBZLT  wgy T Amod oo S
(06)  (99) - (¥9) . (¥¥) (zL)  (v2)  -(v§)  (65) . uoFIORIGXS
€Epeoz - TRP. - 6SET AR - 6T6LE S0TE . GCE6 4. VYT _ 3IBATI
aTdueg .wcmam oTdweg = jueTd . r pTdWES xcmﬁn JonEmmm_x:uHm . ‘ e
“x9y3le Hm:wm mAOmﬂca. | o3ejeor TAYUId . auaniol .. _
' - - o . ! . . s o
! . - : 7 ’ - e - '

. .

umumnumnﬂm mzu_mﬂ.wcﬁsmnmu UsyA UOF3OEDI OVW.-9Y3} JO

muw1ﬁoum a3 Jo :Oﬁuomuwwm,mzu X0J BIUSATOS JUoxoj|p JO UOSTIRAUWOD - _° ) _
. ' . Fﬁ. . - ) N

? ‘ . ~

——— . . »

yanavs - . N



-
.

181~ S

but it.istless efficient in the first extraction] “Thoﬁgh
ethyl acetate (169) seems to be efficient the blanks are - |
hlgher and thus dlmlnlshes ‘the accuracy of the method.‘

™ 7oluene (176) is the least eff1c1ent of the three solvents.

ey

*~

On the other hand ¥1th dlethyl ether the majorlty of’the__:

-

.products are extraoted ;n the first extractlon.-

N
-

‘The effects of both solubilized mitochondria and
crude aldehyde dehydrogenase preparation on the‘assay of MAQ.
wzth benzylam_ne, serotonln, tyramlne and tryptamlne'as

-

substrate ‘are 1llustrated in tables 5 and 6. The presence of
&

\

either solubilized. mltochondrial prote_n up to a boncentratlon
of 40 ug or aldehyde- dehydrogenase does . not seem toﬁaffect -

, benzylamlne actlv;ty (table 5). However,.th;s is not the ‘case
when 40 ug of. solubilized protein and'aldehfde dehydrogenase
are added together. On the other hand there ‘seens ‘to be a’

reductlon in serotonln act1v1ty when the amount of solublllzed

mitochondria is lncreased in the assay medlum, but thlS effect

' can be overcome by addlng aldehyde dehydrogenase. Furthermore,‘

in thé range of zero to.-20. ug "of" solublllzed mltochondrlal

. r‘ ,- ' 1

of the solubrilzed proteln but also increases the extraction

proteln aldehyde dehydrogenase not only abolishes the- effects'.

of products compared to the control mltochondrla

w;thout-these addltlona. lee for serotonln MAQ act1v1ty, the
o S . . .. _

-

-
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activities'for‘tryptamine and t?ramine'(tablexﬁ).appear

to be dlmlnlsh,Wlth dlfferent amounts of solubilized

—— - -

nltochondrla and aldehyde dehydrogenese,restores the

activity to the original values. Wlth tryptamlne,'even in the

presence of 40 vg of solubilized mltochondrlal proteln the’

recovery of the enzymio products is comparable to the control.

The'Same is not the case with tyramine as the substrate. ..
Solubilized mitochondria did not interfere with MAO assay
the separatlon of the products—from the substrate is obtalned
on an Amberlite CG-SO column (table 7). A comparlson between

the separation of rad;oactlve products by the column procedure

R

and by extraction with organic solvents‘ls illustrated in’ €able 8.

It may be.observed that more radioactivity is recovered with
the use of Amberlite CG-50 column wnen tryptamine is the
snbstrete but with benzylamine and ty;amine'ehe.opposite‘is
true. When'serotonin is the substrate both methods appear
to have similar efficiency. The blanks for all the four

substrate are similar for the two methods.

ﬂFigures'18-23 show the effects of.substrate
concentratlon, enzyme concentratlon and dlfferent times of
1ncubat10n on\\ e act1v1ty of MAO for benzylamlne (figs.18,
19), serotonln??% 20 and 21), tyramine (figs.22 and 23)
and tryptamine (f1::\22\253\2§1\\1e is possible to observe
that the reaction :|.s linear for aﬂ\the substrates over a

periocd of 30 minutes7 In. the case of e\ﬁam‘ne ‘and’ tryptam;ne
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‘Influence of solubilized mitocﬂ%ﬁdﬁial
. ——

preparation in which ¥AO has been - ' .

ie inactivated by heat on MAC assgy with

. - ! .
Amberlite CG-50.

— T
Substrate Control Solubilized mitochondria ‘
. (40 ug of protein)
T c‘; - .K\ - ri
Tyramine 20812 - - 19364 ‘
Tryptamine 13758 14367
Serotonin 27497 | 28986

MAO activity is expressed as d.p.m./30 min.
Each value represents the.average of three .
samples. The MAO active preparation was ' .
rat liver mitochondrigssuspended in
‘distilled water. For more details see text.
The variation between triplicate samples was -
not greater than 73: ' S
ot | .



Comparison between the separation of

radiocactive products ngﬁﬂo reaction ‘ R

by Amberlite CG-50 column and by

organic solvents.
. ) \

Substrate : Amberlite ~ Organic
- CG~50 column . solvent .
Benzylamine : : 17101 - 30565 E. ' - .
- : | - (100) ' (179) B ‘
M '
Serotonin o 111413 ' o 99287
. (100) ' (89)
Tyramine . 66479 ‘ 82554
- (100) . . (124)
Tryptamine 42187 | 30565 B ~

(100) R

4 MAQ activity is expressed as d.p.m./30 min. Each
figure represents the average of four assays. The
figures in brackets indicaté percentages in -
relation to the activity of samples assayed : \
with the same substrate by means of Amberlite Y
CG-50 columns. When organic solvents were used N\t
for the extraction of the products four -
extractions were made and a crude aldehyde

 dehydrogenase preparation was included in the
assay medium.  For more details about .the assays
see text. The variation between quadruplicate
samples was not greater than 7%.° A :
: . \
] : ’ . : h
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Figure 18.

e . ‘ /

A. Effect of benzylamine cdncentraggbn.on MAO
activity. B. Effect of @ifferent concentratipns of
enzyme (ug of mitochondrial protein} on behzylamine MAO | . "
activity. The incubation was éarried out at 37° fcr~30 |
minuﬁes.-'The activitynis exéressedvaé d.p.m. after three

extractions of the radiocactive products with 200 pl of

toluene. The. final cpncentration of substrate in the
incubation medium in B was 1 mM. Each experimental

point represents the average of three samples.

-
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Figure 19.

‘Effect of'diffe%ent ﬁime of'incﬁba;ion on \
benzylamine gad‘activity.'.The iﬁcubation was carried out.
at 37° witﬂ'a-final concentraéion of‘substiaté of 1 mm;,
The activity is expressed as d.p.m. after three éxtractions-
of the rgd;oactive products. with 200 pl of toiuene.' Each

- experimental point represents the average of three samples.
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. Wrigure 20.

r - 'A.\ Effecﬁlof serotonin concentration on MAO .

‘activity. B. Effect of differént concenﬁraﬁions of

. enzyﬁe.(ﬁg of mitocﬁbndrial_protéin} on sefbfbnin MAO
activity. The inqubatioﬁ was carried out in the‘presenge‘of
aldehyde,éehygiogepage‘éf 379 for 36 ﬁinﬁtES. Mﬁb

—_—

activity is expressed as d.p.m. after three extractions of

the radicactive products Q%;h 200 Bl'oﬁ'diethyl ether.
The final copﬁentration of substrate in the incubation
medium in B ﬁas l‘mM; ﬁaéh e#pgrimentél point represents
the average of three samples. |

N

~W
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Figure 21. . L - -
o Effect of different time of ineubation on serotonin

MAO activity. The incubation was carried.out ‘in the presence

of aldehyde dehydrogenase at§37 w1th a flnal concentratlon of-

substrate of lmM. The act1V1ty is expressed as d.p.m. af%er

three extractlons of the radiocactive’ products with 200 pl of °
dlethyl ether. Each experlmental polnt represents the » . «
average of three sa@ples. ‘ , . :

8

{1
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Figure 22. : .' ’

Effect of tyraminé concentration on MAO activity.
B. Effect of different concentrations of enzyme (Mg of

mitochondrial protein} on tyramine MAOLéctivity. The

incubé;ion was carried out in the éresenée of aldehyde
dehyarogenase at 37? for 30 minutes. ThHe activity is expressed |
as.d.p.m. after three extractioﬁsrof the radicactive products .3#
with.zdolpl'of diethyl ether. Tbe.final‘cbnceﬁtrétion of -
substrate in the incubation medium in B was 1.8 mM. Eacht

experimental,ﬁéint'represedts the average of three samples. - *
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Figure 23. e

' . ' r
Effect of different time of incubation on'®

tyramine MAO activity. ‘The incubation was.céf:ied.é%p

in the presence of aldehyde dehydfogenase at 37° with a
final concentration of substrate of 1.8 mM. The mctivity
is expreésed as d.p.m. after three extractions of‘the
radioactive products with 200 ul.of.diethyi ether. Eacﬁ '

‘experimental point represents.the average of three samples.

A

£
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Figure 24. .

A.  Effect of tryptamine cdnCentration on MAO.
actlvity. -B. Effect ‘of dlfferent concentrations of
enzyme (ug of m;tochondrlal proteln) on tggglamlne MAO
activity. _Thellngubatlon was carried out in the presence

of aldehyde dehydrogenase-at 37° for 30 minutes. The

activity is expressed as d.p. m.*after three extractlons'
of the radioactive products wzth 200 ul of toluene. ‘The
final concentratlon of substrate in the incubation medium

in B was 0:5 mM. Each experimental point represents the

average of three samples.
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Figure 25.

Eﬁ;ect Qf different time of incubation OR
tryptamine.MAO activity. The incubatibn'was carried_out‘
in the presence‘of éldéhyde.dehydrogenasé at 370 with a
final concentration of substrate bf O.S‘mM; . The activity
is expressed as d.p.m. after three extractibns'with 200
1l of toluene. Each experimeqtdl point'represents thé.
average -of threé samplgs.

- L - /“"“—\..
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Figure 26..

‘ . Detection of MAO activity aftgr polyacrylamide
gel electrophoresis by the method' of Glenner iﬂ al. (290)
as de.scribed. by. Youdim et 21.;. (388) . Rét liver"solu.b:'i..lized
: mitochonc’iria were . subjected to polyaérylamide. gel .

electrophoresis under conditions identical to those

described .in E‘.i-guré 12. Bénzylamine (b) , sexoteonin (s),

tryptamine (t) and tyramine (ty) were used as substrates:.
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the reaction was linear up to 45 and F0 minuts, réspectively.

Care was taken_to see that the peried oﬁ_incﬁbation'and the -
amount of enzyme did not exceed thefrequrrementa_for eiioiting
a-linear response (figsa:l?BJ 19; 20B, 21, 22B, 23; 24B, 25).
The exceptions to this were the experiments reported in table
Sthere the concentration‘of enzyme was high and the others"
where the lnchbatlon of 1 hour was used in order to ascertain
the detectlon of MAO actxvrty ln the polyacrylamrde gels. 1In
the first case the same, condltlons were adequate in order to
get the same amount of products for comparlng the eff1c1ency
of the methods gor separatlng the products from the substrates.

In the second case the method of assay was used only to locallze_

the_enzyme qﬂt:fltles on the gels.

The recovery of products in the first extraction
in relation to that obtarned w1th three extractlons was the

followrng: benzylam;ne 75%, serotonin 76%, tyramlne 89% and

.~

"tryptamine 71%. The yarlatlon between dupllcate samples was

not greater than 7%. '_ R .
Figure 26 shows gels stained with tetrazolium

salt forx the localrzatlon of MAO act;vrty after 75

minutes of eleotrophorESls run from‘cathode to anode with

a current of 2 mA per gel. A broad band was observed‘when

serotonin, tyramine and tryptamine were used as sub-

strates. This band was.localized-at‘the end of the
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o ' - ‘ .
acrylamide gel and at.the beginning of’theuacrylamide—agarose;_

gel. It was not present when’ benzylamlne was the substrate
or when the preparatlon wéé 1ncubated for 15 minutes wzth
1074 1soca;boxatld (a 'gift of Hoffman—Lg Roche Limited,
Mohtrea;f prior‘tp the~glectrdbhorééis. A positive tgactioh -
with similar properties was observed in the toé of the
ac;ylamide gel. A nafrtw purple bipd/gétwéén the acrylamide
gel and acrylamide-aga:ose gel andfa wéak poéitive-reactionr
* in the top“bf the acrylamide-gel were'noticed‘when the
current was increased.to 3 ﬁA and thé‘electrophdresis

co ucted for 2 houts."If the curfent'was revérsed and the
electrophore51s lasted. for 75. mlnutes (2 mA pexr gel) or 2
hours (3 mA per gel),'lt was not possible to detect any band
with similar propertles to those descrlbed above. The

staining of the gels us;nguserotonln as substrate showed a

dark purple background whereas the other three sﬁﬁgtrates' N
gave yellowish backgrpunds.with a light purple colour. This
staining of the gelshappeéred darker or.lighter in some S
zones than the‘surrounding'ar?as gi%iﬁg thg/appearance
of other bénds. These bhnds wére visible e6&QuEf the sample
was pre;incubated with‘>isocarboxazid. -

The efFects 6f solubilization with Lubrol and E
sénlcatlon, as descrlbed in methods of this section, on MAO
activity for tyramlne and tryptamlne are 1llustrated in table

9. The recoveries of both activities are s;mllar though these

7



' TABLE 9

'4

":Effect”of Lubrol W and-sonication on

| { tyramine and tiyptamine\hAO activities

‘in rat liver mitochondria.

4 ) t'; .
c s
\? Tyramine Tryptamine

- 92,4 - 89.5 .

Lubrol W_(l2.5%) e (76.4 102.7)° (68.3 104.7) 1 .
. ' - . N\ s

Lubrol W (12.5%) . 72.8 . 73.8
and sonication = = (41.1 104.6) (52.9 5.9}

-

The values are expressed as the percentage of ~
MAO activity of the original mitochondria
suspended in .distilled water.  MAO activity
was measured by oxygen consumption. Benzylamine
and serotonin to a .final® concentration of 3 mM
were added to the samples with Lubrol. The
samples were dialyzed before the MAC assay for
36 hours. All procedures bgfore the assay were
carried out at pH 8.8 and 4 .  The sample was
treated as indicated for the solubilization of
the samples in methods of this section. Each

- value is the mean of 5 experiments for tyramine

- and tryptamine, respectively. Values in )
‘brackets represent the range.

5




‘are 1ower -than the recoverles obta;ned Wlth benzylamlne,
.serotonln or kynuramlne (table 3). Prellmlnary experxmentS'
“showed that the change ln the strength cf the Trzs—HCl buffer
| from 0 01 M to O. l M is wzthout effect on the recovery after
lmsolublllzatlon of benzylamlne and sérotonin MAO activities.
The values of the act1v1ty for catalase were. 891 2 124 8
(S.E.) Slgma unlts/mg proteln and 540.5 * 69 7 (S. E) Sigma
unlts/mg proteln for matochondrlal and solublllzed samples,

respectively. T I s




.

. gel. Since there is not a leading ion, chloride, and a

- DISCUSSION

Foooo .
) The preelectroéhoresis of the'gelsf nentioned
elsewhere, produced a system of two'gels.which at the
beginning of the electrcphoresis had'cohditions-eifferent
to those descrlbed by Ornstein (424) and Davls (425) 'The_
buffer -in both the acrylamlde (spacer) and the acrylamide-

agarose (separatlon) gel would be Trls-glyclne instead of

the original Tris-HCl buffer (424). The pH in the acrylamide

' gel would be about 8.3 while in the acrylamideragarose gel it

would be 9.5.° The buffer in the acrylamide gel woﬁld'haye a
lower ionic streﬁgth than that of the acrylamide—agarose
trailing‘ion; glycine, the system would tend to lose soﬁe-

of the stacklng effect descrlbed by Ornsteln._ At the same*
time other factors could contribute to- sharper startlng zones.
Among these .factors could be mentloned the difference in the
ccncentratlcn of acrylamade in both gels (424, 437), he -
presence of agarose in the acrylamlde-agarose gel (426) and
differences in ionic Strength and-pH.(424).. Cn the other _
hand the use<of the acrylamide gel would preveht cioggihg-f‘
of the surface of ‘the acrylamide-agarose gel (438) . Since

a complex preparatlon was used there mlght be complexlng and
pIGC1pltat10n as the proteln concentratestn1 the surface of .

the gel. In fact. it is p0531b1e to observe sonme clogglng .

(acrylamide gel) in the gels shown in flgure 26. Some |

. -
] . - :
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experiments were‘carried out where . the same sample was
_subjected to electrophoresxs on gels prepared ‘as descrlbed
by Sierens and D'Iorio (272, 281) and on gels prepared . by
the procedure descrlbed above'. At the end of the . elec~
trophoresis the gels were sta;ned with Cocmassie brilliant . s
blue R250 (439)-follow1ng tlie procedure descrlbed ln‘ORTEC
‘application:hote AN32 (45?f for the localization of
protelns. In the gels subjected to preelectrophoresis the

' bands were somewhat 1ess sharp and wider. ,égt_this
broadening of the band might not have any effect on the MAO
localization due to the sire of the fractions used for the
MAO assay. Perhaps, in view of the tendency of the enzyme

to aggregate (219 233, 243, 245 262) and the crudity of

the preparatlon, the high concentratlon of the sample obtalned
in the procedure of Ornstein (424) and Davis (425) would not -
be des;rable.- Enzymes contalnlng sulphydryl groups and - -
subjected to polyacrylam:de gel electrophore51s have been
found to be affected by ammonium persulfate (428—430) while
.nonsulphydryl proteases are not affected (430) . MAO is
considered a sulphydryl enzyme in which -the sulphydryl

groups are essentlal for act1V1ty (chapter vIi, this thesis).
It is poss;ble that in our experlments ammonlum persulfate,

when used as a catalyst,_could have contrlbuted to the

inactivation of the enzyme activity.

b€ assay of MAO with radioactive substrates is a

L4

o~
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spec;flc method w1th a relatlvely high sen31t1v1ty that
pexmits the 1oca112at10n of traces of enzyme activity. But e

‘the detectlon.of the enzyme act1v1ty on the gels was only

qualitative. Therefore, the improvement in the reeove’

~

medium contributed to the uniformity of the assay in the
- ) \ “_ .
different gel fractions.

\\*/ﬁhﬁf be critical but the presence of this enzyme i Ahe assay

i 3 “THe preliminary studies caxried out with the assay
of MAO,'uSingviadioactive substrates, were made with the
purpose of standardizing this method for further experiments

A

where the different MAOs could be purified. From this data

it is clear that the recovery of the products of ‘the

oxidative deamination of benzylamine by extraction into
toluene*was better than ebtained withch:omatégraphy on -

- Amberlite CG-50. The extraction witﬁ toluene is more
effective and at £hers;me'£ime it is not affected.by the
presence of solubilized protein in the sample. Witﬁ the
other substrates the‘methed of extraction is more difficult
to select though a method can be more efficient than another
in extracting the products of a particular substra;e. The
recovery of radioactive products with organic solvents is
‘affected by solublllzed mltochondrla. In the case'of R
serotonin, thls recovery 'is also apparently affected by the

presence of mitochondria suspended in distilled water since

~
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1

~aldehyde dehYdrogenase can.imptove the recoéery of'producté’
'.éven in the.absence'of solubilized mitochondria. Though Ehé
presence of up to 40 ug of sgiﬁbiIiZed protein in the .
incubation medium had no effect on the assay of MAO activity
with Amberlite CG-50, this procedure is less sensitive and
more complicated as comparedtb‘the_extracﬁioh by means of
organic solvénts. With the organic solvent all of the
incubation mediuﬁ is subjected to extraction and 50% of the
total products extracted aré measuréd in the liquidl_
scintillation counter.. On the other hand. when the amberlite-
CG-50 was used only 2/3 of the lncubatlon medlum was applied
to the column and “ily 25% of the total elution volume ﬁas

subjected to rad J-eac\tlve c%untlng. Furthermore the

effxc;encv oﬁhﬁhe radloactrve countlng with the Bray solution
(about 67. 5%) &as lower than the countlng eff1c1encm-found
with the solution of Omnifluor in toluene (about 84%). Some
of these factors_can be modified in order to ;ncrease the
sensitivity of the method.- It is necessary to see t the changes
do not éomplicate‘ihe procedé%e,and'at;pe,éamE,timé they must be

evaluated since it seems that the .amount of protein interferes

with the method (177, 347)..

_The extraction of the products of tryptamine
oxidation ;gﬁo Eoluene”has beeh found to be adequate when the
sourceypf Mké is not a solubilized preparatlon (341, 345).

N
whlle'the SOlublllzed preparation produces 1ncops;stent‘



=213+

‘results (347). When assay mlxtures which contalned
homogenized tlssues were 1ncubated in ‘the presence of  aldehyde
dehydrogenase, the number of radloactlve ‘products extracted
in'tolueﬂe was unchanged, notwithstahding‘that the ratio

between aldeh?de'and acid was changed.. This is similar to-
the results reported io table 6 where aldehyde dehydrogenese
wae withont etfect on'the MAO assay when.tryptamine was the
substrate and lysed_mitodhondria the_gouroe of the enzyme.

On the other hand Southgate and Collins "(347) obtained erratic
results when they added aldehyde dehydrogenase to the
incubation mixture containing solubilized enzyme. These

authors did not mention the presence of appropriate

cofactors in the incdbation mixture. 'Jain et al. {346)

recently reported a study on the assay of MAO with radloactlve
substrates using rabbit and llver mltochoodrla. 'For the assay
' with Amberlite CG-50 they terminated the reaction with HC1 before
applying the sample to. the column. This has_the advantage.
that the reaction can be st0pped_iostantaneously but at the
same time;as‘suggesteo by Southéete and Collins, the denatureé
protein could increase the nOn»specific binding ofthe
radioactive metaboiites. : 7/2
.

Jain et .al, (346) found toluene(suitable for |

extractlng tryptamlne oxrdatlon products and diethyl ether

for the oxidation products of all the other substrates

(tyramlne, dopamlne, serotonln and norepinephrine) which is
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in accordancewith'the experimental data shown in this

section. They also.suggested the use of aldehyde_‘ : _. -‘ -
dehydrogenase altheugh'was ‘pointed eﬁt'that in some,sita;'
ations this may be_uﬁdesftabie.

Ungar et al. (434) found a_suhstantia} amount of ¢
the products of biogenic amines formeégby thejaction ef MAO
to be bound to tissue. 'They'suggestea.that the data derived
by means of the radioisétopic assay ﬁight be used for |
comparative purposes, yith similar enzyme preparations and
for the same substrate . only because the phenomenon of‘binding
"would lead to underestimaticon of enzyme actifity,and errors

in determination of kinetic constants. Their data also

indicated that the presenee of a free (unsubstituted)

" hydroxyl as a constituent of -the aromatic ring would be
1mportant in the orlentatlon and flrm attachment of the .
igﬁehydes to tissues. The absence. of "any influence of the
solubilized mltochondrla ‘'on the MAO assay with benzylamlne

could be explained on the basis of the above idea.

. G _ . _ ]
The results with polyacrylamide gel electrophoresis

show that when‘thé electrbphoresis is run from cathode to
anode ben2ylam1ne act1v1ty remalns in the acrylamlde gel . and
can be separated from Serotonln activity which penetrates
the acrylamlde—agarose gel. Tyramine activity cannot be

separated from benzylamlne activity excepting one peak



illustréted.in fiqure 12 whicﬁ'penetfates thé.aérflamide-'
agarose gel. This peak‘hag_ﬁof_beeﬁ found toicbincide with‘-
the peaks of serotonin'MAO adtivity. Tryptamine activitf-
underrthe electrophoretié condiﬁions described in figuré'lg
seems to migrate similar.to se;otbnin activity. If the |
current is reversed benzylamine  activity could.ﬁdﬁ be
detected wh;lé the other activities.ére'fdund along the

gels in several bands.:-Undoﬁbtedly the migrationsdescribed
are dependent upon the conditions oflthe electrophoresis and .
under different conditions results may be different . For
example in some_expefimenﬁé in which the géls were prepared
with ammonium persulfate and without pteelectrophoresis, thé.
solubilized'mitochondriél sample was_gubjected té.electrophorésis
under the same conditions as described in figure 12. It was ‘l
| possiblé to £ind benzylamine activity in the acrylamide gel | \
and at the end of the aérylamide-agaroéé'gél while" serotonin
activity was localized in the middle of the acrylamidefagarose

gel} When the .electrophoresis was run under the same

éonditions but with the current :?versgg; benzylémine éctivi?y‘.
could be detected in.thé-acryiamide-aga;osewgel. As mentioned

PR R
elsewhere these results were not reproducible and the MAC

activities were either low or were not observed..

'The individual patterns of migration of the activity
for each one of the substrates obtained in our experiments

could be explained on the basis of either indomplete . |
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solubilization of the'cbrreepondieg enzyme (Section'i,"this

. thesis) or polymerization of the same basie'stbueit or .

‘ assoc1at10n with some kind of subparticles, rather than on
the baSlS of the exlstence of isoenzymes (160, 289, 397, 420;;
. 422) . Furthermore, as mentioned above, the pattern _ - : ,;'
lof migration in these experiments depends on the'
Aelectrophoretic conditions. Moreover the use of crude -
preparations could-give rise to artifacte.”_More important
than'the-separation of”different bande of'the activity for
the same substrate is the complete 1ndependence of
electrophoretlc mlgratlon between the dlfferent enzymatic

activities. The present resultsconstitute strong evidence

for the existence of completely different MAO enzymes and

are consistent with those described in section II, using a
different procedure. The'obrious.difﬁerences‘in the
electrophoretic migration between‘the distieet enzyme activities
"might not be.imputed'to artifacts for'eeveral“reag;ns,' The
solubilization treatment,did not alter in a seleetive wey the
activities for the substrates sttdied.i Serotonin activity is
more lablle than benzylamlne act1v1ty and there are fractlons
- where this actlvlty can be isolated devoid of benzylamlne
activity. Furthermore the difference in migration of the
different activities usiﬁg different methods . of separation.is'
in accordence with the reports of other authors who have used

.

different methodology (269, 383, 386, 3?0).
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///The results reported here also seem to .indicate
“the existence of an overlaoplng substrate sPec1f1c1ty for"
" the deamlnatlon of tyramlne between the enzyme that
deamlnates benzylanlne and that whlch deamrnates serotonrn. . _I .
The ‘only exceptlon apparently is the band wrth tyramine activity |
111ustrated in flgure 12 which is locallze& in the-middle of
"the acrylamlde—agarose gel where the other actrvrtres cannot 4
be detected. Thrs overlapplng in the substrate specificity
for tyramine is in agreement wrth the results obtained w1th
the lnhlbltor clorgyllne by several authors (115, 116, 375- P
378, 440).. Tryptamrne seems to be deaminated by the same “
enzyme that deaminates serotonin but this substrate was

studled only under one specific electroPhoretlc condition

(fig. 17) and further studies would have been necessary.

.After the first electrophoretic separation of.'
_MAO by Kim and D'Iorio (271, 384) and Youdin and Sandler
(287) the localization of MAO in polyacrylamide gels by
staining with tetrazolium salts has been a standardﬁteohnique
(76, 160,'161, 282, 284,;289; 359, 385,'3874389, 392, 393,
395, .400) although in some reportsfﬁio have been localized
by other methods (272, 281, 391, 421-423).. A series of
factors seems to compllcate the lnterpretatlon of the
results when tetrazollum salts are used. Lagnado and Sourkes

(228, 441) and Sourkes ‘and Lagnado (442) have described the

requzrement.for a heat—stable supernatant factor in the



redﬁcti-c_m of tetrazolium salts by i:ét brain and l:.ver

' 'suspensions. Thi‘s factor can be reéplaced by purine,
~hypoxa1_1th5:n'e ‘and-relateq,t‘:bmpouﬁds.', Weis:sbach- et 3_1_.’(-364) |
observed a lag phasé when they used t;etrazofiinn ﬁaits for~

the assay of MAO in vitro and this lag phase ot prese_nf

when the enzyme was assayed with the manometm. method. | A
lag phase was also cbserved by Lag_ﬁado and: S
other tetrazdl:_’.‘im salts (228). Broocke and Egigél_(443) warned
against the use of phenazine methosulfate with nif:roblue
tetrazolium in the same system because of the risk of

non-enzymatic reduction of-the tetrazolium salt. Falkenbergs

et al.{(444) suggested that a non-sp ific staining observéd

polyacrylamide, cellulose acetate), after stain g with

tetrazolium salts, and called "nothing dehydrogenase”, could

be due to the presence of lactic dehydr

the sample and groups s::.mlar to lactate inzthe. supportmg B

medium. ~ It has been considered that the reductlon of the
tetrazolium salt may depend on the aldehyde. of the MAO ' ;' .
reaction (290, 445). | Whei:.h‘er the aldehyde i‘edqbes the -
tetrazolium to formazan directly or thrbugh some other epzy‘rﬁe |
e.g. aldehyde déﬁydrogenase has been discussed (363, 364).
Since mdol—-B-acetaldehyde reduces certain tetrazolium salts
dlrectly while aldehyde such as benzaldehyde and acetaldehyde do-
not (445), Glermer et allf445) and Boadle and Bloom (363) agree that
" in all probability the mdolacetaldehyde produced by the

b
-
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oxidative deémination'of tﬁyptamine does indeed reduce the

' téttazoiiuﬁ'directly. According‘to Boadle and Bloom

‘(363)} fgr the-localizgtién of HAO with_tetrazoliuﬁ saltsrit,
is necessary to restbon'ttefassumption that thémildéhyde
does not @iffuse far from the reaction gité before “

encountering a molecule of tetrazolium.

In view of the wide use of tetrazollum salts for
the 1ocallzatlon of MAO in studies on its multiplicity and
the facts mentioned above, it was found desirable to
;appare the flndlngs gbtalned w1th'the-use of a spec1fic
method for the'localization of MAO to those obtained by -
the use of tetrazolium staining. For this stainin§ four

substrates, bénzylamine, tyramine, serotonin and tryptamine

were used. Benzylaminé has been reported to be unsuitable
as substrate (358, 363, 445) since.benzyiamine did not
reduce tetrazoliuﬁ. ThlS is 1n accordance w1th the
negatlve results obtalned ln oux exper;ments with thls
substrate. - On the other hand reports exist where MAO could
be localized with this substrate_(le, 359,384, 385, 393)
but phquzine methosulfate and cyanide were present in the_
incubation medium. This,;ccording'to_the report of Brooke.
and Engel (443},wou1d,invalidate these results. Tyramine
has beén reported as.a boor substrate for the tetratolium
reductlon while serotonln and tryptamlne are good substrates

(290, 364). In our results w1th the use of tetrazollum

1 . .
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, . | , >
staining, tyramine, serotonin, and tryptamine seem to | T

migrate identically. ‘The bands observed with this method
did not correspond to those detected u51ng radiOmetric

techniques. .Therefore the reaction with tetrazolium salts *

‘in our observed bands-appears'unspecific'for'MAO activity and

extremeiyrunreliable."While the tetrazolium staining 1is.

—_—

inhibited by'isocarboxazid a wellknown MAO inhibitor, this
does not necessarily;mean~that the staining is specific

for the MAO reaction.

Youdim, Collins, Sandler, and collaborators
(181, 287-289, 387- 389 392 400, 160) have reported the

separation of MAO actiVity in several tetrazolium staining

bands after polyacrylamide gel electrophoreSis of a partially
purified.MAOlpreparation. The ‘enzyme was eluted and studied.
These experiments,according to the authors, constituted a

direct confirmation of the existence of ﬁnltiple MAOs and

' desigrniated them as iscenzymes.

In 197i, Youdim and Collins (387) reported the
dissociation and reassoc1ation of rat liver mitochondrial
MAO after treatment of the purified preparation with urea
and sodium dodecyl sulfate. The denaturing treatment
produced a single protein band devoid of enzymatic actiVity
after polyacrylamide gel electrophoreSis. If the enzyme

preparation-was dialysed prior to the electrophoresis the -
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separation pattern-was'identical to‘the non—denatured- _

protein. When the 1nd1v1dual bands of actxvzty'were exposed

to the same denatur:xu: treatment and d1a1y51s, the
electrophoretlc pattern of each band was sxmllar to that of
the purlfled preparatlon of mltochondfial MAO wrth one
exceptlon. The molecular welght of the purified MAO was
150,000 and 300 000, respectlvely if determined by .
ultracentrlfugatlon or gel flltratlon.. The moiecular'weight
of. the dlfferent electrophoretac bands of MAO act1v1ty

' fractlons determined by gel flltratlon was 300,000.
Treatment.of,either a.partially purifieo.gho ?reparation

or of the variousIelectrophoretio.bands with_a.denaturrm;
agent. (such as urea) produced a loweéring of the measured
‘molecular‘weight (approrimately 78~000).l The:molecular
weight was, however, determlned only 1n four of the fivef
bands of act1v;ty., The above cbservations couldLbe an
lndlcatlon of the syhllarlty of the dlfferent bands. The -

authors suggestea\qhat'the’ﬂhltlple MAO forms are

conformatlonal enzypes. Later Lagnado. et al.(446) and

Youdim and Lagnado (447) reported that 51tes of MAO enzyme
activities detecbaio polyacrylamlde gels by the
'tetrazollum method’d not necessarlly c01nc16e in all cases

with bands of MAQ act1v1ty‘measured by radloassay, They _

obse'rved this pﬁenomenon when st 'n‘ing the gels using tyramine ard

tryptamlne as substratesand assayln the zones of enzyme

. actlv;ty w1th the same substrates by radlometrlc technlques.'

3
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‘They concluded that "it is ‘evident that the use of

tetrazolium salts For the'detectioh of multiple forms of

—_—

-

MAO in electrophoretlc experrments or 1n hlstologlcal
studles can;, 1ead to an erroneous assessment of MAO act1v1ty
dependz.ng on t_.he. nature of the substrates test_ed, and on
“other yet~unidentified factors,which,apﬁear to control
reduction of these salts". They also observed an inhibition.
of MRO activity by Z—Eflodophenyl B-Eynltrophenyl 5-phenyl-
2H- tetraZOllum chloride. On thlS basis Sandler and Youdim
(160) criticized the results of other authors (385 393, 395)
‘who used tetrazolium salts to-locallze MAO activity.. . |

Tipton gE.EL.K284) reported the similarity between

. 24- fold'pﬁrified MAO‘from beef adrenal medulla and a purified.
MAO from rat. liver (278) When the beef adrehal medulla
preparatlon was submltted to electrophores;s the bands of
activity were similar to those described’ for rat liver
mitochondria (388) . They. found differeht‘émountsof.
phospholipids in each band, but the gradation of
| phOSphOllpld oontent does not parallel the electrophoretio
mobility. A single bandvduch moved towards the cathode on
polyacrylam:.de gel electrophores:.s was found to have a -
relatively high specificlactlvlty'wrth dopamlne as the ‘{ik
substrate and to differ from the remainder or the enzyme in
being reiatively ihsensitive to inhibition by 2-phenylethyl-
. hydrazine, iprohiasid and isocarboxazid.. No separable bands

>
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of enzyme acﬁivity-could be obrained when the eleetrophoreeis
of rat 11ver MAO ‘was carried out in the presence of Trlton XiIOO'
(EE%%, This accordlng to Tlpton would support the contentlon
thatthe multlple forms may represent a 51ngle spec1es to whlch
dlfferent anounts of membrane materlal are attached as
proposed by Véryovklna gE‘§£¢(275). Recently, Houslay and‘
Tipton (420) using rat liver .mitdchohd'ria found an indication
that one of the bands reported by Youdim et al (388, 392)
and Youdlm (288)" whlch:enalnedrn the dfégln was an artlfact
due to the method used‘to apply the séﬁp&e. When a
crude preparatiod of rat liver mitochondrial outer membranes
or a partly;purified rat liver MAOC after treetmert with
sodium perchlorate were subjected to polyacrylamide gel
electrophoresis enly one band was observed. This would\
suggest that the presence'of‘electrcphoreticelly separable
bands -of MAQ activity in the'partly purified ?reparetion
of MAO could be en artifag%*of_the burificatien érecedure.'
Guha et al.(448, 449) and Sen et al.(450) have
suggested the presente~of a monoaﬁine tetrazoliim reductase

system distinctitanMAO on the ‘basis of different properties

~ [

such as sensitivity to inhibitors, substrate spec1f1c1ty,
influence: of temperatnre, 1nfluence‘of anaercbiosis and pH
activity curves. The presence of this system would give

rise to more questions about the séecificity of tetrazolium

‘salts for the_localiiation of MAO. Therefore id summary
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the reports on thepelectrophoretic separation of .several
MAO withfthe use of crude-preparations ap&\tetragolium
salts (271, 359, 385, 393, 395) are unreliable. In
view of the flndlngs of Houslay and Tlpton electrophoretlc
separation usrng purlfled preparatlon (76, 160, 161 282,
284, 387-38%, 392, 4QQX would stlll glve rrse to dubious -
results even if tetrazolium staining was specific. “
| ‘ .. ' | \
-lRecehtly, b'?orio et al,(423) and Kandaswami
et é;.(451)‘have'obtained_preliminary results which confirm
the results shown. in section I and II. D'iorio et gl.(423),
subjected rat 1iver mitochondrial preparation to several
chromatographlc steps and ocbtained three fractions wrth C .

dlfferent>substrate spec1f1c1t1es.' The‘procedure was as

follows: the high speed supernatant of a solubilized prepa-
ratlon was - treated w1th DEAE cellulose (dlethylamlnoethyl- A ' . ;
cellulose)f; Thls solubilized preparatlon was prepared as ‘
described in section IT in presence of dithiothreitol andl

: ethylenediamine—tetracetate.' These two substances, which | h *
were also'present-in all the-solutions used} increaseé the

recovery of the actrvities‘forrthe substrates studied andj;

in partlcular the ‘serotonin activity. After centrifugation | .
the DEAE—cellulose was discarded and the supernatant was

'passed through a column of Sephadex G-200. The MAO

act1v1ty was eluted lmmedlately after the v01d vclume

(M.W. ;.450,000).- No szgnlflcant separation of the MAO '

-
-
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activities for the different substretes.oas cbtained in these . .~
steps. The f;ections'conteinihg MAO activity. were pooled;
conceﬁtrated and dialyeed egainst 0.01 M Tris-HClwbﬁffer,

pH 7.4; treated with ﬁEAﬁ-ceilﬁlose and centrifuéed. The
supernatant was filtered (fraction I). The resin was washed
with distilled watet and the eluate»was.eeparated {fractioh‘gI).
Further elution of the resin with 0.1 M NaCl in 0.0l M Tris-
~ HC1l buffer, pH 7.4, yielded anothet_fraction (fraction III).
These fractions were found to have%differences in their
substrate specificity as-illustrated in table 10. Serotonin

activity 15 predomlnantly in fraction II and IIT while

benzylamlne is predomlnapt}ymln fraction I. Serotonln

activity is scanty in fractiotJI. These results indicate
+he occurrence of at least two enzymes with varying eubstrate
specificity. ‘ﬁnfortunately'the recovery of the enzyme -
activities in the different fractions was_low and-ipcongustent,

notw;thstandlng that the substrate spec;flc'ty of e//

fraction was a;wags similar. By adopting another method a
fraotion'which'exhibits a high aCtivity towards serotonin hae
been isolated by Kandaswami et al,(451). The procedure for-
the isolation of this enzymic fraction consisted of
extraction of rat liver mltochondrla with Triton X-100,
followed by anmonrmnsulphate fractzonat;ou, treatment wzth
alumina Cy gel and molecular sieving on Sephar05e 68. In

the presence of thls fractlon serotonin was preferentlally

4 - H
oxidized whereas little activity towards benzylamlne was
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© _TABLE 10

'MAO activity in different fractions

. of DEAE-cellulose* -

Benzylamine Serotonin Tyréhine
Fraction I . 100 9 . 52
Praction II - 204 ‘ 394 148
Fraction III T g7 © . 251 | 105

p—

*The values are expressed as the percentage of
benzylamine MAQO activity in fraction I. MAO
was assayed by .oxygen consumption (281; in
presence of catalase (299). One -hundred was
equivalent to 0.775 patoms of oxygen per hour
‘per mg protein. For more detail see text

(p. 225).
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detected. Other substrates like tyramine and 't;ryptam:i‘._ne.

were also oxidized by the enzyme. This fraction

appeared to be stable.
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CONCLUSION .

| Studies on substrate specaflcrty. klnetlcs,
selective 1nh1b1tlon by MAO inhibitors or phy51cal agents and
dlstrlbutlon of the actlvrty of MAO with varlous substrates
under different experlmental conditions suggested the presence
of either more than one enzyme or multlple forms of orie enzyme.
On the other hand many of these data can be diversely intexr--
preted. Many attempts nave been made in order to separate
these MAOs but many qpestions concerning methodology stiil
have to pe resolved before a precise identification of the -

enzymic fractions is obtained. -

Although- an evaluatlon of the degree of llberatron
of MO, obtalned w1th the technique described in this thesis is
made dlfflcult by the presence "of detergent, thls technique of
.solublllzatlon when applled to rat liver mitochondria compares
‘favourably with the resnlts-of other authors. At .the same
time the substrate specificity of the original mitochordria
was maintained, at 1east for the five substrates studied.
Several factors such.as the presence of detergent and substrates,
alkallne pH and sonication after equilibration of the sample
with H2 was srmultaneously used. Some of them have been found
to fac111tate the détachment of MAO whlle others‘prevent its

_lnactlvatlon.
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When a selﬁbilizedlfat'liver miaochohdrial
p&eparation was eubjected'td Sucrose gradient’electrophoresis -
the pattern of dlstrlbutlon of the act1v1ty for serotonln was
dlfferent from. those of benzylamlne and kynuramlne. Serotonin -’
actzv;ty was predomlnant in- some|\ fractions even though it was
more labile than benzylamine. an kynuramine activities.
These results tqge;ﬁer with ether reports found.in literature
,stroaglf militate in favor of at least two different | "
activities, one for_Serotonin and the ether for benzylamine j

and kynuramine.

The results obtained with.sucrose gradient

electrophoresis were further confirmed by the use of

polyacrylamide electrophoresis. The enzyme activity was

detected on the gels by means of radiometric methods -

7

instead of tetrazolium stainingswhich has been shown to. be
unreliable and unspecific. For the assay of MAO with
radioactive substrates—the use of aldehyde dehydrogenase and
approprlate cofactors in the assay medlum is recomm;;ded when
tyramine, serotonin or tryptamlne are used as substrates. In the
presence of aldehyde dehydrogenase there was an increase in

the products, extracted but. thls was not found when benzylamlne
was the substrate. By means of polyacry;amlde gel
electrophoresis, the activities for serotonin, tryptamiﬁe and

tyramlne can be separated in several bandswh;ch migrate to

either cathode or anode, whlle benzylamlne actav;ty was



-

detected as chly'onelbéﬁd'which could be isolated devoid | a
of the other enzyme'aqyivities. As with sucrose gradient |
eleptrophorésisvfhe separatioﬁ iﬁ-ﬁuifiéié'banaé of the

activity for the same substrate could be due to.artifaqts B

rather than to MAO multiplicitf.'-Howeﬁér, the sepafatiag

of the' activity for one substrate £rom the other cquld not

be ascribed to such factors. Though benZylamiAe énd
serotonin appear to be deaminéted.by aifférent enzymes,
the péssibil}ty of én'overlapping stbstrate specificity

for tyramine and benzylamine activity and alse for tyramine

and serotonin activity is not discarded.

'y -

v
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SUMMARY

A crudé“hitochchrial pfeparation:was tfeated with
\E;nonionic.detergent and subjected to sonication in oxder to
liberate MAO f£rom the mitochondrial membranes. Wich this
treatment the substrate specificity of the criginal mitochondcié
was maintained unchanged. fox five substrates (benzylamine,
serotonin, kynuramine, tYramicc aﬁdftryptamine). ‘After this
treatment the mitochondrial preparation wcs submitced to
electrophoresis on'sucrose gradient and on polyacrylamide gel.
W;th‘sucrose gradient electrophores;s it was p0551ble to show

that the pattern of mlgratlon of serotonin act1V1ty was

different from those of benzylamine and kynuramlne activity.

Polyacrylamlde gel electrophore51s conflrmed these results.
The MAO acth;ty was locallzed directly on the gel w1th
radioactive‘stbstrates (serotonin, benzylamine, -tyramine and

tryptanmine). Serotonln and tyramlne MAO activities separated

in several bands. whlch mlgrated elther to the cathode or to

- the anode whereas benzylamlne act1v1ty was localized in one

-

band. The 1atter could be separated devoid of the act1v1ty
for serotonin though not from the tyramlne activity.
Tryptamlne activity was studled only under one particular

electrophoretic condition in which it mlgrated in a

- SLmllar way to that of serotonln activity. All these results

lndlcate the occurrence of different en2ymes for the oxldatlve

deamlnatlon of benzylamlne and serotonln. The pOSSlblllty of



: Voverlapplng substrate speclfzczty for tyram;ne act1v1ty
with those of serotonln and benzylam;ne activities is not
discarded._ When tetrazollum salts were usedtn detect -
MAO  in the gels the locallzatlon observed was dlffe;ent
from that obtalned WLth radloactlve substrates.' The use of
tetrazollum stalnlng for the detection of.MAO was found to
be unrellable and unspecific.. When MAO is assayed by
radloactlve technlques with serotonln, tyram;ne and
ryptamlne as‘substrates, the-use of aldehyde dehydrogenase
and an approprlate cofactor is advasable because it glves
rise to an increase in the products extracted,partlcularly . _/7

when a solublllzed MAO preparation is gsed;
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