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INTRODUCTION

The oxidative deamination of monoamines in the
mammalian organism has been attributed to the enzyme monoamine
oxidase since Blaschko (10) in 1937 concluded that the different
amine oxidizing systems which had been described were probably
one and the same enzyme . This conclusion has been quite generally
accepted, although indirect evidence against it has emerged from
different sides . More recently the multiplicity of mitochondrial
monoamine oxidase has been suspected, mainly on the grounds of
indirect evidence gathered more or less accidentally in the
course of investigations on other aspects of this enzyme system .
In the few cases where this problem was attacked directly,
encouraging though non-conclusive evidence was found for the
multiplicity of mitochondrial monoamine oxidase .

The present work was started with the hypothesis of
the presence of different enzymes for the oxidative deamination of
monoamines in rat liver mitochondria . If two enzymes catalysing
the same reaction are present in a mixture, this has special
implications for the kinetics of the reaction . Three different

experimental approaches were used by us to test the conclusions




of this hypothesis with experimental data . These experiments are
desc?ibed and the results discussed in Part I of the section on
experimental work .

The first type of experiment involved the use, in a
mixture, of two substrates, one 14C—labelled and the other one
cold, in order to determine the apparent Km and the apparent Ki
for both substrates . If two enzymes with different Km were
present, onc would expect the apparent Km to be different from
the apparent Ki . The second experiment had a similar setup, only

now the effect of the concentration of serotonin on the slope of

the reciprocal plot for the benzylamine-14C reaction was evaluated.

If two enzymes are present, there should be a hyperbolic inhibi-
tion on the slopes . In the third experiment, one substrate
(serotonin) was used in a simple assay of the rate of oxygen
consumption at different levels of concentration of the substrate,
and the reciprocal plot was made . If two enzymes with different
Km for serotonin were present a hyperbolic reciprocal plot would
be found

In Part II of the experimental work, an attcmpt was

- made to separate the two enzymes . Since monoamine oxidase is

known to be bound very tightly to the mitochondrial membrane, the
problem of its solubilization had to be solved first . Indeed it
was thought that the best chances of obtaining a separation of the
two enzymes would be after as good a solubilization as possible .

So we first investigated a variety of methods for solubilizing the

enzyme . Some work in that direction had already been done, but with




limited success, and the criteria used to decide if a preparation
was soluble were often less than rigorous . We therefore decided
to study the solubilization using besides the common differential
centrifugation technique, electron microscopy and density gradient
centrifugation, hoping that the results of these methods would
complement each other . When a suitable method for solubilization
was found, the separation was performed using the disc gel elec-
trophoresis technique . The enzyme activity was detected directly
on the gel which was cut into thin slices . When the existence
of two bands of monoamine oxidase activity was established in this
way, artifacts were ruled out by eluting the enzyme from the gel
prior to the assay .

The section on experimental work is preceded by a
review of the literature on monoamine oxidase, in which chapter IX
(on the multiplicity) gives a detailed description of the concepts
and evidence which prompted the start of this work, and of which

this work is only an attemptedcontinuation
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SECTION I : REVIEW OF THE  LITERATURE

Chapter I : HISTORY

In their review of the history of monoamine oxidase,
both Blaschko (1) and Pletscher, Gey and Zeller (2) mention
Schmiedeberg (3) as the first to carry out experimenté on amine
metabolism . He namely gave an oral dose of benzylamine to a dog
and recovered benzoic acid in the urine . He concluded that the
amine had been metabolized with loss of the amine group and
oxidation . This was in the year 1877 . Mosso (4) in 1889 gave a
quantitative basis to these findings : from a subcutaneous injec-
tion of benzylamine, he recovered 90% as benzoic acid in the
urine . In 1883 Minkowski had shown that in vitro also benzylamine
could be metabolized to benzoic acid . He was using minced rabbit
tissue . Perfusion experiments performed by Ewins and Laidlaw 6)
in 1910 gave essentially similar results : in a perfused liver
they found that tyramine was metabolized to p-hydroxy-phenylacetic

acid at a ratio of 70% . In a perfused rabbit liver tryptamine was




metabolized to indole-acetic acid . In all of this work it was
assumed the first reaction was a hydrolysis, which was followed

by oxidation .

(D R-CHz-NH2 + H20 —-}R—CHZ-OH + NH3 —>» R-COOH

amine alcohol acid

It was Hare (7) who in 1928 discovered '"tyramine
oxidase" and made the first mention of oxidative deamination .
In other words she showed that tyramine added to an incubating
minced tissue increases its oxygen consumption, and she con-
cluded that oxygen was necessary for the metabolism of tyramine .
Bernheim-Hare in 1931 showed that the reaction liberated ammonia
and hydrogen peroxide (8) . She also postulated the formation of
aldehyde . In 1937 Blaschko, Richter and Schlossmann (10)
described an adrenaline oxidase and they concluded that the
tyramine oxidase of Hare, the amine oxidase described by Pugh
and Quastel (9) and their enzyme were identical . Zeller in 1938

(11) proposed to call it monoamine oxidase to distinguish it from

diamine oxidase . The value of these names and classification

will be discussed later .
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Chapter II : DEFINITION

i e e o - - - e em e

1.4.3.4 monoamine : 02- oxidoreductase (deaminating)

Monoamine oxidase deaminates alkyl- and
aralkylamines with primary or secundary aminogroups while liberating
ammonia or methylamine respectively .

+ +
(2)  R-CH,-fH, + 0, + H0 —F R-CHO + NH, + H,0,

In the presence of catalase (e.g. whole homogenates or cven washed

mitochondria) :

[XI]
o

(3) HZOZ — HZO +
Sum of reactions 2 and 3 :

()  R-cH-fH, + 10, —3 R-CHO + I

273 2 4
H.Aebi et al. (12) showed that in the presence of catalase there are
two possibilities for the further metabolism of hvdrogen peroxide,

depending on the presence or the absence of hydrogen donors :
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- when no hydrogen donors are present

(5) HO, = 10,+ HO

In this case the molar ratio of oxygen consumption over ammonia
production equals 1}

- when hydrogen donors are present (e.g. formiate) :
(6) HE’Z‘O2 + Donor-—H2 ——P 2 HZO + Donor

In this case the ra tio of oxygen consumption to ammonia production
equals 1 . In equation 5 we have a catalase-type reac£ion, in
equation 6 a peroxidase-type reaction . The importance of these
reactions is obvious, since one of the main assay methods for mono-
amine oxidase is based on the measurement of the rate of disappear-
ance of oxygen, and the presence or absence of catalase and of
hydrogen donors can greatly influence the oxygen consumption .
According to Aebi (12) lyophylized mitochondria, without added
catalase reacted 40 % as in reaction 6 .

Monoamine oxidase can be classified as a 2 electron
transferase : 2 electrons are transferred directly or indirectly
to oxygen, which is reduced to hydrogen peroxide, while the
aminogroup is oxidized to the iminogroup or the aldehyde .
Theoretically there are three possibilifies (2)

- monoamine oxidase reacts directly with oxygen

- it reacts with the aminogroup and dehydrates it to the
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(8)

In favor of the direct reaction with oxygen, the authors mention:
monoamine oxidase does not use the respiratory chain in vitro ;

no experimental evidence has yet been prescnted for the formation
of an iminogroup in the reaction .

reaction is the reduction of certain indicators (o-bromindophenol,

iminogroup, while oxygen is reduced to H202

~is then split off by hydrolysis .

+
R-CH,,-NH

+
o~NHo + 02-—>R-CH-NH2 + 11202

+

R-cuzﬁﬂz + H0—PR-CHO + NH,

The electrons released by the dehydration of the amine

must be transferred, over the respiratory chain or an

equivalent mechanism, to oxygen .

- the dehydration of the amine is coupled directly with a

hydrogen consuming reaction (e.g. the reduction -of pyruvic

acid ) .

o-cresolindophenol, tetrazolium salts (2,3,4)

manometric measurement of the enzyme (15) ; - and the reduction
of indicators is inhibited by carbonyl rcagents whereas the dis-

appearance of substrate is not .

© of indicators requires a lag period which is not observed in the

. The ammonia

In favor of the indirect

. But - the reduction

It must therefore be concluded
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that the reduction of redox indicators is due to further oxidation
of the aldehyde, not to the deamination reaction itself (2)

The reaction described in equation 2 and 4 has
always been found to be essentially irreversible . Proof that the
deamination really happens according to equation 2 has been the
detection of the recaction products and the stoichiometry . Hare (7)
already detected hydrogen peroxide and ammonia . Many other authors
have demonstrated the production of the aldehydes corresponding
to the different substrates : benzaldehyde, phenylacetaldehyde,
p-hydroxy-phenylacetaldehyde, 3,4,-dihydroxy-phenylacetaldehyde,
etc...(2)

Since it became more apparent when the sﬁbstrate
specificity of the amine oxidases was studied, that the classifica-
tion by substrates was less than adequate, Blaschko et. al. (17)
in 1959 proposed a new classification . Monoamine oxidase also
attacks long chain diamines (e.g. histamine) and diamine oxidase
is active on some monoamines as well . Therefore Blaschko proposed
to base the new classification on the more typical and better
defined inhibition characteristics :

- monoamine oxidase is inhibited by octyl alcohol but not by
carbonyl reagents (e.g. semicarbazide) nor cyanide .

- diamine oxidase is inhibited by semicarbazide and cyanide

but not by octyl alcohol .
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As a conclusion one can define monoamine oxidase as an enzyme
which deaminates oxidatively monoamines, but also certain diamines,
is not inhibited by carbonyl reagents, but is inhibited by octyl
alcohol and a series of specific inhibitors . These criteria
enable us to distinguish it from diamine oxidase (1.4.3.6) and
spermine oxidase (an enzyme which occurs in plasma of ruminants,

is inhibited by carbonyl reagents and cyanide and is mainly

active on spermine but also on benzylamine ) .

Chapter IITI : PROPERTIES

Numerous studies have been devoted to the explo-
ration of possible substrates for this broad specificity enzyme,
and to the classification of those substrates according to their
ability to be broken down by it . But although an impressive list
of substrates was drawn up, the classification was quite difficult
due to the great differences in specificity between the enzymes
from different organs and species . Some general rules could be
established however . Werle (16) enumerates them :

- of the aliphatic monoamines the ones with short chain
length are the better substrates, with an optimum at
butylamine ;

- the enzyme is not active on the typical diamine oxidase
substrates putrescine and cadaverine, but longer chain di-

amines are substrates with an optimum chain length of thirteen
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carbon units ;

- the arylalkyl- and the indolylalkylamines include several

physiologically important amines which can be classified in

the following order according to their oxidation rates :

good substrates are dopamine and tyramine ;

fair substrates : 3-methoxy-tyramine, tryptamine, S-hydroxy-

tryptamine, isoamylamine ;

poor substrates : phenylethylamine, normetanephrine, metane-

phrine, epinephrine, norepinephrine, N-methyl-histamine,

kynuramine ;
Substitution of atoms in the substrate molecule has different
effects when performed in different places in the molecule . Sub-
stitution of one hydrogen on the amine group has little effect
on the ability as a substrate ; two or three hydrogens replaced
by methyl groups e.g. markedlydecreases the reactivity . Substi-
tution of a hydrogen on thc g-carbon atom completely prevents
attack by the enzyme (isopropylamine, amphetamine, ephedrine ).
By deuterium isotope studies, Belleau and Moran (44) showed that
substraction of thew-carbon-hydrogen is the rate limiting step
in the rcaction mechanism . Substitution of a hydrogen on the
8 -carbon causes a decrease in the reactivity (norepinephrine)

That the substrate specificity depends on species

and organ was shown by many different workers in the field, and,
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as shall be seen further, this was one of the reasons for ques-
tioning the homogeneity of thc enzyme . Werle (16) cites the
examble of cat liver where tryptamine and S5-hydroxytryptamine
are oxidized at a slower rate than tyramine, and hog liver where
tyramine and tryptamine are oxidized at equal rate, but 5-hydroxy-
tryptamine more slowly . llope and Smith (17) studied the monoamine
oxidase of mouse tissues and found marked differences in substrate
specificity . Whereas in brain and liver the enzyme was more
active on tyramine than on serotonin, kidney, spleen and lung
enzymes were more active on serotonin than on tyramine .

Blaschko (10) found that, contrary to oxidation
rates, Km values were rather similar for different substrates :

-2.75 and 10-2'15, for

he gave as value for this constant 10
tyramine and adrenaline respectively . Kinetic data from the
literature are difficult to compare, due to differences in exper-
imental conditions and also, as remark Alles and Heegaard (18), to
the variations between different preparations and even more diffe-
rent species . These authors found an increase in Km for aliphatic
amines with increasing chain length, and at the same time an
increase in Vmax . The great variability between preparations, they
ascribed to the possible existence of different enzymes . The

optimum substrate concentration lies, according to Werle (16)

around 2 x 1073 to 10°2 M for tyramine, 4 X 10"2 M for adrenaline,
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4 x 107 for tryptamine, 1072 to 107> M for scrotonin . The

optimum pH is also different for different substrates . Werle
gives values ranging from 6.9 to 8.4 .

Kinetic studies by McEwen et al. (19) demonstrate
the great dependence of the Km on the pH . He explains this by
the theorythat only the non-ionized form of the amine is attacked
by the enzyme . When the Km is corrected for that fraction of the

substrate which is ionized by the equation :

Km(apparent) Km . (1 + antilog (pKa - pH) )

then it is constant over a range of at least 6.5 to 9.0 .

Some corrected Km values : 5 micromolar for benzylamine (pKa 9.37),
204 micromolar for veratrylamine (pKa 9.39), 4.1 micromolar for
N-methyl-benzylamine (pKa 9.54) . These Km values are not real Kms
in the sense that they were not measured at infinite oxygen concen-
tration . Oxygen tension is one of the factors that can influence
monoamine oxidase activity . In general when the enzyme is mea-

sured in a pure oxygen athmosphere, there is 50 % more activity

‘ than when it is measured in air (16) . Novick (20) found that the

increase varies with tissue,species and substrate . The ratio of
activity measured in an oxygen athmosphere to the activity in air

varied as follows :
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ratio Oz/air
liver rat tyramine 3.3
" guinea pig " 2.0
" rat serotonin 1.4
" guinea pig " 1.4

The influence of oxygen tension on monoamine oxidase activity

was also shown by Aebi et al. (12) . When the production of
ammonia was measured at 20 % oxygen 0.3 micromoles were produced
per 10 mg in 30 minutes, whereas at 100 % oxygen 4.7 micromoles

of ammonia were produced . Interestingly the authors found a heavy
inhibition of monoamine oxidase activity in the presence of py-
ruvate, which they explained by a competition for oxygen . The same
paper describes a dependence of the enzyme activity on the morpho-
logical state of the mitochondria : swollen (as measured by light
scattering) mitochondria, oxidizing pyruvate at a high rate, have
a low monoamine oxidase activity . When the mitochondria arc lysed
(by any method : osmotic lysis, freezing and thawing, ot the
detergent Triton-X-100) the monoamine oxidase activity lies 5 to
10 times higher . This is also explained by the authors on the

basis of a competition for oxygen .
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Chapter IV : MEASUREMENT OF THE ACTIVITY

From equation 2 it is obvious that the activity of mono-
amine oxidasc can be assayed in any of the following ways :

- the rate of oxygen consumption ;

- the rate of disappearance of the substrate amine ;

- the rate of formation of the product aldehyde ;

- the rate of ammonia formation ;

- the rate of appearance of hydrogen peroxide ;
All of these parameters have been used in various routine assay
methods .

In classic experiments as those of Hare (7), the

MANOMETRIC assay of the oxygen consumption in a Warburg apparatus
was most often used . It is still very useful where the activity
on different substrates is to be compared . As we mentioned above
some precautions have to be taken to prevent side reactions (which
also consume oxygen) from occurring, and also to limit the error
which might be caused by the possibly different fates of the
hydrogen peroxide formed during the reaction . In his studies on
fresh mitochondria, Creasey (21) kept the stoichiometry in agree-
ment with equation 4 (see chapter II) in the following way :

addition of cyanide (10-3 M) and semicarbazide (10-2 M) blocks the
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respiratory chain and traps the formed aldehyde, preventing its
further oxidation ; no catalase was added, as it was present in

excess in this preparation and not inhibited by cyanide at 10-3hh

no peroxidatic recaction was possible due to the lack of substrates
in this preparation .

The liberation of AMMONIA was measured by thec Conway
microdiffusion technique in the method of Cotzias and Dole (22)
They had to dialyse the homogenates in order to decrease the high
blank values due to the ammonia content and production of tissues.
The assay was performed at a temperature of 20 degrees, so the
reaction was linear over a period of two hours . Nagatsu and Yagi
(23) used a colorimetric method for the estimation of‘ammonia .
The color reaction with phenolreagent performed on a protein free
supernatant was inhibited by some of the common substrates ; in
fact the method was only satisfactory for an assay with serotonin
as substrate . Since volatile amines also interfere with the
microdiffusion method, Pugh and Quastel (16) used yellow mercuric
oxide to separate the aliphatic volatile amines from ammonia .
After microdiffusion and adsorption on yellow mercuric oxide,
ammonia was titrated or estimated by Nesslerization

The different SPECTROPHOTOMETRIC methods are simple
and very useful . Their only drawback is that only certain sub-
strates can be used and no comparison between the activity on

different substrates is possible . Weissbach et al. (25) described
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a spectrophotometric method based on the use of kynuramine as a
substrate . By monitoring the reaction at360 millimicron the rate
of disappearance of substrate could be determined . This was done
at room temperature ( 30°C), and the initial substrate concentra-
tion was 10-4 M . The fact that at this concentration the enzyme
is probably not saturated with substrate makes the method less
than ideal . But alternately the rate of formation of product can
be followed at 310 to 335 millimicron, or even better by fluorome-
try . The product of the deamination cyclizes spontaneously to
give the highly fluorescent 4-hydroxyquinoline . An assay method
has been based on this property (see below) . Other spectrophoto-
metric methods have been based on the use of benzylamine or its
derivatives as substrates . The oldest of these methods was des-
cribed by Tabor et al. in 1954 (26) . It was developed as an
assay for beef plasma oxidase, but it is also applicable to mono-
amine oxidase . The enzyme is incubated at 30 degrees in the
presence of 10 micromoles of benzylamine . The rate of the change
in absorbance at 250 millimicron was followed in a 1 cm cuvette .
The spectrophotometric unit was defined as the amount of enzyme
which under those conditions caused a change in absorbance of
0.001 per minute . 250 millimicron is the peak of absorbance spec-
trum of benzaldehyde . The disadvantage of this method is that
proteins too have a strong absorbance at this wavelength, which

makes the method rather impractical, especially with low specific
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activity preparations . Methods based on the use of different
derivatives of benzylamine as substrates do not have this draw-
back, because they have their peak of absorbance in a different
region of the spectrum . In 1964 Brusova, Gorkin et al., (27)
used 3-nitro-4-hydroxy-benzaldehyde production as a measure of
monoamine oxidase activity . The substrate was used at 3 X 10-2M
and the change in absorbance was followed at 315 millimicron .
The sensitivity was lower than with benzylamine as substrate,

but there was no interference of protein absorption at this wave-
length . In 1965 Brusova, V'yugova and Gorkin (28) used p-nitro-
phenylethylamine at a concentration of 5 x 10-5 M . The absorbance
was monitored at 450 millimicron in a cuvette at 37 degrees . The

Km of this substrate was found to be 1.5 x 107> M . Zeller et al.

4 M . The absorbance was

(29) used m-iodo-benzylamine at 3.3 x 10~
followed at 38 degrees at a wavelength of 253 millimicron . They
found that this was a far better substrate than benzylamine or even
than tyramine .

Among the most sensitive methods for assay of
the enzyme are the FLUOROMETRIC ones . Some are based on the rate
of disappearance of the substrate ; these are not entirely specific
since monoamine oxidase is not always the only possible catabolic
pathway for the substrate . Product formation as such is seldom

measured since most tissues contain aldehyde dehydrogenase which

may oxidize some of the product aldehyde .
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Preferably aldehyde dehydrogenase is added in excess and the rate
of fqrmation of the carboxylic acid is followed . An excellent

method is the one described by Krajl (30) in 1965 . It is a

modification of the spectrophtometric method of Weissbach et al.(25).

The aldehyde formed when monoamine oxidase is incubated with
kynuramine cyclizes spontaneously to form the highly fluorescent
4-hydroxy-quinolinec, so eliminating the problem of further oxidation
by aldehyde dehydrogenase . The 4-hydroxy-quinoline can be mea-
sured in a deproteinized supernatant at an exciting wavelength of
315 millimicron and a fluorescence wavelength of 380 millimicron .
In those conditions kynuramine does not fluoresce . Krajl used
trichloroaceticacid to deproteinize his samples . This is a strong
quenching agent . The efficiency of the measurement can be im-
proved by replacing the 10 % TCA by other methods for precipi-
tating proteins . Two papers describing such improvements were
published . Century (31) replaced the TCA by two ml of 0.6 M per-
chloric acid . Drujan and Diaz-Borges (32) determined the flures-
cence directly in the alcoholic supernatant, after an incubation
in tris buffer medium and precipitation of the proteins with
alcohol . They found that this was four times more efficient than
the TCA method . Other fluorometric assays were described by
Takahashi and Takahara (33), who used 5-hydroxy-kynuramine as

substrate ; Udenfriend et al. (34), who measured the decrease in
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serotonin (not entirely specific, see above) ; Udenfriend (35)
measured the production of 5-hydroxy-indole acetic acid after
the addition of excess aldehyde dehydrogenase, or the produc-
tion of indole acetic acid from tryptamine ; Hidaka (36) sepa-
rated the product of serotonin oxidation on a Dowex 50 anion
exchanger column .
Monoamine oxidase assays can also be perfor-
med by the COLORIMETRIC determination of the dldehyde formed .
Pugh and Quastel (37) first mentioned the qualitative assay
of the aldehyde by reacting it with 2,4-dinitro-phenylhydrazine .
Green and Haughton (38) based their method on this reaction .
The enzyme was incubated in the presence of tyramine and semicar-
bazide, which traps the aldehyde as the semicarbazone . Following
the incubation period 2,4-dinitro-phenylhydrazine is added . The
hydrazone is extracted into benzene and returned to an alkaline
aqueous medium . The absorbance is then measured at 450 millimicron.
RADIOISOTOPE assays of monoamine oxidase are,
together with the fluorometric ones, the most sensitive . McCaman

(40) published a micromethod using an ethylacetate extraction to

.separatc the products from the 14C—labelled substrates (5-hydroxy-

tryptamine, 3-hydroxy-tyramine, tyramine) . The incubation was
done in a 10 microliter volume at pH 7.2, the extraction with

50 microliter of ethyl acetate . The ethyl acetate layer was washed
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once with 0.3 N HC1 to improve the product/substrate extraction
ratio . 35 microliter of the ethyl acetate phase was then counted
in a liquid scintillation medium containing alcohol . The medium
contained alcohol to dissolve the water which was extracted into
the ethyl acetate . This is a disadvantage of the method since
alcohol reduces the counting efficiency through quenching . Further-
more the product/substrate extraction ratio is not very good, so
that at least one backwash is necessary . Wurtmann and Axelrod et
al. (39) used toluene as an extraction solvent and tryptamine-14C
as substrate but they did not give any detailed evidence for the
validity of their method as a monoamine oxidase assay . Otsuka and
Kobayashi (41) describe an essentially similar method, with ample
evidence supporting its validity as monoamine oxidase assay . They
studied two solvents for the extraction : anisole and toluene .
They determined the efficiency of the extraction at various pH's .
They established the linearity with time and substrate concen-
tration . They also checked the specificity of the assay for
monoamine oxidase by using specific inhibitors and substrates for
monoamine oxidase and diamine oxidase .

Several HISTOCHEMICAL staining techniques have
been described, which allow demonstration of monoamine oxidase
in tissue slices and also on strips of supporting medium after
electrophoresis . Oster and Schlossmann (42) incubated tissue

slices for 24 hours at 37 degrees with bisulfite to eliminate endo-
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gencous aldehydes, then for a further 24 hours at the same temper-
ature with tyramine and then stained them with Schiff reagent for
aldehydes . This assay was criticized for its lack of accuracy
and specificity . Francis (43) introduced the use of neotetra-
zolium (an electron acceptor dye) for the detection of monoamine
oxidase in tissues . This reaction was studied further in vitro
by Lagnado and Sourkes (13,14 who describe a requirement for a
heat stable supernatant factor . Koelle and Valk (46) criticized
the histochemical method of Francis because in their experiments
the blank also showed a coloration, and they could not detect any
inhibition by specific monoamine oxidase inhibitors (e.g. 0.05 M
amphetamine) . Weissbach et al. (15) by their in vitro studies on
the tetrazolium reduction as a measure of monoamine oxidase acti-
vity, observed a lag phase, which was also observed by Lagnado and
Sourkes, and which does not occur when the enzyme is assayed with
the manometric method . Pletscher, Gey and Zeller (2) explain
this anomaly by the fact that the tetrazolium reduction may be
due to the oxidation of the product of the monoamine oxidase reac-
tion : the aldehyde . Cohen (47) also used tetrazolium salts and
tryptamine in his histochemical assays of monoamine oxidase . But
the caution which should be exercised when using this kind of non-
specific staining procedures is emphasizedagain in two rccent pa-

pers . Brooke warns against the use of phenazine methosulfate and
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nitroblue tetrazolium in the same reaction medium : " A tissue
section incubated with phenazine methosulfate, cyanide and
nitroblue tetrazolium at pH 7.2 will develop a well marked stain
in the absence of any substrate ." Falkenberg @9 ) says the unspe-
cific staining by tetrazolium salts on gel slabs after enzyme
electrophoresis, which has been observed by different peonle and
has been called by some " nothing dehydrogenase ", is duc to the
presence of lactic dehydrogenase isoenzymes catalysing the
dehydrogenation of endogeneous substrates . Blaschko and Hellmann
(50) showed that the dark brown pigment, formed when monoamine
oxidase is incubated in the presence of tryptamine, could be

used in a histochemical assay . This method is rather- insensitive
according to Koelle and Valk (46), who publish their own method
using 2-hydroxy-3-naphtoic acid hydrazide . This traps the product
aldehyde as its hydrazone and it is then coupled with tetrazotized
dianisidine . They show the validity of their method by using

blanks (no substrate) and specific inhibitor (Marsilid) .
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Chapter V : INHIBITION

Werle (16) classifies the inhibitors of monoamine
oxidase in two big groups : competitive and non-competitive
inhibitors . The competitive inhibitors include the hydrazine
derivatives, the alkylated arylalkylamines, cholinethers and cer-
tain alkaloids . The non-competitive inhibitors include the
monoamidines, monoisothiourea derivatives,dlisothiourea deri-
vatives and certain antihistaminics . One problem in the study
of these inhibitors is that the in vivo action does not always
match the in vitro findings

1 . COMPETITIVE INHIBITORS

1.Hydrazine derivatives

In 1952 Zeller et al. (51) discovered that the
tuberculostatic Iproniazid was a very effective monoamine
oxidase inhibitor . Since then many hydrazines have been tested
and some were found to be superior to Iproniazid .

a) alkyl- and arylalkylhydrazines :

R - NH - NH2
hydrazine itself (R =H) does not affect monoamine
oxidase . The most effective inhibitors of this class
have an alkyl radical (R) consisting of two to four

carbon units . Arylhydrazines,e.g. phenylhydrazine, are

only mild inhibitors .
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b) arylalkylhydrazines :

- R - NH - NHZ

are very good inhibitors, the strongest of which, B -phen-
ylisopropylhydrazine (PIH, Catron), has an in vitro

action 50 times stronger than Iproniazid .

¢) dialkylhydrazines

d) hydrazides :

R - CO - NH - NH - R!
1 2
Two well known drugs belong in this class : Iproniazid,
and Isocarboxazid . Iproniazid (l-isonicotinyl-2-isopro-

pylhydrazin, IIH, Marsilid)

CH3
I
N/ \-CO-NH—NH-CH
- '

CH3

has a pI., of 5.28 for the rat liver mitochondrial
monoamine oxidase . Isocarboxazid (1l-benzyl-2-(5'-

methyl-3'-isoxazolyl-carbonylhydrazin Marplan)
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CO - NH - NH - CH2 -

() e () o=
il
O —

is much stronger in vivo and in vitro than Iproniazid .

2. -Alkylated arylalkylamines

- Amphetamine ( B-phenylisopropylamine)

/ \-CHZ«(IIH—NH2

CH.,
3

is active only in vitro, and has a pISO of 3.05 (rat
liver mitochondria)

- Ephedrine :

- CH-CH =~ NH - CH3

|
H CH
OH  CH,

- Phenylcyclopropylamine (Parnate)

- CH -/CH - NH
\CH

2

2
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3.p-Tolylcholinether :
CH.
// 3
H3C - -0-CH, - CH, - N :;CHS
CH3
4 Harmaline :
”SC -0 N
H CH,

5.Alkaloids as piperidine, nicotine, and chlortetracycline .

II . NON - COMPETITIVE INHIBITORS

1.Amidines :

H§\~ Ve
O
/ =0 N\
NH,

NH2

N

a) propamidine (n=3) and pentamidine (n=5) are espe-

cially active (80 - 100 % inhibition at 2 x 1074 to

1073 W)

b) monoisothiourea derivatives :

NH
4
CHg - (CH,) - S - C

NH2
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Maximum inhibition occurs when n= 9 (90 % inhibition
-3

at 10 M)

c) diisothiourea derivatives give maximum: inhibition

when n=9 - 12 (90 - 100 % at 107> M)

2.Antihistaminica

e.g. Phenergan (Promethazinec) gives an inhibition of 48 % at IO-SM).

3.The Pargyline series

In 1960 Tabor et al. (52) discovered a new type of monoamine

oxidase inhibitor : Pargyline (Eutonyl) or N-benzyl-N-methyl-2-

propylamine :

CH2 - N - CH2 - C=CH
CH3
It has an I, of 9 x 1077 . Swett ct al. (53) showed that dif-

ferent substituents on the benzene ring (Cl-, Br-) improved the
inhibitory activity :
- CH2 - ? - CH2 - C=CH

-8
Cl CH3 I50 5x 10
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Chapter VI : PURIFICATION

Tissue monoamine oxidase is always bound to
membrane structures : mitochondria and microsomes . Plasma
monoamine oxidase (benzylamine oxidase) is soluble . Not sur-
prisingly the first purification was done on this enzyme :

Tabor et al. (26) purified the amine oxidase from beef plasma in
1954 . In 1962 the same enzyme was crystallized by Yamada and
Yasunobu (54) . In 1964 Buffoni and Blaschko crystallized a simi-
lar enzyme from pig plasma (56) . In 1969 McEwen et al. purified
an enzyme from rabbit serum about 450-fold (57} . Plasma mono-
amine oxidase is not the same enzyme as the one found in mito-
chondria . For the mitochondrial enzyme, the problem was the
insolubility . According to Weissbach et al. (58) the liver and
kidney enzyme from guinea pig is partially soluble . However they
were homogenizing the tissues in distilled water so that their
method may in fact be equated with an osmotic lysis of the mito-
chondria . Verevkina, Gorkin et al. (59) studied the solubili-
zation of mitochondrial monoamine oxidase by ultrasound . They
found that this treatment did break down the mitochondria to small
particles, which could however still be sedimented by spinning

at 100,000 x g for 1 hour .
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Coq and Baron (60) compared the action of digi-
tonin, saponin, Tween 20, sodium laurylsulphate, on the solubi-
lity of mitochondrial monoamine oxidase . They concluded that 0.2%

sodium laurylsulphate at pH 7 and 2 degrees during one hour gave
the best results . After one hour of centrifugation at 135,000 x g
however, only 30 % of the activity was found in the supernatant .
In some cases where reasonably good solubilization was obtained,
the preparation was very unstable . Nagatsu (60 D) used a deter-
gent (Cutscum, 1.2 %) and sonication (20 Kc, 4 minutes, twice) to
get 70 % of the original activity in the supernatant after 3 hours
of centrifugation at 100,000 x g . Their preparation lost its acti-
vity at a very high rate . The difficulty of the purification of
mitochondrial monoamine oxidase appears also from the different
preliminary communications published, which were not followed by
the complete papers .

That a certain degree of purification can be
achieved without complete solubilization of the enzyme is shown
by the successful purifications obtained in different laboratories
Though several of the reports hereon mention that "'solubilized"
preparations were used, the data provided usually indicate that
the preparations were omly partially solubilized . The first
report on a significant purification was by Guha and Krishna Murti
(61) . They achieved a 350-fold purification of the rat liver

mitochondrial enzyme (over the homogenate) by two successive steps
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of chromatography on DEAE cellulose . The solubilization was obtai-
ned by sonication and 90 % of the activity was found in the super-
natant after 4,000,000 g-minutes centrifugation . No data were given
the yield of the purification . In 1966 Nara et al. (62) published
the method for a purification of 58 times over the mitochondrial
activity by treatment of the mitochondria with Triton-X-100,
ammonium sulphate fractionation, alumina gel treatment and chro-
matography on DEAE cellulose . In most of their experiments,
detergent had to be added all through the procedure to keep the
enzyme in solution . This method was later modified slightly :
calcium phosphate gel was used instead of alumina gel and chro-
matography on hydroxylapatite followed by starch gel electropho-
resis were added as the last two steps (Yasunobu et al., 63)
In this procedure the enzyme became soluble after the sixth step
(hydroxylapatite chromatography) . The overall yield was 5 % and
a purification of 61 x was obtained .

Also in 1966 Klyashtorin, Gridneva and Gorkin (64)
used the non-ionic detergent OP-10 for their purification of rat
liver mitochondrial monoamine oxidase . The procedure involved,
after "solubilization' of the mitochondria, chromatography on
calcium phosphate gel . Overall purification was 26 X over the ho-
mogenate with a yield of 4 % . A short note on purification of

rat liver mitochondrial monoamine oxidase was published by Youdim

on




T e m s it T £ E

-32-

and Sourkes in 1966 (65) . A purification of 34 x (over the
mitochondrial extract) was achieved by Erwin and Hellerman (66)
by a procedure consisting of ammonium sulphate fractionation of

the digitonin treated mitochondria, followed by three successive

steps of calcium phosphate gel chromatography . The yield was 10 % .

Tipton (67) purified monoamine oxidase from pig

brain mitochondria 1000 x over the mitochondrial activity . The

enzyme was solubilized by up to six successive steps of sonication .

purification involved a precipitation of inactive protein at low
pH, treatment with DEAE cellulose and fractionation with ethanol
Final yield was 22 % . Gabay and Valcourt (68) purified the enzyme
from rabbit liver mitochondria 240 x over the original homogenate .
They used sonication and detergent to solubilize and chromatography
on DEAE cellulose, Biogel P-300, DEAE Sephadex A-50, and hydroxyl-
apatite columns . The yield was approximately 0.3 per thousand .
Monoamine from a special source (thyroid gland) was purified by
Fisher et al. (69) 17 x over the mitochondrial activity with a
yield of 30 % . This latter monoamine oxidase was found to have a

very high specificity for tyramine as substrate .
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Chapter VII : THE PROSTHETIC GROUP

Until at least some degree of purification of
mitochondrial monoamine oxidase had been attained, the nature of
the prosthetic group(s) could only be deduced from comparison
with similar enzymes whose prosthetic group is known, and from
indirect evidence such as inhibition by metal chelators etc...

In 1962 Yamada and Yasunobu (70) discovered that copper was one
of the prosthetic groups of plasma monoamine oxidase, and one
year later the same authors (71) described the other prosthetic
group : pyridoxal phosphate . Blaschko et al. (72) showed that
animals on a copper deficient diet have very low plasma amine
oxidase levels . Mills et al. (73) showed that there is a good
correlation between the plama copper content and plasma amine
oxidase levels . However the regression equation showed that some
non copper containing amine oxidase must be expected to be present
in plasma . Later Otsuka and Kobayashi (41) using their sensi-
tive radioassay, showed the presence in human serum of some
monoamine oxidase which could not be inhibited by semicarbazide
or aminoguanidine, but was inhibited by different specific mono-

amine oxidase inhibitors .
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Thus people came to expect that copper might play
a similar role in the mitochondrial monoamine oxidase . On the
other hand mitochondrial monoamine oxidase is quite different
from plasma amine oxidase : it is not inhibited by cyanide nor
semicarbazide . It is perhaps more closely related to D-amino
acid oxidase, which is also cyanide insensitive and carries out
a similar reaction : oxidative deamination of D-amino acids
Hawkins (74) found that liver homogenates of riboflavin defi-
cient rats had only 50 % of the monoamine oxidase activity of that
of the control animals . D-amino acid oxidase contains FAD . The
first purifications by Nara et al. (62) yielded preparations that
contained 0.07 % copper, and the copper content was proportional
to the specific activity of the enzyme at different steps of the
purification . The authors conceded however that one specific test

was needed to definitely establish the role of copper in the enzyme

activity : the reactivation of the apoenzyme by the prosthetic group.

This evidence was missing . One report by a different group of
workers (75) has described the reactivation of mitochondrial mono-
amine oxidase by copper after prolonged dialysis (4 days) . But
studies on the further purified enzymec by Yasunobu et al. (63)
showed that the relationship between copper content and specific

activity was rcversed during the later steps of the purification .

Indirect evidence showed the presence of a flavin group (differcnce
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spectrum of native and reduced enzyme) . But the flavin was
apparently covalently bound, sin¢e it could not be removed (76)

A microbiological assay also detected the presence of a flavin
group . In a later paper (77) the same group of authors mention
that they did not succeed in separating the prosthetic group from
the apoenzyme . Erwin and Hellerman (66) also found that the spec-
trum of their purified bovine kidney mitochondrial enzyme was

very similar to that of FAD, but they could not remove it from the
apoenzyme . Finally in 1968 Tipton (67) was able to extract a
fluorescent material from his purified pig brain monoamine oxidase
and to identify it with FAD . Furthermore he was able to reacti-
vate the apoenzyme by the addition of exogeneous FAD. It can thus
be concluded that, whereas plasma amine oxidase is a pyridoxal-cop-
per enzyme, mitochondrial monoamine oxidase is an FAD containing
enzyme . It is not excluded that a small amount of this type of
monoamine oxidase is also present in plasma, and that copper might

play a role in some of the mitochondrial enzyme . Recently, a pos-

sible role of iron was suggested by experiments of Sourkes et al. (45).
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Chapter VIIT : DISTRIBUTION

1.Species and organ distribution

Practically all organs of humans and mammals have been
shown to contain monoamine oxidase activity . Similar enzymes
have been found in other vertebrates (birds, reptiles and amphibi-
ans) as well as in invertcbrates, plants and bacteria (16) . In
different vertebrates the liver and salivary glands always have
high activity . The kidney from guinea pig has high aétivity,
rat kidney has low activity . High activity preparations can also
be obtained from pancreas and intestine . Some activity is found
in arteries, lung, muscle, uterus, testis, brain, adrcnals, heart,
thyroid gland (1) . Comparison of the activity reported for dif-
ferent species and organs is difficult due to the different assay

systems used by different authors .

2.Subcellular distribution

That the major part of the monoamine oxidase in the
cells of rat liver was associated with mitochondria was shown by
Cotzias and Dole in 1951 (78) . Hawkins (79) found that 56-77 % of
rat liver monoamine oxidase was localized in the mitochondria . The
rest of the activity resided in the microsomes . The same results

were also obtained by de Duve et al. (80)
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In brain all the monoamine oxidasc activity seems to be confined

to the mitochondria according to Weiner (81) . Oswald and
Strittmatter (82) confirmed the intracellular distribution of
monoamine oxidase in rat liver as 75 % in the mitochondria and

13 % in the microsomes . Recently de Champlain, Muellér and

Axelrod ( 55 ) described a different distribution of monoamine
oxidase in heart and salivary glands : in these organs most of

the activity is associated with the microsomal fraction in contrast

with rat liver where it is associated with the mitochondrial

fraction .

3.Submitochondrial distribution

In the past two years attention has focused on the sub-
mitochondrial distribution of monoamine oxidase, specially since
it was claimed to be useful as a marker enzyme of the outer mito-
chondrial membrane by Schnaitman et al. (83) . This aroused some
controversy . It had been attempted before to separate the inner
and outer membrane of mitochondria by different methods and the
criteria used for characterization of the outer membranc fraction
were the absence of the respiratory chain enzymes and the absence
of the morphologically distinct structures of the inner mitochon-
drial membrane as observed with the electron microscope . The use
of an enzymatic marker for monitoring the enrichment of a submito-

chondrial fraction in outer membrane would facilitate the separa-

tion .
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Schnaitman et al. found monoamine oxidase to be a good marker
for.the outer membrane . Although the fractions obtained by two
different methods were not claimed to be pure inner and outer
membrane, there was found a considerable enrichment of the spe-
cific activity of monoamine oxidase in one fraction and of cyto-
chrome oxidase in the other . At the same time 82 % of the total
cytochrome oxidase activity was recovered in the fraction iden-
tified as containing mainly inner membrane, and 62 % of the total
monoamine oxidase activity was found in the fraction labelled
outer membrane fraction . These findings were contradicted by
Green et al. (84), who presented their own results which would
demonstrate that monoamine oxidase is an enzyme of the inner
membrane . Green and coworkers also contended that the rotenone-
insensitive DPNH cytochrome c reductase (RIDCR) activity, which
had been used by others as an external membrane marker (85,86)
was in fact due to microsomal contamination of the mitochondrial
fraction . Green et al. explained the contradiction by the
presumed unreliability of the monoamine oxidase assay used by
Schnaitman et al. and the insufficient purity of the preparations
used . However, both these allegations were disproved in papers
by Beattie (87) and Schnaitman (88) . Furthermore a paper by
Tipton (89) who used different methods, confirms the conclusions
of Sottocasa, Schnaitman and Beattie . Recently Rendon and

Waksman (98 b) showed a difference in distribution of aspartate
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aminotransferase between the membranes of the mitochondria,
depehding on the energetical state of the mitochondria . This
migration of activity between membranes did not occur with
monoamine oxidase though . Monoamine oxidase was localized by
these authors mainly in the inner membrane . The greatest
specific activity however they found in the outer membranc .
Though the different research groups all rely on dif-
ferent methods for thc separation of the membrane fractions, as
well as for the assay of monoamine oxidase activity, all rely
ultimately on the appearance of the different fractions in elec-
tron microscopy for the assignment of a fraction to one membrane
or the other . The difficulty of recognizing the characteristic
features of inner and specially of outer membranes, which are
hard to preserve intact even in carefully isolated whole mito-
chondria, may help to explain the present confusion . Possibly
the detection of the enzyme in situ by cytochemical techniques
at the electron microscopic level might provide a more definite

answer
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Chapter IX : ON THE MULTIPLICITY OF MONOAMINE OXIDASE

As mentioned under "History'" (chapter I), it was Blaschko

i
‘
]
i
‘i et al. (10) who in 1937 came to the conclusion that monoamine
E oxidase was an enzyme with broad specificity and that the adrena-
’ line oxidase which they described, the tyramine oxidase of Hare
(7) and the amine oxidase of Pugh and Quastel (9) were probably
to be considered as one and the same enzyme . But they did remark:
" There is no known method by which the identity of any two en-
zymes can be conclusively established ; but it can be shown that
they are so similar in their properties that their idéntity be-
comes increasingly probable . " So they concluded that the three
enzymes were one because they werc similar in the reactions they
catalyse, their distribution in the animal kingdom, and their
behaviour towards inhibitors, and because their substrates com-
pete with each other . This conclusion has been widely accepted
ever since, although over the years indirect evidence suggesting
the possible multiplicity of monoamine oxidase has been accumu-
lating .

In two papers in 1943 (18,19), Alles and Heegaard
studied the distribution of monoamine oxidase activities in dif-

ferent species and the inhibitor specificity of the enzyme . They
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found marked differences in the relative activity on different
substrates between species and also between the Ki for one
inhibitor when different substrates were being used . Whereas

in rabbit liver extract the maximum rate for hydroxytyramine
oxidation is 65 % of the maximum rate for phenylethylamine, in
guinea pig liver it is 200 % . Phenylisopropylamine is 30 to

40 times as effective in inhibiting amylamine oxidation than in
inhibiting phenethylamine oxidation . These and similar findings
led Alles and Heegaard to conclude that, although the different
amines were attacked by one type of enzyme (as Blaschko had
proposed), the enzyme from different species or organs was pro-
bably different . Hagen and Weiner (91) discussed the differences
in substrate and inhibitor specificity between various species
and organs . Their conclusion was similar : ' it is probable

that the primary active center to which the amine attaches is
identical or very similar in the various tissues and species, but
it is likely that adjacent groups on the molecule do differ, and
that these adjacent structures serve to reinforce or diminish
the enzyme-substrate interaction, depending on the nature of the
substrate " .

Neither the previous papers nor the next one do
consider the possibility of two different enzymes being present
in the same organ at the same time . Hope and Smith (17) found
more evidence of the difference between the substrate specificity
of monoamine oxidase from various organs in a study of the dis-

tribution of the enzyme in mouse tissues .
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They concluded that the substrate specificity allows to distin-
guish between the monoamine oxidase from each tissuc . The oc-
currence of two enzymes in the same organ was rejected on the
basis of multiple substrate studies, already by Blaschko in 1937
(10) . These multiple substrate studies could providec data only
on the sum of the activities on the different substrates, since
the techniques available at that time did not permit the separate
measurement of the oxidation of each of the substrates in a mix-
ture . In 1952 Kobayashi and Schayer (92) were able to do just
that, by using a mixture of isotope-labelled substrates . Thesc
authors did come to the same conclusion though : the competition
between the substrates suggested the presence of only one enzyme,
but they did admit that their data cannot provide conclusive evi-
dence . In 1961 Hardegg and Heilbronn (93) reported cvidence for
the multiplicity of monoamine oxidase in rat liver mitochondria .
Iproniazid inactivates the enzymatic activity on serotonin at a
different rate than the oxidation of tyramine . When tyramine and
Iproniazid are added to the enzyme at the same time, there is a
fast inactivation of most of the activity, but some activity then
remains and is disappearing much more slowly . This is compatible
say the authors, with the presence of two different enzymes ac-
ting on tyramine, one of which is markedly better protected by
the presence of tyramine against the action of Iproniazid . The

authors consider the following possibilities : in rat liver
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there are at least two oxidases ; - two monoamine oxidases, one
of which oxidizes tyramine, the other serotonin or else both
oxidizing tyramine, and only one serotonin ; - or there is be-
sides monoamine oxidase still an other oxidase which also attacks
tyramine .

Oswald and Strittmatter (82) studied the monoamine
oxidase activity on four different substrates in various tissues
of the rat . These showed quite different relative rates of acti-
vity with different substrates . Km values were also different
From this they concluded that various tissues might a) contain
a different single monoamine oxidase ; b) contain a different group
of monoamine oxidases ; or c) contain different propdrtions of
several monoamine oxidases common to several tissues . In multiple
substrate experiments, the authors found apparent competition
for the enzyme by four substrates, a finding which they call
suggestive for only a single enzyme being present in cach tissue .
But, as Severina and Gorkin (94) state : " Competitive inter-
actions between amines observed by the method of mixed substrates
cannot be considered as simple evidence for the presence in a
preparation of a single enzyme, since it is known that there are
cases of change in enzymatic activity under the influence of
different compounds which do not react directly with active cen-

ters (so-called allosteric or conformation factors) . "*

* Different enzymes with overlapping specificity could also ex-

plain competition between substrates (see discussion) .
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The same athors then present their own indirect evidence for
the'multiplicity of the enzyme in rat liver . They performed

two types of experiments : heat inactivation of the enzyme and
measuring the activity at various pH . In the heat inactivation
experiments the enzyme was preincubated at various temperatures
for a set time ; this caused a different degree of inhibition of
the activities on different substrates . For example after 7
minutes at 40 degrees the activity on tyramine was inhibited 45 %
whereas no inhibition of the activity on benzylamine was observed.
After 45 minutes at 48 degrees the activity on tyramine was com-
pletely inhibited, while the activity on benzylamine was still 54%.
At pH 7.45 the ratio of the activity on tyramine to the activity
on benzylamine was 2.6, at pH 9.3 this ratio was 0.5 . What may
have been the first separation of two distinct monoamine oxidase
activities from the same preparation (rat liver mitochondria) was
reported by Gorkin in 1963 (95) . After solubilization with hypo-
tonic phosphate and the detergent OP-10, a rat liver mitochondria
preparation was chromatographed on a calcium phosphate gel column.
The effluent was monitored for monoamine oxidase activity on two
substrates : m-nitro-p-hydroxy-benzylamine (PHB) and p-nitro-
phenylethylamine (PN) . Two bands of activity were separated :
one was active only on PN, the other one deaminated both PN and
PHB . Unfortunately only 6 % of the activity on PN was recovered
(versus 90 % for PHB) . After their report on selective heat in-

activation of the monoamine oxidasc activity on two different
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substrates, Severina and Gorkin (96) looked for and found other
exampies of selective inhibition . They found 8-hydroxy-quinoline
to inhibit the oxidation of tyramine, while at the same concent-
ration it had no effect on the oxidation of benzylamine . Gorkin
(97) in 1967 confirmed his findings on the partial separation

of monoamine oxidase activity on PN and PHB, but he still did not

0,

obtain more than 25 % recovery of the activity on PN .

Another indication of the possible multiplicity
of mitochondrial monoamine oxidase is found in the fact that in
partially purified preparations a different inhibitor specificity
was observed than inCruue preparations . Burger and Nara (98)
found that for their purified preparation of rat brain monoamine
oxidase, harmine and harmaline were far less potent inhibitors than
for the crude homogenate (I50 was 1.2 x 10'7 M for the crude homo-
genate ; in the purified preparation, even at 10—3M only 46 % in-

hibition was observed)

Fuller and Walters (99) did some interesting ob-
servations on the inhibition of kynuramine oxidation by other
substrate amines . They found that the oxidation of kynuramine was
inhibited by dopamine, noradrenaline, serotonin, tyramine and
others . They reasoned, correctly, that this is compatible with
a single monoamine oxidase acting on all these substrates or
different monoamine oxidases with broad, overlapping substrate

specificity . More important, they found that there was no
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relationship between the degree of inhibition by any one of these
substrates and its efficiency as a substrate

In this regard it is important to mextion a new
theory, proposed by Zeller in 1963 before the New York Academy of
Science, in order to explain his findings with substituted
benzylamines (100) . His studies on the activity of monoamine
oxidase on such substituted monoamines (e.g. o-iodo, m-iodo,p-iodo)
led to the following concept : substrates of monoamine oxidase
would bind to the active site in different ways forming "eutopic"
and "dystopic" complexes . A eutopic complex is one that leads to
degradation of the substrate, a dystopic complex would not lead
to degradation or the formation of a product . Most substrates
would form both eutopic and dystopic complexes (e.g. benzylamine
could form 1 eutopic and 5 dystopic complexes) . Because of the
steric effects of their substituents, some substrates would be able
only to form eutopic complexes (m-iodo-benzylamine), some only
dystopic complexes (o-iodo-benzylamine) . The value of this theory
in providing an explanation for other experimental data is worth
considering, since it could also explain some differences between
the efficiency as substrate and as inhibitor respectively of some
amines

Selective inhibition has also been observed by
Van Woert and Cotzias (101), who studied the effect of anions on
monoamine oxidase . Not only did they find that the inhibition by
anions was different for differcent substrates, but the effect of

changing the temperature on the inhibition was also different
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Actually the effect was reverse for tyramine, where rising
temperature increased the inhibition by salts, than for sero-
tonin, where rising temperatures decreased the inhibition .

Not only inhibitors can selectively change the
activity of monoamine oxidase on various substrates, but a
change in oxygen tension affects the activity on tyramine in a
different way than the activity on serotonin, as Novick (20) has
shown .

Then in 1967 came the first reports on the electro-
phoretic separation of 'isoenzymes" of monoamine oxidase from rat
liver mitochondria, in a communication by Kim and D'Iorio (102},
and later a paper by the same authors (103) . Similar results
were obtained by Youdim and Sandler (104,105) . However the met-
hods used for solubilization of the enzyme (sonication and deter-
gents), as well as the relatively non-specific staining method
(with the electron acceptor dyc nitroblue tetrazolium) left some
doubts as to the significance of the stained bands which were
observed .

Further evidence of selective inhibition of the de-
amination of serotonin was reported by Gorkin (106, 107)

In 1968 Ragland (108) reported a partial separa-
tion of the activity of beef, rabbit and rat liver mitochondrial

monoamine oxidase on various substrates . The separation was per-
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formed with mitochondria solubilized by detergent, by chroma-
tography on a Sephadex-G-200 column cquilibrated with the same
detergent . Only relative activities were given, and no data
on the recovery of the enzyme .

In contrast with the above mentioned preparations,
pig brain mitochondrial monoamine oxidase was found to consist
of only one enzyme by Tipton and Spires (109) . This conclusion
was based on the fact that the time course of the inhibition for
various substrates was the same when 2-bromo-2-phenylacetaldehyde
was used as inhibitor . Also, mixed substrate experiments indica-
ted the presence of only one enzyme and partial heat denaturation
caused the same loss of activity on all substrates . Harmine was
a competitive inhibitor and the Ki was the same whatever the
substrate used

Fuller (110) described a new group of inhibitors,
N-substituted N-cyclopropylamines, which are especially capable
of selectively inhibiting the activity on various substrates .
With some of these inhibitors, the concentration required to block
tyramine oxidation by 50 % is several hundred times the one for
inhibition of serotonin or tryptamine . A different type of inhi-
bitor was studied in the following two papers . Observing the
effect of the new inhibitor M § B 9302 Johnston (111) found, in

a plot of % inhibition versus log (I), a double sigmoidal curve




instead of the simple sigmoidal curve one would expect in the
case of a single enzyme . Similarly, in mouse tissues, Squires
(112) found a 2-phased inactivation curve with increasing doses
of harmine or pargyline . Even the heat denaturation curve was
2-phased . In mouse liver mitochondria one enzyme had a half-
1ife of 2 minutes at 50 degrees, the other had a half-life of
10 minutes at the same temperature .

Kinetic studies on monoamine oxidase in rat
liver mitochondria led Coq and Baron (113) to accept the pre- -
sence of at least two enzymes in this preparation

Hall et al. (114) studied the substrate speci-
ficity of the new inhibitor M & B 9302 in a variety o% species
and organs . They concluded that two enzymes are present in the
brain of rat, man, rabbit, ox, dog and cat and also in the liver
of rat and man . Only one monoamine oxidase would be nresent in
pig brain and the liver of rabbit, ox, dog and cat

Yasunobu et al. obtained at one point in the
purification of beef liver mitochondrial monoamine oxidase, three
fractions of enzyme activity . They called them fraction A and
component 1 and 2 . Using immunochemical techniques, they were
able to demonstrate the antigenic identity of the three fractions
(115) . Further identification of components 1 and 2 showed that

they had a molecular weight of 405,000 and 1,280,000 resnectively.
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Component 1 contained 4 and component 2 contained 12 moles of
FAD per mole of cnzyme . They respectively contained 24 and 106
moles of phospholinid (116) . From this they deduced that com-
ponent 2 may well be a trimer of component 1 and represent a
larger fragment from the outer mitochondrial membrane, specially
since no difference in substrate specificity was found between
the different fractions . It should be noted however that this
separation was performed on a partially purified enzyme, renre-

senting only about 15 % of the original activity

Tipton (116 b) recently studied the effect
of the inhibitor 2-bromo-2-phenylacetaldehyde on the deamination
of benzylamine and serotonin by rat liver mitochondria . The
time course of the inhibition was a 2-phased curve in the case
of benzylamine, but no such effect was seen for serotonin . He
concluded that, while there were probably two enzymes for the

deamination of benzylamine, only one was active on serotonin
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Chapter X : BIOLOGICAL SIGNIFICANCE

The biological role of monoamine oxidase
has been subject to a lot of speculation, and mainly four pos-
sible functions have been proposed for it : detoxification of
exogeneous amines, metabolism of endogeneous amines, regulation
of the biosynthesis of catecholamines through its effect on
dopamine levels, and the production of unknown metabolites with
an effect on carbohydrate metabolism ,

The detoxification function of monoamine
oxidase, or in other words the metabolism of exogencoﬁs amines,
was suggested by Blaschko (1) as a distinct possibility, since
the high concentration of the enzyme in liver and intestinc
would be an effective barrier against any amines taken up from
the alimentary tract . Since the conditions in the intestinal
lumen do not normally favor the bacterial formation of biogenic
amines, this role would be necessary only in exceptional condi-
tions . But recently clinical and experimental findings on the ef-
fects caused by monoamines (e.g. from cheese) introduced in con-
ditions of almost complete blockade of oxidative deamination by
a monoamine oxidase inhibitor, supported this protective role

of the enzyme (117) .
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The possible importance of monoamine oxi-
dase for the metabolism of endogeneous amines was recognized by
Blaschko (1) . But not until morc recently was it becoming clear
what the respective roles of monoamine oxidase and catechol-O-
methyltransferase were in thc metabolism of catecholamines
Kopin (118) reviewed the subject and summarized the current con-
cept as follows . Norepinephrine is present mainly in intracellu-
lar vesicles in sympathetic nervous tissues . There is an equi-
librium between norepinephrine in the vesicles and the unbound
norepinephrine in the cell fluids, which is available to des-
truction by monoamine oxidase . Drugs which deplete norepinephrine
in tissues, without much sympathomimetic effect (like reserpine)
cause a decrcase in the binding of the norepinephrine and thus
expose it to monoamine oxidase . Nerve stimulation or symmpatho-
mimetic amines cause a release of active norepinephrine from
the cell into the circulation . There catechol-O-methyltransferase
is the main enzyme responsible for the destruction of norepine-
phrine . For indolealkyvlamines such as serotonin, deamination by
monoamine oxidase must still be considered the first step in the
metabolic pathway (90 b) . The resulting aldehyde is further
oxidized to the carhoxylic acid or it can take several alter-

nate pathways .
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Possibly monoamine oxidase is not only
involved in catecholamine metabolism, but also in the regulation
of their synthesis, namely in the destruction of the precursor
dopamine . Since dopamine is an important amine in nervous tis-
sue which may have a function of its own, Hagen and Weiner (91)
observed that monoamine oxidase action on dopamine may play two
possible roles : the destruction of a hiological agent with an
as vet unknown function, or the destruction of a precursor of a
biological agent to prevent its overproduction . Speculation
about other possible roles of monoamine oxidase was prompted by
the unexplained effects of monoamine oxidase inhibitors on
carbohydrate metabolism in vivo, and also by the suppression of
the radioprotective action of indolylalkylamines by monoamine

oxidase inhibitors (117} .
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SECTION II : EXPERIMENTAL

A. Materials and Methods

A1l chemicals used in this work were purchased
from Fisher, except where otherwise stated .

Preparation of rat liver mitochondria .

Male Sprague-Dawley rats weighing bectween 200
and 300 g were killed by decapitation and a portion of the liver
was weighed and homogenized immediately in cold 0.25 M sucrose (pH
7.4) . The mitochondria were isolated according to the method of
Schneider and Hogeboom (119), washed twice in 0.25 M sucrose and
resuspended in the same solution .

Radioassay of monoamine oxidase .

The assay method which we used was described

by Otsuka and Kobayashi (41) . It was adapted for very small incu-
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bation volumes as follows . Polyethylene microcentrifuge tubes

(A. Thomas Scientific Co.) with a capacity of 0.4 ml were used for
the incubation . The transfer of solutions was done with micro-
pipettes of the Lang-Levy type . Some of these pipettes were of
glass (Fisher brand) and presented some difficulty in delivering
s~lutions from the glass tip to the non-wettable wall of the poly-
ethylene microfuge tube . This problem was solved by applying a
thin film of silicone stopcock grease (A. Thomas) to the tip of
the pipette . This prevented the solution from flowing around the
tip, and it could be delivered as a little drop against the wall
of the microfuge tube . Polyethylenc micropipcttes were also used
(B § B brand, Bio-Rad) and did not present this problem . The tu-
bes were kept in ice at all times except during the incubation .
The incubation was carried out at 37 degrces for 30 minutes in a

shaking water bath . The reaction medium consisted of the follo-

wing :
0.2 M phosphate buffer (pH 7.4)....... 20 pl
I subStrate.cvnn e it 5 ul
Cnzyme SUSPENSIOoN.......ivivinennnnens 5l
final volume..............30 ul

The different solutions were brought into contact by a short (5
seconds) centrifugation in the Coleman microfuge . After the in-
cubation 10 pl of 5 N hydrochloric acid werc added . This stops

the reaction and renders the medium acid, which is necessary for
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the selective extraction of the product . For this purpose 100 nl
of toluene were then added and the contents of the capped tube
thoroughly mixed using a vortex mixer . The phases were then
separated by a 2 minute centrifugation . A 100 pl syringe (The
Hamilton Co)with Chaney adaptor was used to pipet off 60 nul of the
toluene phase . This was transferred to a counting vial contai-
ning 10 ml of an Omnifluor solution (4 g/1 ; New England Nuclear).

The counting was done in a Mark 1 liquid
scintillation counter (Nuclear Chicago), operated at balance point
for !*C . Two channels were monitored in order to detect any
quenching effects by the channels ratio method . A quench correc-
tion curve (figure 1) was made, using a set of qucnchéd 14¢C stan-
dards (New England Nuclear) . Since practically no quenching was
detected in any sample, no correction had to be applied to the
results

l4Cc_labelled substrates were obtained from
New England Nuclear . Benzylamine-l%C (specific activity 2.03 mCi
per mmole) was dissolved into 0.2 M sodium phosphate buffer, pH
7.4, to a concentration of 9 nmoles/5 ul or approximately 40,000
cpm/S ul . This substrate was used in concentrations ranging from
50 to 300 pM by making the appropriate dilutions from the stock
solution, which was stored in the freezer . 5-hydroxy-tryptamine-

l4c.bioxalate (serotonin ; specific activity 2.8 mCi/mmole) was
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dissolved to a concentration of 3 umole/ml . Thus 5 ul con-
tained 15 nmoles and approximatively 100,000 cpm .

Using these substrates the reaction was found
to be linear with different amounts of enzyme (figures 2, 3)
The specificity of the reaction was tested using three specific
inhibitors of monoamine oxidase : Marsilid and Marplan (Hoffman-
Laroche) and Catron (Lakeside Laboratories) . These inhibitors were
all three used at 100 M final concentration . Table 1 summa-
rizes the results obtained . As the efficiency of the extraction
was not known, all velocities are reported as counts per minute
in the 60 ul of extraction solvent, and they thus have only a

comparative value .

- EXPERIMENT 1

In this experiment it was attempted to
assess separately the efficiency of the same amine as a sub-
strate and as an inhibitor respectively . This was possible
" through the use of the same compound in a 1“C-labelled form and
then in its non-labelled form (''cold'")

a. Experimental setup and assay .

The radioassay as described above was

used to determine the apparent Km for benzylamine, using
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Fipure 2 . Moncamine oxidase activity on henzylamine-1%C .
Activity exnressed as enm in 60 v1 of the toluene phase

(no blank subhstracted) .

Enzyme concentration in arbitrary units .
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Fienre 3 . Monoamine oxidase activity on serotonin-1a0
Activity cxnressed as cpm in 60 .1 of the toluere nhase
(no hlank substracted)

Enzyme concentration.in. arbitrary units .
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TABLE I

Monoamine oxidase radioassay : benzylamine-1%C and serotonin-l4C,

Effect of specific monoamine oxidase inhibitors . +

Benzylamine—l“c Serotonin-'"C

activity % activity %

cpm inhibition com inhibition
blank 80 - 40 -
control 494 - 155 -
Marsilid 204 48 74 70
Catron 78 100 49 a2
04

Harmalin 558 0 47

+ The inhibitors were used at a concentration of 0,1 mM
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benzylamine-14C at the following concentrations : 50, 60, 75,
100, -150, and 300 uM . The same concentrations of benzylamine-
14¢ were used to determine the apparent Ki for serotonin, using
a concentration of cold serotonin of 16.66 mM . Similarly the
apparent Km for serotonin was determined using serotonin-1%C at
83.33, 100, 125, 166.66, 250, and 500 uM . To determine the
apparent Ki for benzylamine the same concentrations were used
and cold benzylamine at 500 uM .

b. Theoretical - calculations - program .

Cleland (120) described in 1967 a method
for the statistical analysis of enzyme kinetic data . This
method makes use of a computer program in FORTRAN and has the
advantage over the usual graphical methods that it gives more
accurate results and, more important, that it provides an esti-
mate of the recliability of the fitted constants

The Michaelis-Menten equation :

(H v =

represents a rectangular hyperbola passing through the origin

Since this is not a convenient form for graphical analysis, the
equation is usually rearranged into a linear form such as the

Linewcaver-Burk plot
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The parameters K and V can then be obtained graphically from the

slope and the intercept of the resulting line .

Least squares fitting to the reciprocal equation.

The best fit to this linear equation is the onc that minimizes

the expression :

- (

i

(3) ) {
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<{=
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-

This can be done simply by taking the partial derivative of this

expression with respect to K and 1 and setting them equal to
v v
zero, yielding a set of two linear ecquations : *

<|=
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If this set of equations is to be solved by matrix methods, the

(4)

<}~

matrix positions are given by :

* The factor v; , present in each term, is a weighting factor

(see below) .
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(5)

Solution of this matrix (e.g. by Gaussian elimination) yields the

4

K 1
values for 7 and v -
It should be noted that the variance of é
is not constant . If the variances arc known, then a weighted fit

can be made, and the expression which is minimized is :

N~
<j—
p—_

1 K
(6) z wi [ v. ~ ( vV
1 1

where Wo is the weight attributed to %- and is proportional to the

reciprocal of the variance of % . It can be shown that
i
(7) var(l' = var(v)
v v

Where reaction rates are measured at constant enzyme concentration

the variance of v will be essentially constant and w equals v b,
However, if the experimental velocity deviates from the calculated
velocity, the percentage error in the weighting factor is four
times as great . It is therefore better to eliminate the need for

these variable weights entirely by fitting the data directly to
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The hyperbolic rate equation

In the case of non-linear equations the

above procedure does not yield a sct of solvable equations . The
equation can be put into a linear form in the following way

Equation 1 is linear in V, non-linear in K . It can be shown that
if Kl is the value that gives the best fit, and a rough estimate

Ko is known, then :

Ves
o g s |
_ Ve§ - ]
(8) vEigzs o+ K oK) 3 K

This function is linear in two constants : V and V(Kl- KO)
Fitting by least squares yields values for V and for V(Kl— Ko)
which are easily solved for Kl . This new value can then be used
as K0 and the process repeated until Kl- Ko is reduced to nearly
Zero .

Standard deviations of the kinetic constants
are easily obtained if a matrix method is used to solve the set
of equations : if the matrix is inverted and multiplied by 02, it
gives the variances and covariances of the constants . o2 is the
average squarc of the difference betwecen the experimental velocity
and the corresponding calculated velocity :

, ZWi ( v, - £(8;; V,K) JZ

o]
P -n

where P - n is the number of degrees of freedom .
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FORTRAN proeram KINET

In the same naper (120) Cleland publishes a
worked out program for fitting to equation 1 . We have used this
program with only the minor modifications necessary to use it
on the IBM 360 system, which uses a different level FORTRAN . The
printout of this program is found in Appendix 1 . It consists of
the following parts

-PRELIMINARY FIT : a least squares fit to the reciprocal
equation as described above, to give the preliminary
estimates of the constants V and K, which are used in
the iterative fit that follows

-ITERATIVE FIT TO HYPERBOLA : a threc cvcle iterative
least squares fit as described above, provides the fine
adjustments of the values for V and X .

-CALCULATION OF STANDARD DEVIATIONS AND WETGHTS : the
standard deviation is defined as the square root of the
variance * and the weight as the reciprocal of the
variance

-Ki, SD Ki, AND T-TEST : this section of the nrogram was
only used for experiment 1 and was left out for cxperi-
ment 2 .

-MATRIX SOLUTION SUBROUTINE : referred to in various narts

of the program .

* Cleland calls it standard error, contrary to common usage .
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The value of the apparent Ki in experiment 1

is found by the following relationship :

(10) Kmi = Km ( 1+ %—]]
- i
) . . __km [0
or : K1 = (Kmi - Km)

where Kmi is the apparent Km as determined in the pre-
sence of cold substrate (" inhibitor") at concentration(1] .
According to Wilkinson (121) the variance of a function can be

derived from the variance of its parts :

(11) Var(Ki) = F2KmeVar(Km) 4 F2Xmi-Var(Kmi) + 2 F KmeF Kmi+Cov (Kmie Km)

vhere F is the partial derivative to the respective parameter .
Since in this case Kmi and Km are statistically independent, the
covariance term drops (121)

For the t-test t is given by :

Km - Ki

‘/——T—;_—_T
SDm * SPki

The program takes as input : the number of points
in the plot (NP), the concentration of cold substrate (C1), the
various concentrations of !“%C-labelled substrate (A(I)), and the
respective velocities (V(I)), usually the mean value of five de-

terminations
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- EXPERIMENT 2

a. Experimental setup and assay

This experiment consisted of the measurement
of the slope (" Km/V ') of the reaction with benzylamine-I“C at
various concentrations of cold serotonin . As will bc seen in the
discussion, it was expected that in the casc of two enzymes being
present at the same time, the plot of the slopes versus the con-

centration of serotonin would fit the following equation :

(13) yz (1 +bx +cx?)
14+ dx

where y represents the slope of the reciprocal plot for
the benzylamine-1%C reaction, and x the concentration
of cold serotonin .
This is the equation for a hyperbola with a non-horizontal
asymptote .
The different parameters of this 2/1 hyper-
bola, as Cleland (120) calls it, can be derived graphically .
If the slope and the vertical intercept of the asymptote (S_and
I.) and the slope when x = 0 (SO) and the actual vertical inter-

cept (Io) are measured, then :
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(S - S.)
(14) d =z =2
(I, - 1)
S
(15) bz —2—
I +d
d-s
(16) C & —
I
o}
(17) a : Io

*his graphical method provides only a rough estimate of these

parameters, which can be used as preliminary etimates in the ite-
rative fit described below .

The radioisotope assay as described above
was used, with the same concentrations of benzylamine as in ex-
periment 1 . The concentrations of cold serotonin were the fol-
lowing : 0, 0.166, 0.333, 0.833, 1.666, 3.333, 8.335, 16.666 mM .
All the assays were done with the same concentration of enzyme

and in triplicate

b. Theoretical - calculations - program

The value of "K/V'" for each concentration of
serotonin was obtained by the program KINET described above (with-

out its section for calculation of Ki and related values) . The
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resulting data were then plotted : "K/V'' versus serotonin

This allowed the graphical estimation of the constants, nccessary

for the iterative fit to equation 13 . This iterative fit was done
by the program 2/1 HYPERBOLA which we developed after the mcthod

of Cleland (120)

FORTRAN PROGRAM 2/1 HYPLERBOLA

As scen above non-linear equations can be
fitted by an iterative fit if preliminary estimates of the con-
stants arc known . Therefore equation 13 was put into the fol-

lowing linear form :

(18) y = a (14 bx +Cx2) + (b, - bo)(a (f(x;a,b,c,d))

1 ¥dx ob bo,Co,dO
3 (f(x;a,b,c,d)))
+ (e - CO)[ 3¢ J bg,co,dg
2 (f(x;a,b,c,d)) ]
dy - d {
+( 1 0 L ad bo,Co,dO

This expression is linecar in a, a(by - by), afc; - cg), a(d; - dp)

and can be written :

19 v 2 pNy+ aNs + 1Ny + sN
? 1 atla 3 4
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The most vrobable fit is the onc that minimizes the expression :

(20)

3 [y - f(x:n, q, 7, s)]2

This is done bv taking the partial derivatives of this exnression

with respect to the four narameters and setting them cqual to

Zero

constants

(21) p] () )24 al(0) 30, 5) & 7L {05
22y L2301 1) +
(23) 92(03,101,1) +

24) PL ;7 ) +

n = (1, bxgy cx?)

where 17 T, dx

x2

3° 1 +dx

L0,1%,1) + 20 4

QZ(Ogyi)z +-r2(02,iq3,i) + SX(OZ,iO4,i)

QL (03 10y ) + 7005 I 45005 30 ) =

. This vields a set of four equations, linear in the four

RIFENCRFUT I CNSS

= Z(Oz’lv])
= 1005 5vy)
2 =
5.4) #5000 % = 000, V)
. X
2 +dX
- (A 4bx 4 cx?) x
'

(1 + dx)?
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The matrix positions are given by (if wec put Og z yi)

Loy 2 Ty 30 0 IO 5050 1Oy 0 01 10y 50,
l
L0, 3M ) L0, )2 10, 3050 100 3% P 105 3%,
(25) |
059 ) 105305 9 10507 1005 304 1 1005 5%,
|
[0 501 ) Ty 305 ) 100 05 5) Lo, 2 1 10y 30

When weights are available, expression 20 hecomes
Zwi[yi - f(x; p, a, T, s)]2
and the resulting matrix contains w, at every nosition

L0y 305 5)
Solving the matrix vields values for a, a(b; - bg),
a(c; - cg) and a(d; - dg) which are easily solved for b, c, and d
The new values of the narameters are then used as preliminary
estimates and the process is repeated . Usually more iterations
are required here hecause the preliminary estimates are less accu-

rate than in the program KINET . Also the intermediate results are

)
1
5)

)

)

i
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printed out as a check on convergence . A minimum of five itera-
tions was used
The program 2/1 MYPERBOLA then consists of the
following narts
- READ IN DATA AND PRELIMINARY ESTIMATES : the nrogram
reads in the number of points (NP), the values for X(I),
Y(I) and W(I) (if any); also the nreliminary cstimates
of the constants a, b, ¢, d .
- ITERATIVE FIT : as described above, minimum five cycles .
- STANDARD DEVIATION, WEIGHT : calculated as in the nro-
gram KINET .
- MATRIX SOLUTTION SUBROUTINE
The printout of the program appears in appen-
dix 2 . In order to visualize the curve and to see how well it
fitted the data, the equation was plotted by commuter using the
proeram PLOT HYPERBOLA 2/1 . This nrogram consists of a main
program generating the function and the FORTRAN subroutine (NPLOT)

sce printout in appendix 3
DI

- EXPERIMENT 3

This experiment consisted in the determination
of the oxygen consumption by rat liver mitochondrial monoamine

oxidase at different concentrations of serotonin . The oxygen
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consumption method was selected because it allows the use of high
substrate concentrations, only limited by the solubility of the
substrate . The purpose of this was to observe the shape of the

reciprocal (Lineweaver-Burk) nlot at these concentrations

a. Assay of oxygen consumption .

Mitochondria were prepared as described above .

A 0.045 M solution of serotonin was made in freshlyv distilled
boiled water and kent at 37 degrees to nrevent any crvstalliza-
tion . Dilutions were made from this stock solution to give a
final concentration in the incubation mixture of 0.375, 0.500,
0.750, 1.500, 3.000, and 7.500 mM . All these dilutions were
made with distilled water excent the last one, which was made
with 0.5 M sodium phosphate buffer (pH 7.4) because at this concen-
tration the serotonin started to affect the pH of the incubation
mixture . The other concentrations did not chanage the nll of the
incubation medium as checked with a p'l meter . The incubation
mixture was constituted as follows

0.4 ml buffer (0.5 M sodium nhosphate, nH 7.4)

0.2 ml KCN (0.01 M)

0.2 ml semicarbazide (0.1 M)

2.0 ml substrate solution

0.2 ml enzyme suspension

3.0 m! final volume
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This composition is based on the method for monoaminc oxidase
assay-by oxygen consumption described by Creascy (21) . The
oxygen consumption was followed on an oxygen monitor (Yellow
Springs Instrument Co) .

After nroner testing and calibration of the
oxvegen eclectrode, all the ingredients of the reaction mixture
except the enzyme were added to the cuvette at 37 degrces and
were equilibrated with athmospheric air for 3 minutes (while
stirred with the magnetic stirrer) . At that time the enzyme was
added, the clectrode introduced, and the measurement started
immediately . The clectrode resmonsc was recorded on a Varicord
recorder (Photovolt Corporation) . The initial velocity of the
oxygen consumtionwas estimated by drawing the tangent to the
recorded line through its oriein . It was cxpressed as % oxyegen
consumed in 5 minutes . The oxveen consumption of a hlank (same
reaction mixture, no substrate) was substracted . In general the
reaction was linear at least over the first five minutes . The
expression of the rate of oxygen consumntion was then transformed

into umoles O,consumed per hour per ml of enzvme, using the

appropriate factors ; it was assumed that at 37 deerees and 760

mm Hg air pressure, 1 ml water dissolves 0.217 umoles of oxygen
(122) . A previous test had shown that the solubility of oxvgen

in the reaction mixture as it was used in this assay was not
appreciably different from the solubility in distilled water under

the same conditions .
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b. Calculations.

A plot of 1/v versus 1/ S was made . This
allowed visual insnection of the curve and it was also uscd for
the graphical determination of the preliminary cstimates of the
constants for a 2/1 hyperbola (same nrocedure as under experi-
ment 2, equations 14-17) . With these constants an iterative fit
to a 2/1 hyperbola was done using the same program 2/1 UYPERBOLA

as described above .

B. Results

Experiment 1
Table 2 summarizes the results from which
the following constants were obtained :
“"Km (serotonin)"...... 0.140 + 0.043 mM
"Ki (serotonin)"...... 12 + 4.4 mM
The t-test on the difference between '"Km' and "Ki'" for serotonin

gives a t-value of 2.6 (p<0.05 for 10 degrees of frecedom) : a

significant difference . For benzylamine the difference bctween

“¥m' and "Ki'" was not found to be significantly different
"Km (benzylamine)"....0.25 + 0.033 mM

"Ki' (benzylamine)'"....0.21] 0.096 mM

14+

t = -0.078 (p>0.9)
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TABLE 2

Experiment 1 . Apparent Michaclis and inhibitor constants for
substrate amines with rat liver mitochondrial monoamine oxidasc.

(values given are mean of six deterrinations)

benzylamine-14C \ serotonin v
uM cpm m com
[300‘ 2836 166 821
150 1969 166 451
‘lnn~ 1330 166 342
- !
; 93
75 1140 166 .2
. 60 1033 166 224
50 950 166 195
serntonin-1%C v benzylaminc v
TS| cnm uM cpm
+500 972 50 598
},2_50 , 769 50 410
- 1166 575 50 299
[—125 o 536 50 253
100 611 50 194
83.3 436 ' 50 172
. i ’,r t wded g v \
Kn(benzylanine) 256 33.8 uM t: 0.08. (p> 0.9)
Ki(benzylanine) 218 * 96.2 uM
Km(serotonin) 144 + 43,3 uM t s 2.63 (,P < 0.05)

+

Ki(serotonin) 12800 + 4430 u“
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Experiment 2

The assay with benzylamine-1%C at various
concentrations of cold serotonin gave the results shown in table 3a.
When the slopes (K/V) of the different reciprocal plots are replot-
ted versus the concentration of serotonin, a non-linear curve is
obtained which bhends down near the vertical axis, and anproaches
a non-horizontal asymptote at the higher concentrations of seroto-
nin (figure 4) . On such a nlot the preliminary estimates of the
constants a, b, ¢, d were made graphically (table 3b)

Using these nreliminary estimates an iterative
fit to equation 13 was performed by the program 2/1 HYPERBOLA .
Table 3b shows the convergence of the iterations and the fitted
constants with their standard deviation . Figure 4 shows a plot
of the equation using the fitted constants with the experimental
points added in . The conclusion is that a good fit is obtained
to equation 13, in other words that cold serotonin caused a
hyperbolic inhibition on the slone of the reciprocal plot of the

benzylamine-1%C reaction

Experiment 3

Table 4a shows the rates of oxygen consump-
tion obtained at different concentrations of serotonin . The
reciprocal plot is shown in figure 5 . Assuming a hypmerbolic
relationship, the constants were derived graphically and used as

preliminary estimates for the itcrative fit to equation 13 by the




TABLE 3

a

Experiment 2 . Effect of the serotonin concentration on the slope

of the reciprocal plot for. the benzylamine-1%C reaction .

Y ETTEeR 3T RIS TERLYE T T R

benzylamine-14C

TR ST T TR AT LRI

T RTITE IR I 2

activity (cpm) at serotonin concentration

uM mM
0 0.166 0.333 0.833 1,666 3,333 8.333 16.666
300 2770 2918 3079 2503 2392 2023 1601 1107
15@} 1946 1970 2035 1708 1159. 1362 989 665
100 1581 1492 1450 1322 1191 978 .737 427
| 70 1415 1570 1481 1102 1042 869 648 476
60 1202 1259 1187 970 873 707 536 384
50 1115 1095 1144 843 819 606 434 321
serotonin slope ("'K/V') #S.D. weight
m *x 108 x 10-17
0 3.46 + 0,277 1.3
0.166 3.64 * 0.449 0.493
0.333 4.05 + 0.463 0.466
0.833 5.03 + 0.176 3.23
1.666 6.25 + 1.30 0.0586
3.333 7.08 + 0.261 1.46
R.333 10.1 + 0.499 0.401
16.666 15:1 & 1.87 0.0285

\

W TR I IR TR L

TR TR T IR

K o o
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TABLE  3b

Least sauares fittine of the data relating the slones of the
reciprocal plot of the benzvlamine-14C reaction and the con-

centration of secrotonin to a 2/1 hynerbola

narameter a h c d
x 18 x 1073 x 1075 x 10-3
iteration

0+ 3.46 1.31 1.34 n,771
1 3.30 2.21 2.19 1.20
2 3.40 1.80 1.46 0,032
3 3.39 2.00 1.76 1.08
1 3.0 1.08% 1.72 1.06
5 3.40 1.08 1.73 1.n7
Fitted constants * standard deviation

a ¢ 3.40 x 10-8: 2,17 x 10710

H oo: 1.98 x 1M & 4,37 x 10-5

c : 1.73 x 1M + 5,00 x 10°%

d o+ 1.07 x 168 £ 2,95 x 1075
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TARLE  4a

Nxveen consumption by rat liver mitochondria at different

concentrations of serotonin .*

serotonin 1/(s] v 1/v
mM umoles 0p/hr.ml
7.500 133 7.20 N.138
3.000 333 6.38 » 0.156
1.500 666 5.68 0.176
0.750 1333 1.90 n,204
0.500 2000 4,58 Nn,218
1. 375 2666 4.39 0,228
0.300 3333 4.19 0,238

* Oxyeen consummtion was measured by oxvegen electrode . The values
for v represent the net consumntion after substraction of a hlank

( : no substrate) .
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TABLE 4b

Least squarcs fitting of the recinrocal nlot of the oxyvpgen
consumption of rat liver mitochondria in the nresence of serotonin

to a 2/1 hyperbola

x 10 x 103 x 108 x lo%
iteration

of 1.27 1.87 14 11.9
1 1.24 1.53 -3.83 5.40
2 1.24 1.81 1.53 8.15
3 1.24 1.95 2.89 9,18
4 1.24 1.94 2.83 0,18
5 1.24 1.94 2.83 9.18

Fitted constants * standard deviation

a o+ 1.24 x 10-1 & 2,54 x 1072
b: 1.94 x 1073 « 4,76 x 10-"
c 2.83 x 1078 + 4,16 x 1078
d: 9,18 x 107% + 2,87 x 107%

+ Preliminarv estimates
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Figure 5 . Reciprocal plot for mitochondrial oxygen consumption
vs. serntonin concentration . The nlot was generated by the
computer usine the fitted constants from table 4h . The noints

represent exnerimental dato
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program 2/1 HYPERBOLA . The iterations werc convergent and the
constants with their standard deviations (table 4b) show that a
good fit was obtaincd . This is further illustrated by the
computer-gencrated pPlot (figure 5) which used the fitted constants

and on which the experimental points were superimposed

C. Discussion

From the review of the literature it is clear
that there are many reasons to believe that there may be more than
one monoamine oxidase in rat liver mitochondria . The indirect
evidence falls into two categoriecs : inhihition studies and mul-
tinle substrate experiments . The selective inhibition of the
activity on certain substrates can be caused by specific agents
monoamine oxidase inhibitors (93, 106, 107, 110, 111, 112, 114)

Or it can be caused by non-specific agents : heat denaturation (94),
pH changes (94), anions (101}, oxygen tension (20} . Selective
inhibition is by itself only a weak argument for the multiplicity
“of the enzyme, since it could also be explained by alterations of
the active site and the surrounding groups which would affect the
activity on various substrates in a different way . Multiple sub-
strate experiments on the other hand would be conclusive onlv if

thev showed that substrates do not compete with each other
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Since monoamine oxidasc substrates do show competition, this is
compatible as well with the presence of one enzyme as with the
presence of several enzymes with overlapping substrate specifi-
city (10, 82, 92)

These indications for the existence of mul-
tiple monoamine oxidases were mostly accidental findings in the
course of studies on the inhibition or other features of this
enzyme system . We decided to start from the hypothesis that there
actually was more than one enzyme in rat liver mitochondria, and
we designed the kinetic experiments to test this hypothesis

The first experiment was a comnarison between
the ability of an amine as substrate and as inhibitor respectively.
It was possible to determine the apparent Km and the apparent Ki
for each amine using the mixed substrate method described above
The fact that a significant difference was found between Km and
Ki for serotonin is comnatible with the two enzvme model . The
finding that Km and Ki for benzylaminec were not significantly
different is also compatible with this model . The kinetic bcha-
viour in experiment 1 of the monoamine oxidase activity on sero-
"tonin is also compatible with other models e.g. one enzyme having
an active site and an 'allosteric' site capable of activating the
enzyme, or else the theory of eutopic and dystopic complexes pro-
posed by Zeller (100) . This latter theory however would require

a significant difference between Km and Ki for benzylamine : this
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is not the case , so that this theory can be eliminated .

If one accepts the two enzyme model as hypo-
thesis, some characteristic kinetic hehaviour can be deduced
Dixon and Webb (123) describe the rate equation for two cenzymes
attacking the same substrate . The total activity will be the sum
of the two activities

Vi8S Vo+S

(26) V.E oy
Ky + S K, + S

In reciprocal form this equation becomes

Kl -+ Kz KI'K?_

1+ +
27) T S S
t Vi*Ky 4+ VoeKo
Vl + V2 +
S
or :
1 sk + Kp) X+ KieKy X&)
(28) V‘: v .

t 't 1+ VieK, * VyeKy
X
vt
where X = 1/[S]
This equation is of the same form as equation
13 : a hyperbola with non-horizontal asymntote . Tt should be
noted that if Kl = K2 the equation reduces to a simple Michaelis-

Menten equation and the reciprocal plot is a straight line . Also
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since the slope of the straight part of the hyperbola is given

by equation 16, it follows :

(29) 5w oz &2

Replacing by the corresponding values from cquation 28 :

KI'KZ

(30) Se =
VieKy + Voo

If there is competitive inhibition on the slopes for the two

enzymes

(31) Ky = Xm ( 1+ E?
\ i
where ﬁ] is the concentration of inhibitor .

And similarly :

(32) K2€Km2(1+%—]

ip]

If we combine equations 31,32 with 30 and work out

1,1 1
+ [~ o+ = — 2
Km, » Kmy V¥ el O+ e W

(33) S, = .

SR The o K13
Vl'sz +V2-Km1 1 + 1\11\1 Km2+ \2 Km1 K12

(r]

KijeKip (Vy+Kmy + Vy+Kmp)

This is of the same form as equation 13 if X = [I}




In the experiments with isotope-labelled sub-
strates, the substrate concentrations are in the lower range and
the reciprocal nlots show only straight lines : it is not possible
to distingnish them from the regular recinrocal nlots due to a
Michaeli-Menten kinetic behaviour . But it can be secen from equa-
tion 33 that comnetitive inhibition in both enzvmes would express
itself by a hyperbolic inhibition on the slone S_ of the reccinro-
cal nlot .

This is exactly what was observed in cxneri-
ment 2, where the addition of cold serotonin produces a hyvper-
bolic inhibition on the slonc of the reciprocal plot . The
results of the second experiment are thus in agreement'with the
two enzyme model . They could alternately be exnlained by a single
enzvme with an allosteric site ; only, in this case the allosteric
site would have to bhe inhibhitory rather than activating . Another
possible cxplanation for the results of exnmeriment 2 lies in the
fact that oxidative deamination is a two-suhstrate rcaction which
involves, beside the substrate amine, oxvegen as the second sub-
strate . Cleland (124) discusses the kinetics of some multisubstrate
‘enzymatic reactions . For certain mechanisms it is theorctically

possible to find non-linear inhibition

s O
(34) ¥ ¥
‘ - where E = enzyme
B E0S+EOP E S = substrate
* 0 = oxvgen
P = product
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In this reaction mechanism, there would he two enzyme forms with
which ‘the alternate substrate could combine : EO or F . But it
shottld not be forgotten that in experiment 2 the inhibition was
caused hy cold serotonin, which is a normal substratec of the en-
zvme . To exnlain the results it would be necessary to accept that
EQ differs in affinity from E for serotonin but not for benzylamine,
which seems rather unlikely .

The third expneriment uses a different method
for the assay of monoamine oxidase activitv (oxvegen monitor) .
This vermits the use of much higher substrate concentrations than
in the radioisotome assay . With the radioisotone assay all the
reciprocal plots were linear . This was to be exnected,~since the
substrate concentrations were in such a range that one is merecly
looking at the straight part of the hvnerbolic curve . From cqua-
tion 28 it appears that the two enzyme model, in case the two
Km's are different, requires a hyperbolic reciprocal plot, at least
if the substrate concentrations used are high cnough : the nlot
becomes non-linear near the vertical axis with downward concavity.
Since the reciprocal plot would be non-linear only when the two
Km's arc different, serotonin was chosen as substrate for this ex-
periment, and the concentrations used were in the hicher range

The results of the experiment showed the cxpected hynerbolic curve.*

*Tnterestingly, similar results were observed by others (17) for
mouse liver mitochondrial monoamine oxidase activity on serotonin.
Only a logarithmic relationship between velocity-and serotonin con-

centration was assumed, without exnlanation .
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This could also be explained by substratc activation through an
allosteric mechanism, hut cxneriment 2 showed a requirement for
an inhibitory allosteric sitec .

This means that the simplest model which can
explain all the experimental results is the two enzyme model .
The experimental results are also in agrcement with the cvidence
in the literature for the wultiplicity of monoamine oxidase in rat

liver mitochondria .

PART TITI : Senaration of two rat liver mitochondrial monoaminc oxidascs

Introduction

Since mitochondrial monoamine oxidnse is a
membrane bound enzyme and is difficult to remove from the membrane

(59), it scemed that success in the semaration of the cnzymes was

“likely to demend on a thorouch solubilization . This nrompted us

to study different methods of solubilization before attempting
to separate the cnzymes . Previous workers usually considered this
enzyme soluble if it remained in the suncrnatant after a centri-

fugation of arbitrarily choscen soeed and duration .
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Though differential centrifugation is an easy
and auick method, useful in screening differcent techniaues of
solubilization, we thoucht it would be useful to study some of
the promising methods in more detail by using the tecniques of
electron microscopy and density gradient centrifugation . The
combination of these two techniaues would allow us to anpreciate
better what a particular method did to the mitochondrion and our
enzyme . Then the method that was most satisfactory for solubili-

zation was chosen to nreparec the samples for electrophoresis

I. Solubilization

A. Materials and methods

§ 1. Differential centrifugation

Chemicals and enzyme preparation . Chemicals

were purchased from Fisher, unless another source is indicated

Sonication . The mitochondria (prevared as
deseribed in Part T) were suspended in a volume of 30 ml sodium
phosphate buffer (0.2 M, pH 7.4) and sonicated for 1 hour in a
Bronwill Biosonik ultrasound device . During sonication the sus-
pension was cooled by a circulation of coolant which kept the

temperature below 5 degrees .
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Assays . The spectrophotometric assay of
monoamine oxidase was based on the method of Tabor ot al. {26) .
The incubation mixture consisted of 0.1 ml of 0.1 M henzylamine
(Eastman Organic Chemicals), 1 ml of phosphate buffer 0.2 M, pH 7.4
and enzyme in a total volume of 3 ml . The incubation was carried
out in a B § L Spectronic 505 spectrophotometer with 1 cm cuvettes
kept at 37 degrees . The reference cell contained the same mixture
except the substrate . The reaction was started by addition of the
enzyme suspension and recording started immediately on the exter-
nal rccorder (Varicord, Photovolt) . The increase in absorbance
at 250 mp was measured during the firdt 10 minutes of reaction :
it was usuallv linear in that interval . The activity was expressed
in spectronhotometric units (SU), one unit heing the amount of
enzvme causing a change in absorbance of 0.001 ner minute under
the described conditions .

Centrifuegation . The samnles were centrifureed

for two hours at 100,000 x g in a Spinco L 2 nrenarative ultracen-

trifuge, using rotor #40

§ 2. Electron microscony

Thin sections - pnositive staining . A nellet

containing the monocamine oxidase activity was obtained when some
of the preparations were spinned at 100,000 x g . This pellet was
fixed for 2 hours in a 1 % solution of osmium tetroxide in 0.25 M

sucrose . The fixed pellets were then dehydrated and embedded in
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the acrylic resin Vestopal W (Martin Jaeger, Geneva, Switzerland).
Thin sections were made, which werc stained in lecad citrate
(Revnolds solution) and uranvl acetate (1 % in water) . The sec-
tions were ohserved in a Philips 100-B clectron microscope . This
method nroduces positively stained nictures, this means that the

staincd structures annear dark on the nrints .

Direct negative staining . On some nreparations

a direct negative staining nrocedure was followed . For this an
aliquot of the enzyme nreparations was mixed directly on a erid

0.

for the clectron microscone with some 0.5 % phosphotungstic acid

This nrocedure vields nrints in which the structures anpear white

on a dark stained backoround .

§ 3. Densitv gradient centrifugation .

Sucrose oradient . A gradient making device

as described by Martin and Ames (126) was uscd to produce a grad-
ient which was practically linear between 5 and 20 % (w/v) in su-

crose . The total volume of the gradient was 4.55 ml . It was

made in the cellulose nitrate tubes of 5 ml volume and centrifuged

in the SW 65 rotor of the Spinco L2-65 B ultracentrfuec at 5 deprees.

Monoamine oxidase assav . The method of Tabor

et al. (26) described above was used on the samples being nrepared

for centrifugation . On the fractions of the eradient, the radio-
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assay after Otsuka and Kobavashi (41), also described above, was
applied .

Sucrosc concentration in the gradient fractions

was determined by refractometry, using an American Ontical T/C
Goldberg type refractometer . The instrument was calibrated directly
in percent sucrose (% w/w) and was comnensated for variations in
temperature .

Catalase was assaved by the Sigma method .
The substrate, hvdroren peroxide, was diluted in 0.05 sodium
phosnhate buffer (pH 7.0) to an ahsorbance of between 0.550 and
0.520 at 240 mu . For the assav, a silica cuvette with 1 cm light
path, at 25 degrees was filled with 2.9 ml of the substrate solu-
tion . The enzvme {0.1'ml) was added and the contents of the
cuvette mixed . The B § L Spectronic 505 was used to monitor the
absorbance at 240 my , the signal beino recorded on a Photovolt
Varicord external recorder . The time rcquired for the absorbance

to decrecase from 0.450 to 0.400 was measured . This corresponds

to the decomposition of 3.45 umoles of Hy0,in 3 ml solution

Onc sigma unit (zU) is the amount of catalase decomposing one

micromole of H,0pner minute in the described conditions .
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Estimation of the sedimentation coefficient

Martin and Ames (126) described a method for the estimation of
sedimentation coefficients of enzymes by centrifugation on a
sucrose gradient in a preparative ultracentrfuge . By definition

the sedimentation coefficient in a medium at temperature T is

. dx/dt

T . .
o w2X where w is the angular velocity (rad/sec)

(35)

and x is the distance from the rotor centre.
This coefficient can be multiplied by a correction factor to

cxtrapolate to the standard state (water at 20 degrees)

nT,m('OP } p20,w)

(36) 520,w z ST,m ( - )
n20,w Op pT,m

where n is the viscosity and p is the density

of the respective media ; p, 1s the density

P

of the mparticular enzvme or protein

In a sucrose gradient this is still valid, only now the density

of the solution as well as the viscosity are function of the

sucrose concentration and thus of the distance from the rotor centre:

n
(37) w?s,y At A —rm .1 dx
0 (pp - DT m) X
(bp - o )
where A E,*Ji__.jﬂbﬁL_ , 4 constant at any

n
20,w . . .
y given protein density.
f P )
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Equation 37 can be integrated using a trape-

zoidal approximation

<

, X341 14l
(38) w SZO,wt z g F(xi)Ax+- 3 g (F(xi+l) - F(xi)}Ax

This can be done by tabulating arbitrary distances (xi) from the
rotor centre, starting at the meniscus and endincg at the bhottom

of the tube . If the gradient is assumed to be linear between 5
and 20 %, then standard tables can provide the values for viscositv
and density at the start of each fraction . The problem with this
method is that the eradient is not always the same, nor linear
Also it is often not possible to find standard tables for the
concentrations of sucrose and the temperature of the centrifuga-
tion that were actually used . These problems can be eliminated

by measuring the sucrose concentration in each fraction by refrac-
tometry, and then calculating the corresponding viscosity and
density . Empirical equations relating thesc parameters to the
sucrose concentration and the temperaturc were developed hy

Barber (127) . The 9 constant equation 39 fits the empirical data
.for density over a range of 0 to 75 % (w/w) sucrose and 0 to 30

degrees with a maximum deviation of 7 narts in 10 thousand
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(39) pp o = (By+ BT + BsT2) + (By + BsT + BT2) Y

+(By + Rgl' + BgT2) Y2

where °T Z densitv of the sucrose solution

T

i

temperature (degrees centigrade)
Y = weight fraction sucrose

81_9 z empirical constants (see ref 127)

A set of enuations relates the viscosity of
sucrose solutions to their concentration and the temperature
The maximum deviation of the calculated data from the empirical
values is 3 narts per thousand between 5 and 40 degreeé and 5 to

40 % (w/w) sucrose

B
= + __
(40) log nT,m A TFC
where " n T viscosity of the sucrose solution
and A, B and C are constants defined helow
(41) A (or B) = Do+ Dy + DyvZ +Dgy3+ Dyvt + Dgv6 +Dyy7+ Dgy8
D0_7 are empirical constants (127)
y is the mole fraction of sucrose (see below)
M
(42)  y=z—2M

Y/My+ (1 - Y)Y/ My
where M; = molecular weight of sucrose

M2 # molecular weight of water

Y

N

weight fraction sucrose
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(43) C = Gy - Gp(l +(v/G3)?)"

Gl-% are empirical constants (127)

y = mole fraction sucrose
Since the concentration measured in each fraction is the average
concentration in that fraction, the second term of equation 38

drops : (132)

X.
i+l

(44) w2 t = ) F(x;) X
(o)

s20,w
The position of the peak after the centrifu-

gation was determined by the method of Schumaker (128) . The

center of gravity of the peak is derived from the activity in the

different fractions and the dimensions of the rotor bucket by :

v 1 t
2V i+ Vi)

(45) rT. Z T+ v
i m -
2V
R2
L
and : (r) = LT;C4
ic,
where W = total volume recovered from the gradient (drops)

Vi = volume recovered up to and including the
ith fraction (drops)

V = initial volume placed into the tubes (ml)

r = radius position of thec meniscus (cm)

r, = radius of the tube (cm)

' th

r. = radius position of the 1 fraction

(r) = center of gravity of the peak




-100~

All of the above computations were programmed
on the Olivetti Programma 101 desk top computer . The program
(table 5) consisted of seven parts, each recorded on one side
of a magnetic card . A printout of the actual programs is presented
in Appendix 4 . Parts 1 to 3 were used to calculate viscosity,
based on the weight fraction sucrose and temmerature . This was
repeated for every fraction of the gradient . Similarly part 4
was used to calculate the density of all the fractions . The cen-
ter of gravity of the peak is calculated in part 5 and it is
stored in memory until part 6 uses it to calculate the integral
(equation 44) from the data on density and viscosity of the gradient.
This integral is also stored in memory for part 7 whicﬁ calculates
and prints out the sedimentation constant in Svedberg units
This part includes an automatic correction for the acceleration
and deceleration of the rotor .

Since the centrifuge requires a suhstantial
time to reach the dialed speed setting, and also continues spinning
for some time after the drive has heen turned off, even when the

brake is on, a correction has to be made for this . The accelera-

tion and deceleration of the SW 65 rotor were recorded for a

typical run at speed setting of 60,000 rpm (figure 6) . In terms
of the distance travelled by a particle in the gradient the fol-

lowing equivalence is valid
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TABLE 5

Sedimentation constant cstimation by centrifucation on a sucrosc

gradient

Nlivetti Prosramma 101

Viscosity

Densitv

Sedimentation

rate

(Svedherg)

summary of the calculations as nroesrammed on the

piart Innut Output Pemarks
(kevboard) {printcr)
1 v(sucrose coeff. A )
weight for all
. fractions
fraction) of the
2 v coeff. R eradient
3 y,T,A,B viscosity
n
4 T, v densitv idem
n
5 sample nr. - for all fractioms
activity of the peak (star-
tine with fastest)
6 n,op - T¢511 fractions,from
I"top of the pradient
n.795 until computer nrints
7 rpm,duration o intermediary result
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(46) (rpmy)2ety = (rrmy)2-ty

For accecleration and dcceleration the equivalent time is

59,500

47 (rnmi)- ti = (38,000)- tSS,OOO

Solution of the integral by trapezoidal approximation gives, for

the acceleration period

(48) X(rpmi)zoti + %Z(frpmi)z - (TDmi_l)z)'ti

Similarly for the deceleration

(49) Lapn)2et, + 37 (Grpm)2 - (romy )2) -ty
When these equations were worked out with the

data of fipure 6, a correction factor of -3.627 minutes couivalent

time at 38,000 rpm was obtained . As a test of the nrogram, visco-

sities and densities were calculated for various sucrose concentra-

tions and compared with the empirical data eiven in a table by

de Duve et al. (129) . Tn another test of the nrogram as wcll as

of the whole experimental setup the sedimentation coefficient of

catalase was determined . This experiment is described herc as an

example of the usc of the method .
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A oradient of 5 - 20 % (w/v) sucrose with
a total volume of 4,55 ml was prepared . A catalase solution
(Sigma Chemical Company) was diluted to approximately 15,000 £U/ml
and 0.05 ml of this solution was carefully laycred on ton of the
sucrose gradient . The gradient was then centrifuged at 60,000 rpm
during 120 minutes . The odometer reading and the time were recor-
ded at the moment the centrifuge was started, and again when the
centrifuge was stopped manually after the rquired time . The gra-
dient was then fractionated by puncturing the bottom of thc tube
and collecting drons, 11 ner fraction . In this way 24 fractions
were collected . The enzvme activity and sucrose concentration in
the fractions werc assayed as described . The activity appeared
in a sharp peak in the upper part of the gradient (figure 7) .
Table 6 shows the calculated values for density and viscosity in
the various fractions . The SZO,w obtained was 11.6 Svedbers,
assuming a specific volume for the enzyme of 0.725, as compared

with the value of 11.3 given by Martin and Ames .

B.Results

§ 1, Differential centrifugation

In a screening exneriment different methods

for solubilization of mitochondria were tried, and the resulting
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Fipure 7 . Centrifusation of a nure catalase sample on 2 sucrosc

eradient . Conditions as in tahle 6




-106-

TABLE 6

Sedimentation rate of pnure catalasc

fraction sucrose density

% w/w

a test of the experimental setun,

16 10.6 .043
.040
037
.035
.033
031
.025
026

.025

[T T S S S
o) fo RNV RS |
[V« B o] o} o]
28] ~J ~ D
. oy ey — p—d

£
ro
\1 .
—
— ke

23 6.5

24 6.

(93]
—

viscosityv activity
s1/ml
2.100 27
2.058 69
2.007 460
1.975 - 1380
1.941 300
1.908 16
1.872 3R
1.834 34
1.8325 62

37610 th
24568 th

Ndometer initial

0.725

duration :

120 min. sneecd : 60,000 rom
T : 5 deerees

11.6 Svedbere
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preparations were centrifuged . Table 7 shows the activities
remaining in the supernatant after 45 minutes and 2 hours 45!

of centrifugation respectively . The effect of the concentra-
tion of the buffer and of the nresence of the substrate benzyl-
amine on the activity of monoamine oxidase and its solubilization
were assessed in the same way, as shown in table 8 .

The effect of the concentration of decoxv-
cholate on the degree of solubilization is shown in figure 8 .
It appears that to obtain solubilization a critical concentra-
tion has to he excceded . When a preparation dissolved in this
way with deoxvcholate is dialysed against buffer containing no
deoxycholate, the solution, which was clear, becomes clbudy .
The precipitate contains a high pronortion of the monoamin¢
oxidase activity . This is shown in tahle 9 .

During these experiments, it was found that
after deoxvcholate trcatment, the enzymec had to be kept on ice,
as it became much more sensitive to heat denaturation . This is
demonstrated in an incubation experiment, the results of which

are seen in table 10 .,

§ 2. Electron microscopy
Thrce methods of solubilization were further
studied using electron microscopy : sonication, treatment with

Jubrol and treatment with deoxycholate .
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TABLE 7

Solubilization of rat liver mitochondrial monoamine oxidasc :

screening of different methods by differential centrifupation

Prenaration activity activity recovered in supernatant after

St/ml centrifueation at 100,000 x ¢
45 minutes 2 hours 45 min.
Si/ml % * SU/ml % *
mitochondria 730 - - - ) -
sonicated m. 540 230 31.5 n 0
1%deoxychol. 520 520 71 520 71
1%Tween 20 500 220 30 5N 7
1%Tween 40 530 100 13.5 0 0
1%Tween 80 510 220 30 50 7
1%Tween 81 490 290 40 0 0
1%Tween 85 + - - - -
5%Lubrol 610 160 22 150 20

* Percent of the total initial activity of the mitochondria

+ This treatment vielded a thick emulsion which could not be

assaved
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%

PERCENT ACTIVITY IN SUPERNATANT

DEOXYCHOLATE (mg/ml)

Figure 8 . Solubilization of mitochondrial monoamine oxidase
by deoxvcholate . Percent of the original activity remainin~ in

the supernatant after centrifuration for 2 hours at 100,00n x o,




TABLE §

Solubilization by deoxycholate : effect of buffer concentration

and the nrescnce of benzylamine . Activities in St/ml

Buffer (nH 7.4) benzylamine control 1%deoxychol. sunern.* o T
M M
0.2 0 264 190 150 58
0.15 0 220 180 160 73
n.1 0 190 280 160 85
0.2 0.003 244 280 240 98

* Activity in thc sumernatant after centrifugation for 2 hours at
100,000 x ¢ .
+ Percent of the activity of the untreated (control) mitochondria

in the same buffer
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TABLE 9

;Deoxycholate solubilized mitochondrial monoamine oxidase : effect

#or dialysis on the solubility .

L;preparation activity protein specific activity
SU/ml mg/ml SU/mg protein

f nitochondria 235 9 26.1
W same with 1% 265 8.15 32.5

fl deoxycholate

8 100,000 x g * 100 L9 20.5
1;supernatant

| dialysate ** 50 k25 11.4

¥ (supernatant)

B dialysate ** 270 L.9 55

| (precipitate)

fl * the deoxycholate dissolved mitochondria were centrifuged for 2 hours.

8+ the dialysate (12 hours against 0.02 M sodium phosphate buffer) was

flcentrifuged at 8000 x g for 10 minutes .
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TARLE 10

Resistance to denaturation by heat of mitochondrial monoamine
oxidase before and after treatment with dcoxycholate

Activities in SU/ml .

Tncubation time (minutes)

Preparation 0 2 5 10 60
mitochondria* 100 105 115 120 55
deoxvcholate sunern. 75 65 55 35 15

* Mitochondria were isolated as described and resusnended in 0.2 M
buffer (pH 7.4), containg benzvlamine 0.003 M . An aliquot of this
suspension was made 1 % in deoxvcholate and centrifueed at 100,000
x ¢ for 2 hours . The two nrenmarations were then incubated at 37

decrces .
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When mitochondria were sonicated under the
conditions described above, the activity was spinned down by
centrifugation at 100,000 x g for 20 minutes ., The pellet contain-
ing the monoamine oxidase activity was fixed and thin sections
were made and positively stained as described under Methods .

The appearance of the particles is shown in the electron micro-
graph A in figure 9 . An estimate of their size was obtained by
measuring on the print, and dividing this dimension by the combined
magnification of the electron microscope and the photographic
enlargement . The thus obtained dimensions varied between 300 S

and 700 }.

Lubrol treated mitochondria were handled in

the same way . Their appearance is shown in figure 9, B . They

consist mainly of ruptured membranes, with an estimated length
o

of up to 2800 & .

The deoxycholate treated mitochondria did

not vield an activity containing pellet, even after prolonged
centrifugation . Thereforc the supernatant which containcd the
monoamine oxidase activity was stained using the negative staining
procedure described above . The particles, appcaring white on a
dark stained background (figure 10, A) were estimated to have

a diameter of approximately 100 A . The precipitate which formed
after dialysis of such a dcoxycholate solubilized nreparation
appeared to consist of vesicles (figure 10, B) of oval shape

with an estimated long diameter of up“to 1800 & and a short dia-

meter of about 700 A .
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Figure 9 . Electron microsraphs prepared us lescribod in text

i

.

A, Sonicated mitochondria : 15,000 x

5. Tubrel treated mitoch »'Mria @ 9,000 x




Fieure 10 . Electron microrraphs prepared 2s descrihed in
g grap ] ]

A. MNeoxycholate treated mitochordria (negatively stained)
100,000 x .

. Same preparation after dialvsis @ 90,000 x

text
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5 3. Gradient centrifugation
A mitochondrial suspension, made 5 % in
Lubrol and stored in the refrigerator for 3 davs, was lavered
on a sucrose density gradient and centrifuged as described under
methods . The speed setting of the centrifupge was 60,000 rpm
and the duration of the centrifugation was 15 minutes . Tables 11
and 12 show the results of the rcfractometry and monoamine oxidase

assays in the two experiments and also the calculated values for
0.725

So0 « of monoamine oxidase in this preparation : 148 and 133
“s

A histogram shows the distribution of the activity in the gradient
after onc of the centrifuecations (figure 11) . From this figure
as well as from figures 12 and 13 (for the other preparations it
appears that the nopulation of particles observed was far from
homogeneous, if compared to the catalase experiment e.g. Since
the particle population is so polydisperse, the scdimentation
coefficients should be regarded as average values for a broad
range of particles

When sonicated mitochondria were centrifuged
on the same 5 - 20 % gradient, all the activity was centrifuged
down and found as a pellet at the bottom of the gradient, even
after very short centrifugations . Therefore a higher concentra-

tion gradient was used in was used in this case : 15 - 40 % sucrosec,
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TARLE 11

Sedimentation ratc of monoamine oxidase from Lubrol treated mitochondria,

fraction sucrosc densitv viscosity activity
% w/w cnm
12 12.1 1.049 2.228 100
13 11.4 1.046 2,173 236
14 10.7 1.043 2.117 3n7
15 10,1 1.041 2.074 348
16 .4 1.038 2.022 442
17 9.0 1.036 1.094 6oo
18 8.5 1.034 1,961 A17
19 8.1 1.033 1.924 672
20 7.7 1.031 1.908 1035
21 7.4 1.030 1.801 705
22 7.0 1.028 1.865 638
22 fractions of 13 droms duration 15 minutes

& 1 fraction of 6 drons T 5 degrces
Odometer initial 508,048 th 0.725 1486
508,772 th 20,w '
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TABLE 12

B Sedimentation rate of monoamine oxidase from Lubrol treated mitochondria.

M fraction sucrose density viscosity activity

i % (w/w) ' cpm
14 11.0 1.045 2.141 179
15 10.1 1.041 2.074 283
16 9ely 1.038 2.022 348
17 8°7A 1.035 1.975 508
18 8.2 1.033 1.941 587
19 7.9 1.032 1.921 - 641
20 7.6 1.031 1.904 703
21 7.1 1.028 1.872 - 687
22 6.9 1.028 1.859 486
:;22 fractions of 13 drops duration : 15 minutes
f?& 1 fraction of 2 drops T : 5°

® Odometer initial : 508048 th.
final : 508772 th. s : 133.6
' 20,w
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FRACTION NUMBER

Figure 11 ., Centrifugation on a sucrose gradient of lLubrol

treated mitochondria .Data from table 11
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and the speed of centrifugation was reduced to 10,000 rom . The
duration of the centrifugation was 10 minutes . Table 13 shows
the results of the monoamine oxidase assay on the different frac-
tions, while figure 12 is a histogram of the distribution of the
activity over the gradient after the centrifugation . In this
case the sucrose concentrations were estimated by interpolation
because the refractometer was not usable in this range . The
526755 for the monoamine oxidase in this preparation was found
20,

to be 68,000 (table 13) .

The deoxycholate treated mitochondria presen-

ted a different problem in these experiments : even after a short
centrifugation on the gradient, a cloudy precipitate was formed,
similar to that after dialysis of this prenaration . When the
enzyme was first precipitated between 5 and 20 % ammonium sulfate
saturation, and then redissolved in 0.02 M sodium phosphate buffer
(pH 7.4), a clear solution was obtained which no longer precipi-
tated while being centrifuged on the gradient . This was the pre-
paration used in the gradient centrifugations reported below .
The gradient was the usual 5 - 20 % sucrose . The speed of centri-
fugation was 60,000 rpm . The centrifugations lasted 45, 62, or
70 minutes . The results are shown in tables 14 to 22 . The values
for 586755 obtained varied between 23.0 and 33.1 . These were all
s
determined with benzylamine as substrate, and since the nopulation

of particles here was also polydisperse, the results should be

considered as the average sedimentation rate for a broad range of
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13

Sedimentation rate of monoamine oxidase from sonicated mitochondria .

i fraction sucrose * density viscosity activity
it | % (w/w) cpm
2 38.32 1.173 8.901 146
3 37.20 1.167 8,207 200
L 36,09 1.162 74599 250
5 34,97 1.156 7,041 236
6 33.85 1.150 6.539 L6
7 32.73 1.145 6.095 376
8 31.61 1.139 5,685 1LL0
9 30.50 1.134 5.322 L30

10 29.38 1.128 L .98 20
11 28.26 1.123 L.676 473
12 27.15 1.118 Lo 1,02 _ 1,26
13 26.03 1.112 Lolll, 260
14 2L .91 1.107 3.908 200
15 23.79 1.102 3.697 264,
16 22.67 1.096 3.497 239
17 21.55 1.091 3.314 176
18 20. 44 1.086 3149 119
19 19.32 1.081 2.992 100
20 18.20 1.076 2.348 L5
21 17.08 1.071 2,714 -
22 15,97 1.066 2.592 -

§f122 fractions of 11 drops
%ﬁ & 1 fraction of 4 drops
3; Odometer initial : 811236 th.
o final @ 811330 th.

duration : 10 minutes

T : 5%
speed : 10000 rpm
0.725
s 68,157
20,w ' .

* by interpolation .
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Figure 12 ., Centrifuration on a sucrose gradient of scnicated

mitochondria . Conditions as in table 13




M sedimentation rate of monoamine oxidase from deoxycholate treated

@ mitochondria .

@ fraction

20,w

sucrose density viscosity activity
# %{vw/w) cpm
15 11l.1 1.045 2.149 156
16 10.6 1.043 2,109 351
17 10.0 1.041 2,066 120
18 9.5 1.038 2,029 451
19 9.1 1.036 2.001 1328
20 8.6 1.035 1.968 1079
21 8.1 1.033 1.934 1287
22 Tely 1.029 1.891 1246
23 7.1 1.028 1.872 1205
2L 6.7 1.027 1.847 768
25 6.2 1.025 1.819 713
26 5.8 1.023 1.795 286
26 fractions of 15 drops duration 45 minutes
# & 1 fraction of 4 drops T 5°C
ﬁl Odometer initial : 482540 th. speed 60,000 rpm
final : 485018 th. 0.725 |
s 3lf9




M mitochondria .

TABLE 15

) Sedimentation rate of monoamine oxidase from deoxycholate treated

20,w

fraction sucrose density viscosity activity
it % v/ w) cpm
13 11.1 1.045 2.149 258
14 10.4 1.042 2.094 263
15 9.9 1.040 2.058 514
16 9.3 1.038 2.015 820
17 8.6 1.035 1,968 1346
18 8.0 1.032 1.927 1500
19 7k 1.030 1.890 1244
20 6.8 1.027 1.853 642
21 6.3 1,025 1.825 526
22 6.0 1.024 1.806 307
22 fractions of 16 drops duration 45 minutes
W o 1 fraction of 2 drops T 5°C
J Odometer initial : 482540 th. speed 60,000 rpm
final : 485018 th. 0.725
s 33.1
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TABLE 16

Sedimentation rate of monoamine oxidase from deoxycholate treated

mitochqndria R

fraction sucrose density viscosity activity
i % (/v cpm
15 9.9 1.040 2,059 393
16 9.3 1.037 2.017 679
17 8.7 1.035 1.975 1220
18 8.1 1.033 1.934 1373
19 | (Y 1.030 1.890 1316
20 6.9 1.028 1.959 = 876
21 6.3 1.025 1.825 555
22 6.0 1,024 1,806 461
é& 22 fractions of 16 drops duration : 45 minutes
éf & 1 fraction of 1 drop T : 5°C
?f Odometer initial : 482540 th, speed : 60,000 rpnm
final : 485018 th. 0.725
s : 28.6

20,w




TABLE 17

™ Sedimentation rate of monoamine oxidase from deoxycholate treated mito-

B8 chondria .

B fraction sucrose density viscosity activity

# B (vi/vr) cpm

11 12.4 1.051 2.254 169
12 11.7 1.048 2.195 295
13 10.8 1.044 20,125 380
14 10.6 1.043 2.109 253
15 9.5 1,028 2,020 669
16 8.9 1.036 1.989 692
17 8.4 1.034 1.954 . 577
18 8.2 1.033 1.941 507
19 7.9 1.032 1.921 385
20 7.3 1,029 1.884 235
21 6.9 1.028 1.859 261
% 21 fractions of 16 drops duration : 62 minutes
%{& 1 fraction of 9 drops - T : 5°%
%deometer initial : 490799 th. speed : 60,000 rpm

final : 494275 th. 0.725
s

S 29.7
20,w
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TABLE 18

W Sedimentation rate of monoamine oxidase from deoxycholate treated

‘@ mitochondria .

‘?ﬁfraction sucrose density viscosity activity
# b (w/w) cpm
11 11.6 1.047 2.187 207
12 10.9 1.044 2,133 277
13 10.1 1.041 2.074 729
14 9.4 1.038 2.022 525
15 8.7 1.035 1.575 715
16 8.0 1.032 1.927 783
17 7uly 1.030 1.890 . 587
18 6.9 1.028 1,859 332
19 6.3 1.025 1.824 160
20 6.6 1.026 ' 1.840 160

i 20 fractions of 17 drops duration ; 62 rinutes

gf & i fraction of 12 drops T : 5°C

& Odometer initial : 490799 th. speed : 60,000 rpm

| final ¢ 494275 th. 0,725
s : 29.0

20,w
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TABLZE 19

M Sedimentation rate of monoamine oxidase from deoxycholate treated mitoc

éffraction sucrose density viscosity activity
i P (vi/w) : cpm
13 12.7 1.052 2.280 245
14 11.9 1.048 2,212 316
15 11.1 1.045 2.149 375
16 10.3 1.042 2.086 L9L
17 9.8 1.040 2.051 621
18 9.1 1.037 2,001 667
19 8.4 1.034 1.954 723
20 8.4 1,034 1954 5hk
21 8.0 1,032 1.028 ' 411
22 77 1.031 1.908 | 253
23 7.2 1.029 1.878 200
24 6.4 1,026 , 1.829 128

j12h fractions of 16 drops duration : 62 minutes

& 1 fraction of 12 drops T . 5°C

Odometer initial : 490799 th. speed : 60,000 rpm

: final : 494275 th. 509725 . 31.0

20,w




TABLE 20

Q.Sedimenpation rate of monoamine oxidase from deoxycholate treated

@ mitochondria .

B fraction sucrose density viscosity activity

# %(w/w) | cpm

11 11.8 1,048 2.203 171

12 11.1 1.045 2,149 179

13 10.8 1.044 2.125 362

14 9.7 1.039 2,044, 358

15 8.9 1.036 1.989 - 551

16 8.2 1.033 1.940 511

17 7.6 1.030 1.903 398

18 7.0 1.028 1.865 212

19 6.5 1.026 1.835 106

20 6.0 1.024 1.807 109
2?20 fractions of 17 drops duration : 70 minutes
%ﬁ& 1 fraction of 14 drops T : 5°C
%;Odometer initial : 494423 th. speed : 60,000 rpm

: final : 498360 th. 0.725
‘ s : 23.0

AAAAAA

20,w




TABLE 21

ﬁisedimentation rate of monoamine oxidase from deoxycholate

B treated mitochondria .

fraction sucrose density viscosity activity

# B {w/w) cpm

10 12.1 - 1.049 2.228 223

11 11.4 1.046 2.173 235

12 10.7 1.043 2.117 300

13 10.0 1.040 2.066 460

14 Q.3 1.038 2.015 725

15 8.6 1.035 1.968 ' 727

16 8.1 1.033 1.934 693

17 Tels 1.030 1.890 618

18 6.9 1.028 1.859 385

19 6.l 1.026 1.829 187

20 6ol 1.026 1.829 117

21 6.0 1.024 1.807 170
21 fractions of 16 drops duration : 70 minutes
& 1 fraction of 10 drops T : 5°C
Odometer initial : 494g23 th. speed : 60,000 rpn

final : 498360 th. 0,725
s 29.6

20,w




-130-

TABLE 22

%518edimentation rate of monoamine oxidase of deoxycholate treated mito-

}?jchondria .

& rroction sucrose density viscosity activity
if % (w/v) cpm
11 12.0 1.049 2.220 lob6
12 1l.4 1.046 2.173 162
13 10,8 1.044 2.125 201
14 10,2 1.041 2.079 390
15 9.5 1.038 2.029 696
16 8.7 1.035 1.975 815
17 8.2 1.033 1.941 661
18 7.6 1.030 1.903 410
19 7.1 1.028 1.872 245
20 6.6 1.026 1.841 213
21 6.2 1.025 1.819 184

21 fractions of 16 drops duration : 70 minutes
} & 1 fraction of 10 drops T . 5%
Odometer initial : 494423 th. speed : 60,000 rpm
final : 498360 th. 0.725
s : 25,6
20,w
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of particles

In order to sec if there was any difference
in sedimentation rate for the monoamine oxidase activity on
other substrates, a similar centrifugation was performed (60 mi-
nutes at 60,000 rpm) . On the fractions of the same gradient, the
activity for both benzylamine and serotonin was determined . The
result in the form of a histogram is shown in fipure 13 . There
is a small, nossibly significant difference in the nosition of
the peak of the activity on henzylamine and the activity on sero-
tonin . Unfortunatelv, when longer centrifugation times were used

in an attempt to improve the resolution, too much of the activity

was lost .

C. Discussion

The reports in the literaturc on the solubi-
lization of monoamine oxidasc from mitochondria are often confu-
sing in that they use different criteria to determine that the
enzyme was solubilized . Various authors consider as soluble the
supernatant fraction after centrfugation at 12,000 x ¢ for 30
minutes (68), 15,000 x ¢ for 20 minutes (64), 160,000 x g for 90
minutes (65), 4,050,000 g-minutes (61), 144,000 x g for 2 hours

(108) . Usually it is not clear if the indicated e-valuec is the

average or the maximum centrifugal field . Tt must he said how-
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over that in many cases the purpose of the work was purification
_of the enzyme and real solubilization was not essential, but the
3 authors intended a mere extraction of the enzyme
Since it was our intention to try and separate

the multiple forms of monoamine oxidase, it was important first

to obtain the cnzyme as well solubilized as possible . Differential
' centrifugation as a criterion for the solubility of a protein is
difficult to apply . Not only is it hard to comparc the centri-
fugation in different instruments, even if the gravitational field
is expressed in g or g-minutes (130) . But also, cven if a particle
is sedimenting at a fairly rapid rate, it may not he nacked into

a solid pellet and be confounded with the supernatant . It scemed
that centrifugation on a sucrosc gradient was easier to put into
quantitative terms, and that an clectron microscopic study would

be a good complement and facilitate the interpretation of the re-

sults

In a first screening experiment different
methods of solubilization were compared, including sonication and
different detergents (table 7) . Deoxycholate treatment immedia-
tely emerged as the most promising method . Therefore some addi-
tional cxperiments were done in order to detcrmine the optimum

£ conditions for this method . Tt was found that deoxycholate has

a tendency to cause rather quick denaturation of the enzyme, but

? this effect could be slowed down at least partially by having

benzylamine present in the medium when the deoxycholate was added
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to the suspension of mitochondria (table 8) . Even then the enzyme
was much more sensitivc to heat denaturation than the native
enzyme (table 10) . Therefore care was taken to keep all the solu-
tions at 4 degrees or less in handling the preparation .

Three of the solubilization methods were fur-
ther tested by density gradient centrifugation and electron micro-
scopy : sonication, Lubrol treatment and deoxycholate treatment
Under the electron microscope the sonicated mitochondria anpeared
as particles of 300 - 700 A. This would indicate that the sonica-
tion was not very effective in our hands, since Verevkina et al.
(59) obtained particles of 50 - 100 A . This impression is confir-
med when we look at the density gradient centrifugation of the so-
nicated mitochondria . The value for 526755 for this preparation
was 68,000 . This is of the order of magnitude of the scdimenta-
tion coefficient of whole mitochondria (131) . This would mean
that the sonication technique as uscd by us was inefficient in
that the particles obtained were still quite large, but also that
after sonication the active monoamine oxidase was still largely
confined to the unbroken mitochondria . Either a relatively minor
fraction of the mitochondria were actually disrupted by the soni-
cation or the enzyme was inactivated in those mitochondria that
were disrupted

The electron microscopic imase of the Lubrol-

treated mitochondria shows that this trecatment was a very gentle

TYRTTITTI




one : the mitochondrial membranes, though disrupted, still had
a considersble size and integrity . The sedimentation coefficient
for the monoamine oxidasc in this preparation is relatively low
The explanation for this may he that the mitochondria by runturing
increased their surface and thus their resistance to sedimentation
without changing their density . Or else thc monoaminc oxidase
activitv was not contained in the bigger membhranes seen under the
electron microscone, hut in some smaller structures

The sedimentation cocfficient of the deoxvcho-

late - treated enzvme was much lower . Tt is of the order of mag-

nitude of that of big vrotein comnlexes . It should he realized

of course that the densitv of the particles may be considerably
lovered through micelle formation with the lower density deoxycho-
late . This would also lower the sedimentation ratc and give the
false impression of asmaller particle . When we look at the elec-
tron microscopic pictures however, the dimensions of the observed
particles agree rather well with the measured sedimentation rates
We may thus conclude that deoxycholate treatment of all the
methods studied, disrupts the mitochondria into the smallest
fractions . Therefore this was the method chosen for the prena-
ration of the sample for an attempt at the separation of the mul-
tiple forms of mitochondrial monoamine oxidase . The problem of
the denaturation of the enzyme could be overcome (at least parti-
ally) by working at low temperature and by dissolving the mitochon-

dria in the presence of benzylamine
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II. Secparation

A. Materials and methods

§ 1. Preparations and electrophoresis
A1l chemicals used in this section were pur-
chased from Fisher, unless indicated otherwisc .
chondria isolated from fresh rat liver as described above . The
mitochondria from 4 g of fresh rat liver were resuspended in 16
ml sodium phosphate buffer (0.2 M, pH 7.4) which was 0.003 M in
Benzylamine (Eastman Organic Chemicals) . To this suspension 192
mg of deoxycholate, dissolved in 1 ml water, were added and the
solution stirred for 10 minutes . During the whole nrocedure the
enzyme was kept on ice . The preparation was then centrifuged in
a refrigerated Servall centrifuge (4 degrees) at 30,000 x ¢ for
15 minutes . From the supernatant 20 il were anplied per gel .
Of the methods used for the senaration of

nroteins, electrophoresis on polvacrylamide gel is capable of

relatively high resolution . This is due to the molecular sievineg
effect which adds on to the inherent resolving power of the clec-

trovhoresis technique . Furthermore the discontinuous gel and
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buffer system which was described by Ornstein and Davis (133)
gives an additional immrovement in resolution because the nro-
tein sample is concentrated into a verv thin startineg zone bhefore
the actual scparation . The techniaue as corieinallv described was
limited however to a certain range of nrotein molecules, hecause
f the small nore size of the gel . This made it less suitable
for lager nrotcins or nrotein comnlexes . A modification by
Dineman and Pecacock (134) nrovided a solution to this nroblem .
By the incorporation of 0.5 % aparosc into the nolvacrvlamide gel
it was nossible to lower the concentration of the acrylamide and
still obtain solid, easy to handlec gels . These gels nroduced an
cxcellent resolution for hicher molecular weisht comnounds . A
set of nreliminary experiments had determined the optimal concen-
tration for our separation .

The following solutions were nrepared, which
could be stored in the refrigerator for weecks (excent B, which
had to be prenared every day, and I, which was pnrenared fresh
every week) .

A, Acrylamide monomer

19 ¢ acrvlamide (Eastman Organic Chemicals)

1 ¢ N,N'-methylenc bisacrylamide ( ' )

water to 100 ml .

B. Ammonium persulfate
0.5 ¢ ammonium persulfate

water to 100 ml .
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C. TEMED
0.287 ml N,N,N'" N'-tetramethylethylene diamine
(Fastman Organic Chemicals)
water to 100 ml
D. scparating gel buffer
60 ml1 1 N HC1
45.375 g tromcthamine (tris)
water to 100 ml
E. acrvlamide
S g acrvlamide
1.25 ¢ N,N'-methylenc bisacrvlamide
water to 50 ml
F. riboflavin
2 mg riboflavin
water to 50 ml
G. stacking gel buffer
24 m1 1 N HC1
2.99 g tromethamine
0.23 ml TEMED
water to 50 ml
. cluting buffer
288 g alycine
60 g tromethamine

water to 2 1
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1. sucrose
40 g sucrose
water to 100 ml
J. tracking dye
2.5 mg bromophenol blue

water to 50 ml |

A Canalco model 12 gel electronhoresis anpa-
ratus was used . To make the gels, 125 mg agarosc (snecial grade,
Mann Resecarch Laboratories) was dissolved into 12.5 ml of the 40 %
sucrose solution (1) by hoiling for 10 to 15 minutes . The solu-
tion was then cooled to 40 degrees . Meanwhile, in a separate
erlenmever were added together 2.5 ml buffer (D), 2.5 ml TEMED (C)
and 2.5 ml acrylamide solution (A) . This mixture was warmed to
40 degrecs and then bhoth solutions were added together . Then 2.5
ml of the ammonium persulfate solution (B) were stirred in quickly
and the solution was introduced by means of a svringe to the glass
tuhes sitting in their stand . The tuhes were filled to within
about 1 c¢m from the top . The solution was then overlavered with
water to create a flat horizontal surface on ton of the gel . The
nolymerization occurred in about 10 minutes . At the same time the
cooling causes the agarose to gecl and the tubes were left standing

at room temperature for a total time of about 30 minutes .
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Then the layer of water was removed and repla-
ced by the stacking gel solution . This mixture was prepared by
adding 1 part buffer (G) to lmart riboflavin (F) and 2 parts acryl-
amide (E) and 4 parts sucrose (I} . The tubes were filled to 0.5
cm from the top and water was lavered on top . The polymerization
of the stacking eel was trimpgered by light : the tubes were left
in front of a fluorescent light (at *10 cm) for 20 minutes . When
the polymerization started the stacking pgel solution became slightly
cloudy . A additional 10 minutes werec then allowed for completion
of the polymerization . When the gels were ready for electrophoresis
the tubcs were taken out of their stand and fixed in the top
buffer reservoir .

The two reservoirs were filled with eluting
buffer (!, diluted 10 x) . To the top buffer rescrvoir N.5 ml of
tracking dye (J) was added ., Care was taken to exnel air hubbles
from the top of the tubes . The enzvme solution (20 1) was amnlied
to each gcl by introducing the tip of a micropipette below the
surface of the bhuffer and gently lavering the solution onto the
ton of the gel ., The electronhoresis was then started at a con-
stant current of 2 mAmp per gel, with the nositive electrode con-
nected to the hottom buffer reserveir . The.nroqress of the elcc-
trophoresis could easily be followed by watching the disc of
tracking dye form in the stacking gel and then move into the

separating gcl in front of the protein bands . When this trackine
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disc had travelled about 3 cm into the separatine gel (after
about 1 } hours), the current was turned off and the ecls were re-
moved from the elass tubes by pushing them from the top end with

a '""0-tip”

§ 2 . Assavs

The pels were cut, using the Canalco gcl
slicer, into discs of about 25 mg . Each slice was nut into a
microfuge tube ; a short centrifugation forced them down into
the tip of the tubc . The monoamine oxidasc activity was detected
using labelled substrates, as described in narf 1 , except that
no buffer was added ., The extraction and counting were done as
described in nart 1 . Since the gel slices were not homogenized
nor eluted for the assay, the mixing could not he very efficient,
but it was hoped that the diffusion of substrate and products
would he sufficiently fast to make the detection of the activity

possible . Actually a nreliminary experiment showed that this

assay directly on the gel slices was about 50 % as effective as
the onc on enzyme dissolved in buffer .
In another experiment 50 ul was apnlied to

each gel and twelve of them were run simultaneously . After the

electrophoresis the gels were cut into two parts in such a way
that the two peaks of activityv detected by the direct assav each
fell on one side of the division . The respective parts were then

pooled .
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The fraction containing the tracking dve and the fastest moving
peak of activity was labelled fraction I, the other fraction II
Both fractions were homogenized in a glass homogenizer in 30 ml

of 0.02 M sodium phosphate (pH 7.4) . The particles of the gels
were then centrifuged off and the nrotein in the two eluates was
then concentrated by ultrafiltration in an Amicon 401 cell . An
UM-10 membrane with a cutoff at MW 10,000 was used at a nressure
of 100 psi . When the volume of the solution was reduced to

about 2-3 ml it was assayed for monoamine oxidase activitv on the
substrates benzylamine-l%C and serotonin-!%C by the method descri-

bed in part 1 .

B. Results

The direct assav on the gel slices revealed
two peaks of activity for benzylamine-l%C, and only one for sero-
tonin-14C . These results are shown in the form of a histogram
(figure 14) . One of the enzyme peaks seems to attack both benzyl-
amine and serotonin whereas the other one is essentially active
on benzvlamine alone . The assays after elution confirm this fin-
ding : fraction I is active on both benzyvlamine and serotonin,

fraction IT on benzvlamine only (tahle 23) .
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TABLE 23
Disc electronhoresis of dcoxycholate dissolved mitochondria :
monoamine oxidase assav after elution .*
suhstrate blank fraction 1 fraction 2
o+ +

cnm cnm! crm’
henzylamine-1%C 30 76.5 451.5
serotonin-14C 14.9 117 18

* Electronhoresis, elution and assav described in text .
+ The activities shown are the mean of four determinations, and are
exnressed as the net cnn (background substracted) in 60 yl of extraction

solvent .




S a 2eo MEleal Y

-148-

C. Discussion

The problem of the separation of the two
forms of mitochondrial monoamine oxidase was complicated by two
factors : first the enzvme is verv insoluble or very tichtlv
bound to the membrane structure of the mitochondrion : second,
the existing methods for the detection of monoamine oxidase acti-
vity in situ after electrophoresis did not have the reauired
specificity . In this work we have attempted to find a solution
to these nroblems . The deoxycholate solubilization seems to be
satisfactory in as far as it breaks the mitochondria into very
small particles, but it has problems of its own . The enzyme
becomes very labile after treatment with deoxycholate (e.e. in-
creased sensitivity to denaturation by heat) and the removal of
the deoxvcholate (bv dialvsis, gel filtration or anparentlv cven
centrifugation on a density gradient) causes the enzyme to aggre-
gate into big vesicle-like structures . Nevertheless this solu-
bilization method permitted us to use the gel eclectronhoresis
techniaue for senaration of the multinle forms of the enzvme,
leaving cnough enzvme activitv to be detected in the gel after
electrophoresis, or even after elution from the gel

The methods for detection of monoamine oxidase

activity in situ or after clectrophoresis that have been used were
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mostly based on the usc of nitroblue tetrazolium as electron

.accentor (13, 43, 47, 103), usually with phenazine methosulfate

as intermediary eclectron carrier . This dve reduction system has
heen used and found to be aquite satisfactory for the detection of
dehydrogenases like lactic dchvdroeenase in bloed nlasma (135)
However when the same system is used in tissuc slices or other
preparations containine mitochondria, the problem of non-snecific
stainine becomes important (48) . Furthermore when this svstem is
annlied for the detection of monoamine oxidase, there is some
doubt wether the reduction of the dye is due to the monoamine oxi-
dase activity itself or rather to the further oxidation of the
nroduct aldehyde by aldechyvde dehydrogenasc (IS,ZV . It has not
been demonstrated conclusively that oxveen can be replaced hv
alternate electron acceptors for monoamine oxidase . Also the

lag neriod which is observed when the tetrazolium reduction hy
moncamines is carried out in vitro and the necessary nresence of
NAD as cofactor (14), hoth in contrast with normal monocamine
oxidase behaviour, would confirm the view that the tetrazolium
reduction system is not a direct assay of this cnzvme (2) .

Tt thus became onc of our goals to find a
sensitive, specific assay which could be conveniently anplied to
a number of fractions after electrophoresis . The method described
by Otsuka and Kobavashi (43) was simnle, hiehlv snecific and
sensitive . It could easilv be adanted to small volumes . This

is the method we decided to use, with the modifications which we




described ahove

The clectrophoresis exneriments showed that
it was possible to semarate two bands of monoaminc oxidasc
activity from rat liver mitochondria . One band contains an enzyme
which is active on benzylamine and serotonin, the other band
consists of an enzyme which is active on henzvlamine but not on
serotonin . The fact that thec deoxycholate treatment greatly de-
creases the resistance to denaturation of mitochondrial monoaminc
oxidase and that the total activity recovered after electrophore-
sis renresents only a small fraction of the activity anplied to
the column, suggests the possibilitv that thec two bands of acti-
vity are duc to the same enzvme, altered in two different wavs by
the treatment . Then fraction II could be an agererate of frac-
tion I, in a similar way to that observed by Yasunobu et al. (115,
116) . It would be hard to explain however how the deoxvcholate
treatment would alter the substrate specificity in a different
way in the two fractions . The simplest explanation is of coursc
that the two hands of activity correspond to two different cnzymes

cach of which has its own substrate specificity

y
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Conclusion

We have discussed above the different possible cxplana-
tions for the results of thc cxperiments on the kinetics of mito-
chondrial monoamine oxidase as well as for the results of the
separation experiments . It annears that one simnle model is com-
patible with all our experimental data as well as with the data
available in the literature : there are at least two different
monoamine oxidases present in rat liver mitochondria . Each has
its own substrate specificity, inhibitor sneciFi;ity. resistance
to denaturation, vhysicochemical proverties and possibly different
nrosthetic groun, and mavbe cven a different physiological func-
tion . This conclusion is not in disagrecment with the literature,
since it has never heen shown that the mitochondrial monoaminc
oxidase consisted of only a single enzvme, and manv authors have
argued the possibility that multiple moncamine oxidases exist in
mitochondria . But ever since Blaschko et al. in 1937 concluded
that monoamines were nrobably oxidized by one tvne of enzyme, it
has been considered as a singlc enzvme in manv studies on the
assav, inhibition, nurification, physiological role etc... If our
conclusion is confirmed, some of these studics mav have to be re-
considered . We have not used the term "isocenzvmes', though this

term has been used rather freely (135), because the twe enzvmes
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described here are quite different in substratec snecificity .
Isoenzymes would refer to cnzymes which are different in nhvsico-
chemical »roperties, but whose differences in catalytic pronerties
arc small and incidental . tUntil the enzymes described here arce
better defined in terms of substrate snecificity, enzymatic nro-
perties and prosthetic groups, it may be better to refer to them
as multiple forms of mitochondrial monoamine oxidase .

To summarize our original work :

- We have comnared the affinity as substrates of benzyl-
amine and serotonin for rat liver mitochondrial mono-

damine oxidase with their affinity as inhibitors . This
was nossible through our use of a mixed substrate ex-
periment where the substrates were alternatcly used in
their 14C-labelled form and in their non-labelled form .
For the substrate serotonin the apnarent ¥Km was diffe-
rent from the apparent Ki, for benzvlamine therc was no
differcnce . These findings are compatible with a two
enzvme model .

- The fact that we found no difference bhetween the an-
parent Km and the arparent Ki for benzvlamine is in
contradiction with the theory of Zeller (100) on the
eutopic and dystopic comnlexes of substrates and in-

ohibitors:of monoamine oxidase .
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- The kinetics of the monoamine oxidase activity (rat
liver mitochondria) on benzylamine—l“c in the nre-
sence of various concentrations of cold scrotonin can
be exnlained by the two cnzyme model .

- The kinetics of serotonin oxidation hv rat liver mito-
chondria are also in agrecment with the two enzyme mo-
del .

- 0Of the different methods used for solubilization of
mitochondrial monoamine oxidase that were studied,
deoxycholate treatment in the conditions described
cives the best solubilization in terms of the size of
the particles seen by electron microscony or the sedi-
mentation rate of the dissolved monoamine ox{dasc .
Allthough this trecatment reduces the stabhility of the
enzyme, certain nrecautions nermit the use of this
preparation for small scale separation .

- Following solubilization, the enzyme activity can be
senarated into two bands by gel eclectrophoresis, as
detected by a sensitive, specific radioassay . The
substrate snecificities of these enzyme bands are in
agreement with the properties derived from the kinetic
behaviour in whole mitochondria .

We hope that this work may lead to the sena-
ration in larger amounts and more stable form of the multiple
mitochondrial monoamine oxidases . This would facilitate their cha-

racterization and further study .
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APPENDIX I

TRAN TV G LEVEL 1, MOD 3 MATN DATE = 69251

c PFOGFAM KINET

DIMENSION V110) 4A(106) sW(100),S(3,4]),

CO{3),S4(3),S5(3),Y(4),V(50)
WRITE(3,100)
100 FORMAT(1H]1)

JJ=0
14 READ(1,11) NP,CI,DATE
11 FORMAT(I2,F12.6,F642)

IF (NP) 95,99,12
12 M=1
N=2

P=NP =N

Nl=N+1

N2=N+2

PEAD(1,1) (A(T),I=1,NP)

1 FORMATI(6FI1C.S)

READ(1,70) (V(I),I=1,NP])
70 FGRMAT(6F10.2)

GO 10 2

PRELIMINARY FIT

O OO

15 QUI)=VIT)*%2/A(1)
Q(2)=V(I)*%x2
QE3)=VI(I)
Wir)=1
VR(I1)=1/Vi 1)
GO TO 13

16 CK=S{1,11/5(2,1)

Jd=JdJd+1
WRITE(3,611JJ,CI,DATE
61 FORMAT(1X,J3,F12.6,' M INHIBITOR DATE ' ,F6.2,' 1359"

WRITE(3,651(V(T), I=1,NP)
WRITE(2,65) (VR{I),I=1,NP)
65 FOPMAT{1Y,6514.5)

NT =0
M=2
GO TO 2

ITERATIVE FIT T0 HYPERBOLA

e NeNel
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17

1, MGD 3 MAIN DATE = 69251

N=CK+A(T])

Q(1)=ACI)/D
Q{21=0(1)/D
QI3)=v(1)

la

GO 1O 13
CK=CK=S(2,1)/S5(1,1)
NT=NT+1

21

TF (NT-5) 2,421,221
S2=0
00 22 I=1,NP

22

S2=S2+(VIT)=S{1, 1) %A{T)/(CKEACT)) ) =425 (1)
S2=52/¥
S1=S0RT7(S2)

SL=CK/S(1,1)
VINT=1./5(1,1)
VK=1./5L

10

DO 10 J=2,4N1
DO 10 K=1,N
SIKyJI=S(K, JI*SM(K)*SM(J~-1)

SFV=S1#SQPT(S(1,2))
SECK=S1#SQRPT(S(243))/S(1,1)
SEVI=SEV/S{1,1)%%2

S(1,3)=S1*SQPT{CKEx2%5(142)+5(2,3)+2 %CK%*S5(1,3))
SESL=S{1,3)/S(1,1)%*x2
SFVK=S (1,3 }/CK*%*2

WCK=1, /SECK®#2
WV=1./SEV*%?
WSL=1./5ESL%*2

WVI=1./SEVI*%2
WVK=1,/SEVK**2
WETITE(2,3C) CK,SECK,WCK

WRITE(?,31) S(1,1)4SEV,WV
WRITE(2,32) SL,SESL,WSL
WRITE(3,32) VINT,SEVI,HVI

30
31
32

FORMAT(1X, 'K 1TE11e5," S.Ee(K) = ' ,E11.5,!
FDQMAT(IX"V '1E1105,' SOEO(V) 9511-5"

m

33

1
FORMAT(IX,y'K/V '9F11.5," S.E. (K/V) '9FL1.5,"
FORMAT(1X,'1/V YyE11.5,¢ SeE.{1/V) '9E11.5,°
GO T0 14

@l o aw

- [v o
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MATRIX SOLUTION SUBROUTINE
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RTRAN IV G LEVEL 1, MCD 3 MAIN DATE = 69251

2 D0 3 J=1,N2

DO 3 K=1,N1
3 SUKeyd)=0
DO 4 1 = 1,NP

GO TO(15,17),M
13 D0 4 J=1,N1
DO & K=1,N

& SIKyJ) = S{KyJ)+0(KI*D(J)=W(T)
DO 5 K= 14N
5 SM(K) =1, /5QRT(S(K,K))

SMIN1l)=1,
DO 6 J=1,N1
DC 6 K=1,N

6 SU(KyJ) = S(K,J)™=SM(K)=SM(J)
SS(Nl)=-1.
S{1,N2)=1.
D0 8 L=1,N
DO 7 K=1,N

7 SS(K)=S(Ky1)

DD 8 J=1,N1
DG 8 K=1,N L
8 S(KyJ)=S{K+1,J*1)=SS(K+1)%S{1,J+1)}/SS(1)
DO 9@ K=1,N
9 S(Ky1)=S(K,1)*SM(K)
GO TO (164,13} ,4
36 FORMAT (32H PROGRAM COMPLETED - END JF DATA )
99 WRITE(3,36)
STOP
END
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APPENDIX IT

#0HTRAN IV G LEVEL 1, MOD 3 MAIN PATE = 9299

PROGRAM 2/1 HYPERBOLA

C
C
c FIT TO HYPERBOLA Y = Ax{14B*X+CuXa%2 )/ (1+D%X)
C

DIMENSTON X(20),Y(20),W(20),S{5,61,3(5)ySMI5),s8(s)y 7777
WRITE(2,100)
1C0 FORMAT (1H1)

Jd=0

B C__READ IN DATA AND PRELIMINARY ESTIMATES OF CINSTANTS
14 READ(1,11) NP,DATE
11 FOPMAT(12,F6.2)

IF (NP) 9949612
12 READI1,20) (X(1),1=1,NP),(Y(I),T=1 NP,
Z(W(T)sT=1,NP)3(AyByC D)
20 FORMAT (6E10.5)
JJ=Jg+1
N=4
P=NP-N
N1=N+1
2=N+2
NT=0
WRITE(3,25) JJ,DATE
25 FORMAT (1X,' EXPERIMENT NO 'I3,', DATE 'F5.2,' 196%'//)
WRITE (3,261 (XCIT4T=1,NPTy (Y(I)yI=1,NP), (W(I),1=1,N9)
26 FORMAT(1X,11E1l,4)
_WRITE(3,27) A;3,CyD
27 FORMAT(IX,* PRECIMINARY ESTIMATES '/,
Z ' A= 'El1.5," B = 'El1.5," T = 'El1.5,' D = 'E11.5//)
GO 10 2

ITERATIVE FIT

a0

17 DEN=T+D*X{1T
O(1)y=(1+4BuX{1)+CxX(] )**2)/DEN
Q(2)=X(1)/DEN

Q(3)=X(I)*=2/DEN
Q(4)==(1+BXX{ T )I+CHX( T )%*x2)%X{]) /DEN*K*2
QIS)=Y (1)

IF(WlT)Y 19,19,22
19 W(l)l=1
22 GO 70 13
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RAN IV G LEVEL 1, MOD 3 MATN DATE = 69269
2 18 DIFB=S(2,1)/5(1,1)
3 DIFC=S{3,1)/S(1,1)
2 DIFD=S(451)/S(1,1)
5 o AsS(ly1y e
5"” B=B+DIFB Tttt
7 C=C+DIFC
8 D=D+NIFD
3 NT=NT+1
) WRITE(3,300) NT,A,8,DIFB,C,DIFC,D,DIFD
300 FORMAT(1X,' ITERATION NO *I3/,
Z1Xs ' A = 'E11.5,' 8 = 'E11.5," DIF VE11.8,7 ¢ = VEIL.5,
Z* DIF 'E11.5,' D = 'El1.5,' DIF 'E11.5//)
2 IF_(NT-5) 2,31 ,31
C
C CALCULATE STANDARD ERRORS AND WEIGHTS
C
3 31787=0
: D0 32 T=1,NP
5 32 S2=S2+(Y(I)=S(1,1 )% (1+B#X (1) +C*K (T )%%2)/ (14D AX (1)) ) x=2
5 S2=52/P *
7 S1=SQRT(52)
3 DO 10 J=2,Nl
2 DO 10 K=1,N
) 10 S{KyJ)=S(K,J)=SM(K)%SM{J-1)
1 SEA=S1%SQRT(S(1,2)1/S(1,1)
2 SEB=S1XSORT(S(2,3)1/5(1,41)
3 SEC=S1*SQRT(S(2,4)}/S{1,1)
4 SED=S1#SQRT(S(4,5)}/5(1,1)
5 WA=1.7(SEA%%2)
5 WB=1,/(SEB%%2)
7 WC =1, /(SEC%*2)
3 WD=1./ (SED*%2)
3 WRITE(3,40) A,SEA,WA
) WRITE(3,41) B,SEB,W3
L WRITE(3,42) C,SEC,WC
2 WRITE(3,43) D,SED,WD
3 40 FORMAT{1X,' A = 'E11.5,' SEA = 'E11.5, ' WA = 'C11.5)
2 41 FORMAT(1Xs' B = "E11.5," SEB = VEI1.5,' WB = 'ELL.5)
5 42 FORMAT(1Xs". C = 'E1Ll.5,' SEC = *E11.5,' WC = 'E11.5)
5 43 FORMAT (1X,* D = 'E11,5,' SED = 'E11.5,' WD = 'E11.5)
7 WRITE(3,100)
3 GO TO 14
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RAN IV G LEVEL 1, MOD 3 MAIN DATE = 69269

MATRIX SOLUTION SUBROUTINE

OO OO

2 D0 3 J=1,N2
DO 3 'K=1,N1
3 S(KyJI=0

00 4 1 = 1,KP
GO TO 17
13 DO 4 J=1,N1

DO 4 K=1,N
4 SUKyJ) = S{KyJI+QUKI*QUJ) *W (1)
DD 5 K= 1,N

5 SM{KI=1./SORT(S(K,KT1)
SM{Nl)=1.
DO_6 J=14N1_
DO 6 K=1,N
6 SIKyJd) = S({K,yJI=SMIKI®SM{J)
SSINI1)=-1.
S{lyinei=1,
DO 8 L=1,N
DO 7 K=1,4N
7 SS(K)=S{K,1)
DO 8 J=1,Nl
DO 8 K=11N
B S(KyJ)=S(K+1,J+1)1-SS{K+L)*S(1,4+1)/55{1)
DO 9 K=1,N
9 S{Ky1)=S{K,1)%SM(K)
GO T0 18
36 FORMAT(32H PROGRAM COMPLETED - END OF DATA )
99 WRITE(3,36)

sToe
END
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Kok tran v G LEVEL 1, MOD 3 MAIN DATE = 69272

C PROGRAM PLOT HYPERBOLA 2/1
1 WRITE(3,100)
JL0Q FORMATCIHLY e e
READ(1410) AsBsCyDy XINy YMX
10 FORMAT(AEL0.5])
[F(A) 99,99,2

2 CONT INUE

WFITE(2,11)
11 FORMAT(5X," X ',20X,' Y  (2/1 HYPERBOLA) '//)
X==X1N
DO 120 1=1,110
X=X+XIM
Y=A%(1+B2X+CxX¥%2 )}/ (1+D*X)}
CALL NPLOT(XsYsl,YMX,0,100)
120 CONTINUE o
GO T 1]
39 RFTURN
END
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:';TRAN IV G LEVEL 1, MOD 3 NPLOT DATE = 69272

SUBROUTINE NPLOTIX,Y,NFCNS,YMAX, YMIN,NWIDTH)
DIMENSION Y (4),CHAR(109)

ANTEGER CHAR
XN=NWIDTH

NEST = -1

N = NWIDTH+1

PO 120 T = 1,N
120 CHAR(I) = 1077952576
. TFINFCNS - 11200,200,140
140 NEST= 1
200 SCALE=XN/{YMAX~-YMIN)
NZ=-YMIN*SCALE+,5

IF(NZ)300,220,220
22C IFINZ - NWIDTH)2404240,300
240 NZ = NZ+1
CHAR(NZ) = -918536128
300 DO 40C I = 1 4NFCNS
' NPOS=SCALE*(Y{I)=YMIN)+.5
IFINPSS 108042360 4,320
320 TF(NPDS - NWIDTH) 340,340,400
-...340 NPQOS = NPOS+1
IF{I-11350,350,355%
350 CHAR(NPDS) = 1262501952
GO T0O 400
355 [F(I-2)3604360,365
360 CHAR({NPOS) = 1547714624
6D TO40C_
365 IF(T1-3)370,370,375
370 CHAR(NPQOS)=1312833600

GG TO 400 °

375 IF(1-4)3804380,385

380 CHAR(NPOS) = -264224704
GO TO 400

385 CHAR(NPOS) = 1530937408
400 CONTINUE
IF (NEST) 800,800,500

500 WRITE(3,700) X, (CHAR(I} I = 14N)
700 FORMAT (3X4E17.842X,109(A1))
RETURN

800 WRITF(3,900)X,Y(1),(CHAR({T}),I = 1,N)
900 FORMAT(3XF8.4+E17.8¢2X, IOI(AI))
RE TURN

END
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APPENDIX IV

Ay

D«
B X
e+
B X
£+
B X
f «
B X
F«
Ao

103233490+050000 ¢
-4672710+200000 D¢
105041+370000 €0
-1143+574100 E£¢
9.411215 £
1501832 F¢

Decimal sctting 6

Procedure :

-Gen.Res.
-V
-enter @ 342.3
-S
-enter
45902191100
-S
-enter
-1102893100
-S
+-cnter @ v
"~ (sucrosc weieht fraction)
-8

<-nrints : A : cocff. A

Ay

£«
B X
£ .
B X
Fe
atl
rS
RS
b1

Ao

»-cnter @y

s

“-127858340+0600600 a0
6065477506020 D¢
-141643.710000 e

1691161100 E¢
16077073 ¢ ¢
2116990 F¢

Necimal settine 6

Procedure @

-Gen Hes,
Ry
-enter
-n/*
-cnter
~-5497041600
-8
-onter

342.3

-§

-S

-nrints : A : cocff. B




RX
R

S
81
al
rS
Dl
¢!
at
di
C1t
kY
ci
AV
c!
C -
Al
/1

al
Bl
Al

8y
A+
/1
B!

/N

ay
cl
CX
C1

LY
o

14606635000 co¢

25251728080 D¢
0070667484 e ¢

Decimnl setting 8

Procedure :

-Gen, Res.
-V
-cnter
N/
-enter
-Na
-enter
-L/4

+-cnter ¢y
-S
-enter ¢ T
-S
-enter
-S
-cnter cocff. A
-S

146, 06635

25,25172R

0.07n874842

coeff. B

<-prints € : n
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Ay

1
Al

b1
el

/!

at
R
RS
RS
RS
RS
as

b X
Ce
b X
at
R¢
R«
RS
R
R
ds

ct

B!
d

b X

D+
b X

R¢
R a
R¢
R1
dS

»
B«
c X
81
e |
/1
st
R
RS
RS
RS
as

h4

X
b X
E o
b X
at
R+
Rt
RS
RS
RS
dl

{
B+
A¢

)

N e

0.0000123928
~0-0010578919
-58513+«8922900000
00000396805

Necimal settina 10

Procedure :

-fien. Res.
-V
~cnter
-5
+-cnter T
| s
-cnter v
-S
«<-nrints A : p

0.0004753008

d¢
Do
e
¢
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Part 5 . Part 6
346370000000 oo AV
Ay Ag i . st 1¢379310 d¢
S e 5S«0224000000 D¢ R - 5+622400 DO
Bt C3 : ¢s
S b i
Bt at Necimal setting 6 B X Decimal setting 6
g dt S
{ t 1 C+
BX B Procedure : D1 Procedure
E+ B: ) d1
A+ oX -Gen . Res. g -NO Gen.Res. !
bt B -V - -V
S £ -enter nr. drons/fraction < +-enter (starting
I E# -S . ; with last or ton
-enter nr. drons in last .
BX dx £ . . - fraction)
raction % S
ct (1t -S . o
. r
AY -enter nr, fractions - 1 c1 enter
3 -S ' D «-rencat uatil comnuter
-enter fraction nr. preceding | nrints intermediate
| aak (T , at '
veak (below) result
B X -S R+
ct +-cnter fraction nr, (startine RS note : do not ston
c+ with first fraction of - machine nor nush Gen.Res.
1 neak)
b -5 ‘ )
-enter activitv for that fractior CX bl
- -S c! D-
b3 «-rencat for all fractions of the 47 /v
d necak
X w ) 0! B
.D, = . S
note : do not stop machine cX
S nor push Gen,Res. - Ce
): : S X
C 1 S
°r . B~ B X
e | D! C-
Y D c!

c! i
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0¢37742200000 DO

e 0

0.00001583520 E9¢

Decimal setting

Procedure

-NO Gen.Res.

RY;

-enter odometer
-8

-enter odometer

10

initial recading (millions)

final reading (millions)

-S .
-enter duration of contrifucation (hinutes)
-S

. 0.725
~ ! s Svedhere
prints A 20,1 {Sves o)
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