"It is guite natural that ensywe cheuists
have, thus far, been occoupied with the
discovery of many kinds of eaxyass, the
ingenious methods of preparing them, and
the msasuremsnt of thelr astivity, But
at this point we st ire the
chewicel mechaniss by oh they work,"”

L. Hichaelis 19&6
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Hooosming oxidase plays an fmportaut rois in the
phystological prooesses of sanimals and humans, carrying out
oxidative desminstions of & varisty of biogenic anines.
Some of these anines have been isplilcated in swntal dis-
orders, Due to the svailability of petent inhibitors of
the engyse, & nuwber of spplicativus in $he fisld of the
chevotharapy of mental disemses have best derived in recent
yours,

Although wuch has besn aaid about (he physiclogicsl
effests of such inhidbiters, cup knowledge of the nature amd
wechanisu of sction of this enxyws is still extiressly limited,
It is largely confined to the recognition of general Sypes of
structures which can act 88 either sudstrates or inhibitors,
%o adeguate retionalisations have besn put forth &8 to
structure-ectivity relstionships awongst substrates or inhib.
1tors elthough speculatiocns have bosn advenced Ly verlous
groups of investigatore,

The engyoe 38 strongly bound ¢o the particuiste
frection of osile and has defied nucercus sttecpts at
purificstion. AS & conseguence, we lack such basic inforove-
tion 88 Lo the nature, conposition and cofactor reguirements
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of the enzyus, Therefors, it appesared that new apprb‘)hn
mmmuawpmucmcoummminuh
pretation of the mode of sction of inhibitors, & Tield rich
in prectical spplications,

Sinve nothing was knoun about the rate limiting
step in the oxidation of auines to sldehydes by woncamine
oxidese, it was decided to investigate the possibllity that
substitution of the alpha-hydrogens for deuterium might lesd
to the ohservation of & kinetic isotope effest, If preasnt,
the information gained would be partinent to the nature of
the transition state and Nichselis couplex invoived as
interwedistes in the breakdown of the sauione, The posstbility
slso srose that ikinetie isotope effects, if present, =might
be stereospecific snd thus pertinent to the sechenisu of
action of the snayms,

A simple chemicsl wmodel was exsuined and confirwed
the possivility of an isotope effsct with labelled suines,
These studies were then extended to the ensyws system and
along with inhibitor studies furnished an insight into the
relationship betwess the snsyue, its iohiditors snd
substrates,

The introdustion coneists of a hrief historical
review followed by & wore detailed critical asccount of past
gnd current investigations which are partinent to the
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ABITRACT

In order to test the possitility of the ocperation
of deuteriun isotops effects when an slpha-carbon-hydrogen
bond is brolen to libkrate & proton, & simple chewical wodel
1s exsuined, This consists of the reaction betusen alpha-
bis~deuterated szines and ninhydrin, The large isotops
effect obasrved suggested s wethod fur the gquantitative
datervination of the composition of wixtures of deutsrated
suines ard their hydrogen iscsters,

Extending the use of deuterium ladelled substrates,
such as alpha-bis-deuteric-tyrenins sud kynurexing 0 aono-
amine oxidase, it is shown that a feir degrwe of doud weak-
ening in the transition state accompaniss the oxidation of
thess substrates bty the ensywe, Relstive affinitiss of the
i1shelled vs. non-labellsd tyremine for the engyme are deter-
mined by the Micheslis constante and confirwed iy 8 special
spplicstion of the ninhydrin method, 7The estadlishuent of
an shsclute sterecspecificity of MAO towards the slphs~
hydrogans of tyranine is described,

Io order L0 ghin deeper insight into the nature of
the trausition state, studies of the ocourrence of isctope
effects with beta-dsuterated auines are desorided, It is
found that such labelling leads to rate retarding effecte in
the cxidation remction, thus iuplying some bond weakening of
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the bete-carbon-hydrogen tonds in the transiticn state,

Conourrent invescigatiocns with 2 series of
inhibitors, including the extrecrdinsyily potent 2-phenyl-
cycloprepyleminge, lead to o rationalizstion of the mechanisn
of sction of sooe of these inhibitors 88 well @8 genersliss-
ticns in the f£isld of substrate-activity melationships,
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INTRODUCTION

A. REVIEW OP MONCAMINE OXIDASE
1, DEFINITION

Classification of the anine oxidases is at best
heset with difficulties and it seens adviseble to define
these ensymes in such @ way that misunderstendings are re-
duced to @ uinimum. This group of enxymes has besu sud-
divided sccording to the sudbstrates which thay oxidixe, 1,9,,
vonoguines by moncamine cxidass, diamines hy dismine Oxidase,
bengyismine by bengylsuine oxidsse and spermine bY SPErsine |
oxidass. This classification has besn shown to be srbitrery
by Pouts, Blankems, Carbton and Zeller (1) sinve there is &
profound lack of substrate specificity displayed by each
group. In spiste of this inspproprists nomgnclsture, 1t is
convenient to use the Serms monoswine oxidase (nac) and
Adlswine oxidase (DO} since sach ensywe csn be distinguished
by other criteria,

Monocenmine oxidase may he defined as The enzynse
which is responsible for the oxidative deanination of sudh
amines as tyrsuins, 3, § -dihydroxyphenethylanine, ssrotonin,
sdrenaline and isosuylamine, lMonoawine oxidase 19 noct inhibi-
ted by semicarbamide, wheress, DO is completely blocked (2),
am are the oiher amine oxidases (3, %, 5). In this defi-
nition sewicarbagide cannct be replacsd by the term



- il -

carbonyl reagent, since wany wonosubstituted alkyl- and
arylhydragines block both DO aad MAD {O) while monosubati-
tuted scylhydresings and hydrasing 1tne3f, inhibit DO (7)
exclusively.

Berly reviaws on wonoeming oxidass have sppeared
by Zeller (8) sud Blaschko (9). Davison (10) end Sourkes
(11) have published extensive reviews which cover the
1iterssure up to 1958,

2, HISTORICAL

In 1877 Schutedeberg (9) discovered that bensyl-
snine given by mouth to 4cgs WS exoreted as benscylglycine,
Hs recognised that this invelved the intermediste forwskion
of bensolc mmmmmmmmtmmmwt
anines could be degraded ip YAVD by desmination, It has
smmmnmmsmmmmuum~
tinot enzywe belonging to the seuioarvaside-sensitive group
of ox14anes,

Bwine and Latdisw (12), as early as 1510, were
nnwmtmtmmommwmuzmmmmsm
jated iiver of the cat or rabbit, Iu parfusion experinasuts
twszMtsmmmmmw-
phenylecetic scid in 708 yield, Lates (13) they izclated
indolescutic acid as & bresidown product of tryptanine,
Eighteen years later, Hare (14) was able o deuvonatrate the
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presence of an ensymé which she called "tyrawine oxidase"

in liver, PFugh and Quastel (15) found an "aliphatio amine
oxidase” in various semsalisn tissues, Blaschko, Richter
ané Schlossasn (16) deserided an ensyme capable of oxidising
sdrensline,

“Pyranine cxidase”, "sdrenaiins oxidese” snd
"sliphatic amine oxidase” wers shown to bhe identliosl inde-~
pendently by Blaschko's group (16), Pugh and Quastel (17)
end Kohn (18). Zeller (8) later classified this suxyne as
mumumtmmuermnmmmame
its sudstrete specifioity.

In the older work it was assumed that the deaning~
tioh prosess Was & result of hydvolytic sotion

RCHz-MHp *+ Bg0 ~  Re~CHp-OH -+ Nl (1)

arter which the aslcchol was further oxidised to the corret-
ponding scid (19). The possibility of su oxidative pathwuay
was First suggesied by Bernheim (20), who forwulsted the

resction as
R-CH -MBp * O R-CHeNR + Hg0p (2)
R-CHeMR + H0 ~  ReCHO + NHg (3)

The above equations give & true picture of the resotion when
catalase is absent, However, in crude tissue preparstions
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catalase 18 uwsually present amd the hydrogen peroxide ls
broken dosm 88 foliows

HzOp ~  Hg0 + B0p (%)
which leoves thw overall reaction catslyxed by MO to be

RCHy-Mp + 30p +~  B<CHO + Kl {5)

1 which one atom of oxygen is sbteorbded for sach wolaculs
of substrete oxidised, Barudwim (20) has showmn that the
oxygen consumption varies from one to four atoss per mole
of substrete depending on the pil of the mediun, age and
concentraticn of the ensyue preparation, lHowever, io the
mawmmwmumdwmwmu
substrate is taken up which has 1ed meny worders (21,32,23)
to add cysnide to the incubation uixture. Creasey (2%),
using & prepsreticn of weshed ret liver mitochondria, has
shown the difference in oxygen consumption to be due larpely
to further oxidstion of the prizary deanivation products.
Nany of thess saldehydes undergo spontansous oxidstion 1in
the pressnce of sir. Ee concluded thal 2 burfered solution
containing MAC, substrate, ssulcarbesids and cyanide would
czammmmmnmwupum of cyrude NAO prepare-~
tions and thus put pencastric measurements on & truly
quantitative besie,

Daviscn (25) haz vacently pointed out that shaking
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noncawine oxidase in axygen with added cyanide sensitiszes
the engyme o certain iabibitors, s factor which @ust de
considered in interpreting results of a nunber of investige-
tions by Rendall (23}, and othars (21,26).

Richter (27) Seucustrated the forsetion of slde-
hydes by the chemical and cprystelliographic anslysis of the
2, h-dinitrophenyihydresones, Without speocial prossutions,
such a8 treppiog the aldebyde as the sexicarbeside, further
oxidation to the corresponding aclid occurs 83 was the case
in Bwin's end Lasdisw's wrk nentioned earliier, Richter,
using tyvaming, repested these suthors' work snd reeoversd
the sldehyde quantitativily a9 the sexieardaside. Ia
quantitative sxperinenis he descnstrated thet ons mole of
smmonis is liberated for each atom of cxypsn oonsumed, or
in the osse of secondary snd tertiary aaines, cne mols of
8 volatile alkylsted suire,

3. OCCCURRENCE

Nonoawine oxidase has been found in 8ll cissses
of vertebrates studisd and in many lovertsbrste phyla (16)
as well as in plants, However, it would sppear that the
senicarbexide~-sensitive plant ooucanine oxidass is not
1dentical to aninsl MAC, Earlier studies ou KAO sctivity
0 various tissuss were aceomplished Ly grinding the tissue
with sand followed by centrifugation which resulted in &n
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anlknown lose of activity, Preseut techniques of homogenizing
the timsue yield a more accurate picture of enmymatic soti-
vity slthough diffiouities e smeountered with tcugh fibrous
tissue, Thess factors must be borme in zind when comparing
data on suine oxidsse activity,

Dhegvat, Blaschiko and Richter (26) found very high
activity in the livers of rets, pigs, shesp and oxen. Kidnay
levels ware 2180 high in all species with the exception of
rats. mnuuwmmma:mmmum.
nsmmummnotmxm-wm. ™he heart aiso :
contains NAO 8etivity sithough there are waried speciss 2
differences, Adrensls, thyroid, uterus, pancress, pisceants, \
wm.xmmapmaumwmm
activity in the vemsslisn species studisd, Ensyme sctivity
ummwawum.mxmumm.

Pugh snd Quastel (15), who first studied MAO
sctivity in nervous tissus, found the trein to be sctive in
this respest. MAO 18 mlso present in the stellste gsnglia
of the dog (9). This has led investigators to search for
the ensyme in other structures with sdrensygic innervatica,
It hes beer shown that HAO occurs iu the ulctiiating wen-
vrane and iris of the cats and rabbits (25}, This was con-
firoed Ly Koelle ané his sssociates (30) eud is in agresusnt
with tho essumption thet substances such a3 tyreuine are
protected from degreadation by the blocking of KAC by
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soponiemid, It 1s interesting in this connection that
Bellesu. Burba, Pindell and Reiffenstein (31) were sble to
semcnstrese in Yiyo that the MAO in the ulotitsting membrane
shows the sams sbsolute optisal sterecepecificity as does
the enayme in ret liver, thus suggesting soae important
degree of similarity between these enzymes frow different
sources,

Ropoasine oxidses is ususlly located whare true
cholinestersse levels are low (32,33). Por exsmple, nervous
tissue contsins low levels of RAO but high levels of choline
esterase, wharess intestine contatus large ssounts of NAO
and wuch less cholinestersss, It has long been thought
possible that Just 88 cholinestersse is responsible for
destroying acetyloholine, oonosmine oxidese xey in & 1ike
fashion insastiivate an excess of 8 neurohorwonil transaitter
such a8 serctonin or dopsmine, At the present tiae, thare
10 1ittle evidence for any parallsliisz aithough the possi-
b1lity has besn iuvestigated by Koells snd valk (30).

&, FPROPERTIES

he most characteristic property of aonoasing
cxidase 1is its locelimation in the insocluble oell
conatitusnta. Hawking (33) has deternined the snwyustic
activity of various fractions of rat liver homogsnates end
found the engymatic activity to ve present in only the
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particulate matter. 3he found that twe-thirds of the active-
ity was present in the witochondrial fraction uhile the
resainder was sssocisted with the microscmes, Cotzias (35)
srrived st essentially the same conclusions, It Ls currently
scoeptad that tiw microsomes and mitochondris scocunt for
the total activity of liver howepenatss, These chaervations
oAy wald one SRK; CAR NONOARIDE Oxidass be considered as &
single antity?

Verle and Roewsr (36) considered that there is
uore than ons type of NAC. Theee workers wers sbls to
ssparets snmyuss fros Sniual souroes capable of oxidising
only aliphetic moncsuines or only arcwstic amines. Alles
and Heegard (37) tested a large seriss of typical substretes
with liver extracts from several speciss and found zariced
apecies differwnces ap Judged by the relative retes of
oxidation, 3stake (38) hme suggested that KAV =ay be a
uixture of ensynmss which have different substrate specific-
1ty and ech tissus may oontain a distinct compesition of
the ensyue systen, 7This brings to mind the recently de-
soribed isomymes of lactic dehydrogensse (39). That ig, HAD
could be 8 mixture of ensymes which are elsotrophoretically
distinct.

wo sets of obssrvations can be quoted (3) as
supporting the homogeneity of MAC: 1) oxidation of repre-
santative substratos occurs in ail organt in which anines
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sre oxidiseds 2) two substretes incubsated together at the
saue tinme are oxidimed at a rate interxediate betwoen the
rates of oxidation of the two auines uhen Leated seperately.
These criteris can be wisleading snd furtiwr purification of
mmwmuumummwﬁmm
question of howogeneity can be EndWAred,

Nitoohondrial preparations can be subjected to
lyophilisstion and stored for oaverel aonths without loes
of sotivity (40) s can scetoms~dried powders from sows
species (9)., Prepuations in isctonic Jucrose (0.250) can
uaw.tmmtmtwamﬁmcm&
sctivity and at mero degress for asversl weske, HNeating
for 1C minutes at S0°C, destrays nalf of the scbivity of
the ensyas. mmuwctnmmpwnmﬁm
sbove pit 9-iC. The optimun pH for tyramine oxidation is
7.4 (10),

6, CO-FACTOR REQUIREMENTS

There are hHo KNOWn CO~EuRYTes or prosthetic groups
associsted with MAC, The inseusitivity of the enxyus to
Dost caTbonyl reagents would seem to eliminste pyridoxal
shopphate as 8 co-faster. In 1942, Priedenvald aud Herreann
(%1) suggested thet monoanine cxidase posseuses 8 sulfhydryl
group which 48 essential for sctivity. The ensyue wes -
hibited by organic uapcurial compounds, Reversai of



inhibition was obtained by adding glutathions or cysteline

in the presence of cyanide, Howaver, tt was 1ster shown (42)
that cysuide restted with the organo-neballic resgent used
in the abave sxperiwments and this sococuntsd for the reo-
gctivation, Iagnedo and Sourkes (33} found that dinercaprol,
thioglyeollic actd, oystesns and oystias exert inhidbitery
erfects in Yikre. his is () agrecoent with the view that
the sulfhydryl group funetiouns in the oxidation of the sub~
umuMMmmatm-mmwotn
ummmmmmmnmmo:munmu

P oOvess,

Heavy natals such 38 WAFCULY, areenis, silvsr and
caduium (43) mwmmnmmmumtm
cmxwmmwmmmxmmmumm
of the hesvy wetals, he fact that a number of sulflydryl
mommnummmmvmnummum
emvmemum«wmummmmmof
acticn of the enkywe.

Paosuse of the similarity of HAC to Deawino scid
oxidase, & £isvin dinuclectide containing eniywe, Rishter
(2B) suggested that RAO way well be 8 flavoprotein. There
is Jittle experimental evidsnos to Justify this suggestion
aithough ¥anler (&%) hes tocluded this ensyae in his classi-
flcation of yellow ensywes, Hawkins (35), studying MAC
activity in ribaflavin deficient rata, found a decrease i
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1130 ackavity 4n the livers of deficlent 7atd and postuleted
shat the vitesin is invoived in She synchenis of the
ADONIRTONR o

mmmawmmmmm‘mmm
the ensyme coutains 8 bomvy vetal as do wost of the flavo-
proteins, Gorksn (30) hus shown thet the MAC of Wit livew
and hrein uitochoodris 39 reversibly inhibited by varicus
mmmmmu&m«m,w
dienine tetrsacwiate, snd asethyidithicsarbenate, Fartisi
ma;etmmuummwwmm
mzmmmmumumwmsmvu
maxmmm,mmumwe:mm
PP, mmmxmmmmmmmm
of 8 LU NtElloenEyue,

It is probable that NAO, iike other oxidape 85~
tens, conolets of 8 JENFArOREnEss 1inied O 8 Tespiretory
cmmmwwmzwcmwwm. iagnedo
and Sourtess (¥5) have been successful iu coupling ssine
dehydrogenase divectly with tetraxolliuve salte so that tiw
elsotron-transporting systen 1o bwy-pessed, Thiy have shown
amwmama stabis co-factor present in bolilsd
extrects of ret doain in this system, although 1ts 1dentity
RoRins unknown, Actual characterisaticn of the engyze will
be necoassry to show whethesr & rlavin swelectide axts as the
priuasy eleciron acolptor.
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Honosmine oxidase sctivity is usually meRsured
mm«xummormmmosmmm:w
emmumwummmmwmnmmu.
The chiaf drawbacks to this method ares 1) 3% lacke
sensitivity; 2) unless oyanide is added, 1t is Giftioult
cowumwm‘uumucmmmw
reactiun alones 3) sdded cyauide, which eliminates endoge-
nous OXYEOn uptais, is unsetisfactory in deteruining iahibd-
itory powers of cospounds in view of Davison's findings
(suprs vide); &) Asbs (36) bes demoustrated that relative
substrate-ensyes affinitiss csn be variss iy warylug the
oxygen tension, Nessuresent of sumonia 1iteration is more
accurgte but 18 limited by serious technical difficulties,

Green and Hsughton (87) develcped an NSy proce-
dure whareby the engyuaticslly forued aldebyds is trapped
as the sentcarbaside followed by couversion to the 2,4~
dinitrophenyihydrasons which is than Sateralined quantite-
tively by spectophotometris wesnd. The procedure is quite
{nvolved and hardly oultable for laTree zcale insubations,

several autbors (88,59) have developsd nethods
for specific subatrates, such as tyreuing and serotonin,
based on the extraction of the awine from alkiline solution
and than re-c:itrasticn into asiuge HC1, The solution 18 theuv
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anpayed spectrophotemptrioally, cclorimeirically, or Ly

spectrofivorcostry, depending on the nature of the anine
and the sensitivity Gesired,

Recently, Weissbach, et.al. (50), found that
nureuine (I) is yepidly oxidised by HAC, The easyme
oxidatively Gesuivstes the suine to the aldelyads (I},
which undergoss intysmoleculsr (nonenzyuatic) condensation
to baydroxyguinoline (IIX),

o

0 Q 0 OH
C-CHs CHzNH, °'°“z‘°\H N
MAO, Y _
NH, NH) N
(1} (1) {x11)

The oversll reaction can de conveniently followed in @
recording spectrophotonster, Ihe repid and exact ceter-
cination of the disappearence of Xynuwrasine (360 mou), end/
or the sppeerance of the product, A-hydroxyquinoline (310
to 335 uu) can be followed in aiku.

7. SUBSTRATE SPROIFICITY

Honoatine oxidase desminates & wide variety of
enines of tho peneral formula R-CiHp-ip vhere R cay de 8
substituted aryl or alkyl group o even sn anino-0lkyl
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ehatn, The anine group ooy be submstituled, Heunce, the
enzyme displays a fairly poor substrate spacificity and 1t
appesys that it can even oxidimse 8 greater variety of di-
anines than dismine cxidase lueslf,

The presence of 8 second auino group, 88 in
dismines of the type WH,(CH,) HE., interferes with the
substrete speoificity of MAC by decveasing the affinity of
the lower mewbers of the series (n s 2 to n = 6), DBegin-
ning with the wember having 7 methylens groups, oxidation
then incresses with chein length, A uaximun rate of oxi-
dstion 4% reached with © = 133 beyond this, the rate of
oxidation decresmes with incremsing chain length (51,52,53).
The resson for the disturbing infiuence of the second sxino
group 18 not well-known aithough it has besn shown that this
interference deoressss with increasing chein length snd 1%
has boen poatulated that with an incressing nuuber of soth-
ylene groups, the orientation of the disaine st the enxyne
surface becowes more like that of the moncamines.

Keubers of the aliphatic series CHy(CH,) MM, sre
substrates for the engyme and the rate of oxidation is
dependent upcn chain length, The lowest oeuber, wethyl-
aoing, 16 not attacked at all whereas the homologue, ethyl-
azine, i oxidiged alowly by MAC, A caxieum rate of
mi&bmmmh.ﬂatna‘l,nnﬁandﬂmam
increass in chain lengsh the rate of oxldation falls off,
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Sone brenched chaivn sliphstic axmines such as iscamylsmine
sre oxidised resdily by MAO (16,5%),

Aromatic amines such as eniline are not oxidised
at a1} (16). Benmylsmins and its p-sulphamido derivative
are oxidised very slowly (55) by NAC snd the rate of oxide-
tion rises mariedly with the homologue, bdeta-phenethylssine,
Bets-phwnethylening aud $ts derivatives have besn the clas-
sicel substretes studisd becsuse the group coutains ssny
“Diogenic smines”, ¢.5., tyrewine, dopamine, end syspathin,

Randall (56) condusted & systemstic study of pro-
gressive N-methylstion end feund in s series of substituted
phenylethylanines that the tertiary suiunes were siways
oxidised lese repidly than the primery and secondary aaines,
It has 8lso been shown that if the N-substituent is lavge,
®.5., Othyl, isopropyl, tho rete of deamination is much
slower, Queternary sssonius coupounds are not degraded
although it wes recently shown that an N-oxide can be
oxic¢ised (57).

In the case of phenethylanines and tyyptauine,
sromatic ring substitution to fore phenolic derivatives
yields coapounds which are the dest kuown substrates fur
MAO. Tyremine, adrensiine, 3-hydroxy-tyrasine (dopsuine)
and serotonin belong to this group,. rara-hydroxyl substil-
tution of phenethylaminss leads toO conpounds more raadily
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cxidisable thin the parent coupound, The meta-substituted
sneiogues &xre 8lso good substrates and are better than the
ortho-compounds (38). Nethylation of the pare- and neta-
substituted hydroxyl grouds results in ies0 active substrates
mtammwuummmmolmmml
eubstituted compounds, It has besn suggested {56) that in
the case of the unsudstituted ortho-compound, chelation with
s wetal ocours petwesn the suino and ortho-hydroxyl groups
thus interfering with couplex forwaticn. Methylation would
suppress this interaction Shus facilitating the formstion of
s substrete-somyws complex, On the other band, ssthyiation
eswa-mmmnmmmwmnmma
no effect .mwmmwmmmmww
st Wummmuzuumm COUNSOr-

parts (53).

It ie interesting to note that pars-hydroxylation
of bensylaming yislds results opposiia so thome in the
phenethylanpines series, the cowpound being inert &o & Sub-
strate (59)., Hyaroxylaticn of tryptaxine produces aifferent
results, Servtonin (5-hydroxysryptauing) is 8 good substrate
whereas the T-hydroxy compound is oxidised slower, Subatl-
tution in the & position produces 8 substrate which 15
oxidised B5¢ slower than serotonin (60).

Substitution in the peta-position of phenethyl~
awing way or mAy not resuli in coupounds susceptible to
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cxidation, If both available hydrogens are replsced by
oethyi svoups, the compound no longer acts as a substrate
(58). DPeta-mono-sethyi of bets-uono-hydroxyl substitution
yields compounds which mw oxidised Slower in most oNOED
although there s sowe species differences (61). Sserie
factors sre spperently not iwportant i the bAlA-RONO-
substituted devivitives sinos d- and l-adrensline are oxi-
dised at appronimately the ssae rate (16),

An incresss in the length of the side ohain of
phenethylanine to phenylpropylaming or phenylbutylsaioe
results in compounds having low affinity for the enkyus
(62), Howsver, kynurseine is a good substrats but reduction
of the keto group to the alcchol results in much Slower
oxtdation. Hop-Mynursuine is slso slowly oxidimed (22).

zeller has Leen such ocnoerned with substrete-
potivity vrelationships and asohanism studien, He has pudbw
1ished neny papers (62,63,64,65) esphasizing the laportance
of 8 "phensthylacine backbone” and the necessity of the
presence of Swo aipha-hydrogens for asines to act 48
substiates, PFroz these observations he has drew: thres
dimensional pictures of the sctive sites, Considering
that iscemylauing and ynusresine &re good substrates WY~
as wescRline is poor, Zeller's portulste of the " phenatiy -
azine backbone® seens unlikely 83 3 primary requisite for
& coxpound Lo sct ag & subgtrate., It is also objectionsble
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to postulate that a hydrogen alpha to the suino grovp of &
substrete or inhibitor oan enter into "covalent boud forma-
tion” with an 111 defined active aite during the proocess of
binding onto the suyue {22).

8, STEREOSPECIFICITY GF MAO

In addition to the isck of substrete specificity,
wonosuine uxidase displays a relative lack of optical
speacifiocity, The eulyue doss not aeke an absolute distince
tion between the inhiditors 4- and l-eupheteuine (66) or
betwesn cis- and trans-2.-phenyloyclopeopylsuine (67). How-
ever, in scns Capes 8 striking cifference is chasrved) I~
slanine iscpropyl hydremids {IV) is s highly sotive inhibitor

CHx CH

3,3
cH
I:IH
NH

|
¢=0
NHg C=H

CH4

(2v)

whereas the D-foro 38 almost inactive, On the otherhsnd,
thic stereospecilicity is wuch less pronounced with the
serine derivatives and sbaeut with the leucine sand the
phenylalanine isopropyl hydvasides (63). It should be

X
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sephasiped thet the results with auphetsuins and the phenyi-
syclopropylanines are besed on in yitre studles in contrawt
to the results reported with the above hydvssides which have
been cbtained with in yive prepsrations., It is possible
that the in yiye sterecspecificity can be attriduted to
seloctive transport wechAnisas o WoFs pEObEbAY O the spe-
cific hydrolyeis of only one opticsl form of theee darivi.
tives pricr to the establishsent of the MAC inhibition,

Prou thess sonsiderstions, it 18 obwious that the
enuyme has not besn shaam to display an sbsoluts opticsl
spocificity of the type knoun to exist Doy sleohol dehy-
drogenase (69), Preliminsry i ¥ive studies by Belisau,
et.al, (31) had deucnstrated & serked incveass in the po-
tency of sympathomimatic amines produced by Sterecspeciric
deuteriun substitution on the aiphs-carbon of tymamine,
This suggested that MAC could have been responsidble for
thene aterecepecific sffects own though the substrate
lacks asyemetr7 in its natural forw,

7. DHIBITURS

Alphs-sudatituted suinge are ot oxldiszed Ly
zonoauwing oxidase, If the slphs subatituent is & wetlyl
sroup, the coupound may act 88 a coupetitive inhibitor of
the eugyne, Gouch 18 the coese with alpha-sethyl-phensihyl-
suine (70), ephedeine (71) and Z-amino-k-methyl-n-butans (9).
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Blaschk&o pointed out that cuphstanine was & detter inhidbitor
than ephedrine; the dDeta-hydroxyl lowerdng affinity for the
ensyne 88 is the oade with sudbatretes,

Bleschko and Dunthis (72) reported thst wond and
diguanidings, diisothiourea derivitives, and mono and diawi.
dines also inhibit the enmymws, Ootanel {73), eocaine and
related suesthetics (78), haresn, harmine (75), and 2-enino-
cyolohexylep-tolyl ethar (9) are repressmtative of the
variety of inhibitove., Nowsver, most of the sbove oowpounds
are inactive in yiye (75,76).

The discovery of highly effective MAG inhibitors,
such as ipronisuid (l-teenicvtinyl-2-Asoprepyinydvesiae),
Wy Zellier and Ats group (77) in 1952 yevived interest in
vonosuine oxidase ivhivitors a8 phevwscolagiosl agents,
Zeller's group deterainged that NAC was bloohed by compounds
with the general structure «N-}HR while thoss with the
structure sli-Mil, blook diswine cxidase (78). A few hydva-
gines such as phanylhydrazine itsslf, blook bhoth ensywes
sffectively.

Interest in the series of hydrasine inhibitors wes
oxeuplifisd in s reoent aymponium (79) where literelly hun-
dreds of new MAO inhibitcrs were discussed, Biel snd his
group varied the nature of the acyl sesidus in iprouissid
but could not arrive at any generalismation, Continuing
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their studiss, 62 more coupounds were synthesised which led
thes to the conclusion that "the irregularity of the obser-
vations makes it difficult to ccument on the results obtain-
od’. It wes observed in these studies that sces of the
compounds displayed profound oTgaR speeificity which lends
support to the previcusly memtioned iscxywe posatulate
(2€..p.17)» In 1959, Nsass and Nimmo {G0) reported the far
grester ip yive and in yitre iuhibitory sotion of 2-phenyl-
cyclopropylsuine first synthesived by Burger sud Yost {(81).
Their studies indiceted 8 non-competitive inhibition of ret
liver NAO. Fifty peroent inkibitions was obtained at & aon-
centretion of 2.8 x 10~0R, representing 8 respective inecresse
in potency of one-thousand and ons-hundred foléd over awphnt-~
amine and ipronissid, This has led meny investigators to
search for new non-hydrasine inhibitors. Zeller (67) re-
ported cyclopropyleuine to be inactive in this respect whereas
the N-wethyl- and H-divethyl-2-phenylcyclopropylenine are
sotive (82). Sowe investigators have awployed the cyolo-
propyl ring in cosbinaticn with hydrazine and in one exsmpls,
oxslic soid bls [2-(1-cyclopropyl) ethyl| hydreside, was
fourd to produce fifty percent inhibition at 10-3m (27).

It has been reported (383) that li-msthyl-N-benxyl-
2.propynylamine inhibits MAO et a concentration of 9 x 10-T™n,
Howsver, in the test systen used by the authors, ipronissid
inhibits at 8 concentration of 7 X 10~ which is severel
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orders of magnitude lower than ususlly observed (67,75).
In ancther paper (84), thess authors state that their com-
pound is seven timpes ss potent a8 ipronissid whereas
2-phanylcyleopropylanine is 1,000 times a&s potent as deter-
oined by Omski (75). 7his last exauple emphasises the
possibility of drewing eronecus gonclusions when the data
was obtained with different ip yitro test systsas,

Recently Osmaki, et.sl. (75) reported a thorough
investigation of over 80 compounds for in vitre inhibition
of MAC but were unable to estediish sny structure-activity
relaticoships., These suthors demcnstrated that sdrenalone
would inhibit serotonin oxidation whereaa Blaschko pre-
vicusly showed this coupound $O be & substrate {16), This
becomes understendable if one considers that a compound
with high effinity for the ensyms, but not oxidized at &
repid rate, can nevertheless sct as a substrate copatitor
for another compound whose arfinity and oxidation rate are

high.
10, FPHYSIOLOGICAL ROLE OF MONOAMINE OXIDASE

Monoawine oxidase has been implicated in a8 number
of functions end dysfunctions but its actusl rolie im the
mammalien organism is somgwhat uncertain and obscure. Dig~
covery of potent inhibitors of the enzyue has enabled aany
investigators to galn an insight into the role of the ensyne
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in physiological prosessar, Blologically asctive coupounds
such as sdrenalins, serctonin sand dopawmine sre foroed uy
specific ensymatic resstions and stored in cellular particles
in which form they are insctive, Releass of these smnines
into the circulation csuses profound pharmscological effscts
which would be undsairabls if ths relesss should become
excessive. It i3s3 presusably for this reason thst & destruc-
tive ensywe such @s Ki0 is provided, Probadly this 1s also
the resson why one fiads the ensyme in the brain, nervous
tissue and swooth musele,

High intestinal levels of MAO has brought forth
the suggestion that the enxzyme is responsible for the de-
toxification of amines of baoterial origin (8), Blsschke
(9) finds fault with this hypothesis on the grounds that 1t
ts unlikely that anine concentrations would be so high as
$0 require the swount of engyns sctullly present, Dsvison
{10) points cut that serctonin (5-hydroxytryptenine) 1is 8lso
found in high concentration ib the gut and because of its
leplication in intsstinal motility, he suggests that NAO 1
responsidle for regulating the concantration of this a=sins,

Mopoamine oxidase in the liver could play an im-
portant part in the destruction of blologleslly sctive
amines in the circulstion, In this counsction, Daweon snd
Sheriock (85) examined the effect of iproniasid in patients
with liver disease characterized bty high blood smmonia
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levels. They found that this MAO inhibitor wap effective
in lowering the blood asmonia level,

There has been much controversy as to the role of
this engywe ir sdrenergic mechanisms, Adrensline and nor-
adrensline are good substretes for HAC in ¥isros however,
the role of the enxyms 1&&&”"&1”!”‘ besn the
subject of weny investigatious, Schayer (86,87) snd his
colleagues demonstrated that as wmuch as rifrey pereent of
injectsd adrensline is netabolised by MAO in rats, Oreisasmer
(88) found that inhibition of NAC by iprouiasid potentisted
the response of the nictitating wesbrane to tyramine but not
to adrenaline., Using the nictitating membrene, Bellesu,
st.sl. (31) have shown that noredrensline 13 not a substrate
for RAC at the sdrenergic effector cell level end they sug-
gest that the role of the ensyue in sdrenargic mechaunisce
can best be dascribed as @ protective device for the inac-
tivation of circulsting sndogenous non-transmitter substances.

We now know that adrenaline, noradrensline and
dopazine (89,90) can be metabelised by O-nethylation snd
recently Kopin, Axelrod and Gordon (1) demonstrated that
this pathway represents the major route of sdrenaline meteb-
olism whereas MAC would play & msjor role in the destyuction
of the G-wethylated metabolites,

Serotonin is an excellent substrate for MAO dboth
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4n vivo and in yitpe (92). It is of interest to note that
Bogdanski snd Udenfriend (93) have shown that the distribu-
tion of serctonin pareilels the distributicn of MAO in the
éog snd cat brain, Reless2 of dound serctouin can be brought
about by the aduinistretion of Meserpine theredy uaking the
ssine aveilable £0 NAC, The rolseass of serotonin is followed
by & repid dspletion Of the "active” amine snd this has led
Brodis, et.s. (9%) to postulste thet the noruel role of
serotonin 38 akin o0 that of acstylicholine, In other words,
just as cholinesterase is responsible for destroying acetyl-
choline, woroaning caidsse say in & similar way isactivate
an excess of 8 neurchorwonal trenssitter such &s serotonin,

Walesmek and Abood (95) have pointed out that in
s case of lack or dysfunction of MAC, alternmate psthusys of
amine metabolisw could lsed o physiologicelly active sub-
stances capable of causing effects such as mental sbnormalli~
ties, This ie¢ borme out by experimental evideucs obtained
with MAO inhibitors mentioned in the previcus seotion,

Recently Gextner (56) has demonstrated that rep-
reseutative MAC iahidiscrs have the ability to block gangli-
onic transmissiocn in the isolat&lsuperior dervicsl geanglicn
of the dog., He presents correlstions which suggest that the
blocking sctivity is directly related Lo the MAC inhibitory
activity of these coupounds, Possidle explanations sre
that sn sctive anine is sccusulating at the gangllonic




. 35 -

synapse or that there iz interference with the norcal func-
tion of the neurcwedistor at the genglionic synapss, In
oither ocass, factors other than scetylsholiine are impliceted
in gaoglionic transmission,

Receutly it has bien demcastrated that the Jdean-
ination products of soue neurcauines sctivate the oxidation
of glucoss in the anterior pitultary (97). Thus, it would
appear that NA0 could be responsivle for the formatlion of
physiologically sotive sldshydes,

It s clenr frew the above discussion, that the
role of HAO in physiological proocesses is as yet ili-defined,
At the same time, it 1s apparent that further investigations
will be most profitable towards s better understending of
the role of this enmyus in netabolic processes,

P/
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B, DEUPERIUM ISUTOPE EFPECTS IN BICCHEMISTRY

Sudetitution of dauterius for hydrogsm causes 8
nusber of obssrvable effects which can be useful in study-
ing reaction wechanisms, Since the meroc point energy is
greater for the C-R bond than for the C-D bond, the activa-
tion enersy 1s lower for the rupture of the C-H bond, Thus,
the rate of resction is correspondingly less for the deute.
rive containing cowpcund if the olesvage of the bond 1s
rate determining (98). A number of reviews of this subject
nave been presented (99,100,101).

Erlonmayer, ot.cl, (102) and Thorn (103) nave
desoribed & reducticn in the rete of oaxidaticn of partially
dsuteretsd succinate, Mahler and Douglas (108) subseguently
reported the effect of deuteriud on the binding of niootine
anids sdenine dinuclecside to lactic dehydrogenass and on
1ts subsequent dshydrogsuation, Concurrent with prelisinary
reporte of work presented in this thesis (105), Aveles and
nis group (108) reported s kinetic isvtope effect with
deuteronethyl ssrcosine, These investigators also reported
effects of dsuteration on the Hichaslis constants although
no interpretation of their results was offered, There had
been no studiss publiehed relating to the effect of deutere-
tion on blologloally active gmines prior to our reports
(105, 106, 107).
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Deuteriun isctope effects should constitute 8
pmrul tool in this field since Nﬁh effects are indg.
pendent of the pUrity or couposition of the ensymes and are
sheorstizslly Spplicable to in wivo studies,
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C. HATURE AND SCOPE OF TRIS INVESTIGATIOR

Frov the introduction it beoownes apparent that
there is & profound laock of imowledge as to the chemical
wechaniss of sction of monocamine® oxidane. Nsny investiga-
tiocns have polnted out the critical role which MAO plays in
physiological processes deening 1% necesssry that 8 fundssen-
tnmuuummumuwmnumsmrum
of the chemotherepy of HAO dysfunctions, Nost of these stude-
mmmwuthnmuwotammm
composition, Theas tuvestigations have 106 to sn increass in
our gensresl knowledgs about the enxyne, but sllow no genersl
conclusions as to its mechsnism of action,

This investigation comprises studies with substrates,
their deutereted counterparts and 8 series of closely related
phenylslkylsmine inhibitors, In these canes, the structural
changes were susll in terwe of mcleculay weight snd functionsl
groups and this should sininise effects due to aenbrens per-
veability and lipid golubility. These latter factors no doudt
play an iuportant role when substrates and tahibitors deviate
grestly in structure and molecular weight,

Using these techuiques it is hoped that subtle
differences will provide an interpretation as to the wechanisn
of action of this engyme on which further work in this field
can be basod,
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EXPRATHENTAL
A, MATERIALS

pr, G, 2. Udiyot provided genercus ssmples of
reoeuic and resolved uuu-a-pw:lcnlwmim. Cin-
and uum.e.pwxeyuowza:m and 3-m1mmmy1-

Psav (109) snd reduced with LiAIDy by the following prose-
dure., The nitrile (0,003 soles) in 100 wl of freshly dis-
tilled enhydrous tetrahydrofuran 18 sdded slowly to @ SOlu-
tlop of L1ALDy (0,020 moles) in 50 ul snhyorous disthyl
ether with cooling snd stirring. After addition is complete,
the wixture is refiuxed overnight and deccuposed with C.8 ol
.0, Cl.€5 ul 208 xsCH and 2,9 ©l HxG, The solvents sre re-
woved mmwﬂ the hydroxides washed twice with 30 ul
portions of ether, The ethar sslutions are conbined, dried
over NHepsUy snd Gry HC) 1o bubbled through the solutiou.
recrystallization frou ssopropyl ammzmu«zau yielded
crystals, G.Pe 1810-1820; 11t (110) 1800-181°; 23 yield.
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b, Preparation of a-ds~bensylasine

Commercis) benscnitrile reduced by the above proce-
dure geve a-dy-bensylamine hydrochloride in 608 yield; u,p.
255-579, 11t, (111) 258°,

¢, Preparstion of c-@y-tryptamine

Indolescetonitrile prepared by the method of Honbest,
et.0l. (112) is reduced by the adove procedure using diathyl '
ether in plsee of tetrahydofuren, Distillation yielded s
uiddle frection (b. 159-639/0.,4 wm,) whick on standing crys-
tallised; m.p. 116-189, 11t. (113) 115-27°,

All scupounds prepared by L1ALD, reduction of the
corresponding nitriles were 1sdelled to the extent of 99% or
vetter on the a-carbon as detormined by N.N.R, analysis,

4, Prepsration of a-dz-hymutm

The preparstion is essentislly that of Weisabach,
et.al. (5C). Slignt modificstions were necessary as in inl-
tisl stteapts the product was contaminated with & substance
which wss nesrly identicel in chromstogrephic bshavior. This
contaminant had intense absorption in the d-hydroxygquinoline
region of the WV spectrs, a-dzdwummmuum
(2 £), prepared by the 3chotten-Baumann method (11%), is dis-
solved in 50 wml of scetic acid and sudbjected to csonolyels,
The resulting yellow-brown solutiocn 1s concontratsd in Vguo
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to sbous 5 wl and then cooled while 12 ml of 388 HEr in scetic
acid is sdded, After stendiug st 0° for 5 hours, the solution
is concentrated to Oryness in YEQUO followed by addition of
water snd extraction with ether. The agueous layer 1is passed
over Dowex 1-X8 resin (hydroxide form). The colusn of resin
uss spproximstely 2 x 15 ewm, The elusnt conteining the free
base is treated with & satureted solution of piorie acid,
warmed snd filtered while still hot. 7This appsrently roncved
the fspurity which esused difficulty in other sttewpts, After
standing for seversl days in the cold, the red-orengs picrete
(0.7 €) was collectad; ®.p. 1TA-T5%, The pierate ves aie-
scived in 5 aguecus methanol (v/v) aud passed over Dowex “l.
1-X8 resin (hydrexide fors) as sbove, To the eluant is added
an excess of slcoholic HEr snd the solution is concentreted
40 yecup. After treatment with Norite the residue crystal-
1imed fros iscpropyl slechol yielding 0.3 § of a=dy-iynur-
avine dihydrotroside; m.p., 214-15° with decomposition, 1it,
(50) for kynuremine dihydrobrouids, 2184-16° (decomposes).

e, Preparstion of B-dz-kwnurlnzno

Kynuremine dihydrebromide (0.1 g) and D0 (12 =1)
sre pleced in s sesled tube and heated in an oven at 110° for
8 nours, This process is repested three tices, After solvent
reccval under nitrogen, the residue is orystallized frou
isopropancl-ether, Recrystsllisstion {rom isopropanol yielded
0.08 g of the dihydrobrowide, B.P. 215-215° (deccuposes),



.&2-

cnbmtoumunwwcmmmormwm.

£, Preperstion of 2-bensylasiridine

Xesheiiker's (115) procedure was follewed yielding
on distilistion, & colorless iquid, b, 38-529/0,1 wm., of®
1.50093 118, (115) b, T3-75%/1 wm,, Bf° 1.5831,

g. FPreparetion of 2-phenylasiridine

2.chloro-2-phanylethylsnine wes prepared sceording
to Wolrheim (116), Stesn distilletion of the halagenoenine
from XOH by his prossdure did not yield aay of the desired
product, Therefore, the following procedure wes used,
2-chloro-2-phensthylenins hydroonioride (3 g) is sdded siowly
to 2,8 gm of KOB 4n xoonuaomuwmzmarm
which time the sclution is satursted with KaG0;, Three 75 al
extrections with ether followed ty solvent removal in YAORE
and distillation gave & middle fyastton (1.5 g)s b. 5T-60%/
0.1 um,} the properties acreed with those reported in the
1iterature,

2. PREPARATION OF WIYOCHOMDRIAL MONOAMIRE OGXIDASE
FRON RAT LIVER

The procedure followed is 2 modification of that of
Hawking (3%), A1l operaticns were carrisd out at 0%, with
previously cocled resgeats end appsratus,
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Freshly excised livers froa decapitated retec are
freed of connective tissus and out inte pleces sbout 1 cuw,
square after which they are uinoed in a Latapie wincer with
0.25 M, sucrose 88 the perfusing medium, The resulting sus.
pensics 38 brought up to & volume 10 times (w/v) that of the
original tissue wet weight, The solution is then homogenised
in 8 glass-tefion howogenimer (F4285B, sise C, Arthur H,
Thowss Co,) for A0 ssconds at 600 RPN allowing for inter-
mittent periods of cooling. The homogenate is centrifuged
in an Internationsl Refrigereted Cemtrifuge (0°C, Besd #860)
for 5 minutes at 1,000 RFN after whish the supsrnatant is
removed sud the sedimented cell debris discarded, The super-
natant is recentrifuged in a Spinco Ultracentrifuge (Rotor
#4%0) for AS minutes st 23,000 RPN and the supermatant dio-
carded, The precipitated pellet is resuspended in 0,25 R,
sucrose 80 that the final volume is 5 times the original wet
weight of the tissue snd stored st o°,

B, METHODS
1. ASSAY USING TYRAMDIE AS SUBSTRATE

The procedure used 1is & wodification of that of
Udenfriend and Cocper (50).

Reagentsy
Borate Buffer: 165 ml. of NaOi 1s sdded to oh,2 g.

of borie acid in 3 liters of water. The solution is then
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saturated with n-butanol and scdiur chloride, The final pH
is approximately 10,

n-Sutancl and Petroleum Ether (80°-100°): Reagent
grade solvents were distilled snd then shaken with equal
volunes of O,1N MeOH, watesr, O.1N HC1l and finelly twice with
distillod weter,

1-littrosc-2-napthols 0,15 l-nitrose-2-nspthdl in
958 ethanol made up Just price to use, Nitrous seié reagent:
To 5 ml nitric scid is added 5 mg Nal0, Just prier to use,

Zuncubst

Enzyms, egquivalent to 300 mg liver wet weight, 1.0
wl phosphate buffer (pil 7.4), sud tyremine (5-4C moles) are
brought t0 & totsl volume of 5 cc in 30 =l beslsre, The mix-
ture 18 inoubated in @ Dubnoff metabolie shaker st 37°C in
sir. Allquots containing 1-8 . moles of substrste are traus-
ferred at various intervals,

Extrestion
Aliquots are tranaferred to 5C ul flasks containing

anlethgcos. To sach flask is edded 1 nl borete
buffer, 3 g NeCl apd 20 ml of butancl, The flasks sre sheken
for § hour snd an sliquot of the organic phass is transferred
to snother flask containing sn sgual voluae of petroleun
ether and & nl 2N HC1, These flasks are shaien for ancther
1 hour after which time the acid lsyer is removed,
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To 2 ml of the acid extrasct containing 0,1-0,8 p
soles of tyrenine are added 1 xl each of the nitruso-napthol
and nitrous acid reagents, The tube is stoppered, shaken and
put in @ water beth st 55°C for 30 minutes, Ten wl of CHCl4
is added to extract the unchanged nitroso-napthol end after
centrifugstion at low speed the acidic layer is trensferred
to a cuvette, When meesured in a Bausch snd Lomb Spectronio
20, the optical density is proportionsl to concentretion up
to 0.8 . woles, Ensyse blsnks snd standards are carried
through the same procedure,

2, ASSAY USING KYNURAMIKE AS SUBSTRATE

The procedurs is essentially thet of Weissbaoh,
ot .81, {57).

Incubatiocns are carried out in s Beckwan 3 wl
cuvette., The experimsntsl cuvetie contains snsyns eguivaleut
to 30 wg of liver wet weight, lgnursuine (0,1-3.0 . moles),
2,7 u1 of 0,5 X phosphate buffer st pi 7.4 snd weter to »
total volums of 3 ml, In sll cames, & solution containing
angyws, dbuffer snd water was made up so that in one aliguot
811 the reagents could be added, followed by the addition of
substrate, A blank cuvetts was prepsred in whish the kynur-
auine was replsced with water, After the final addition, the
mixing is achleved by inversicn and an initisl reading 18
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made 8t 360 wu or at 329 w.. The assay was run at room ten-
perature in & Beckmen IJK-2 with a tine ¢rive attachosut.

3. NRODEL STUDIES

The resction of uniabelled and c-d-asines is
carried out &8 follows, To 1 uwl of the desired solvent con-
taining 2.9 . woles of the suine is sdded 0.2 ml of i.5%
(w/v) ninhydrin in ethsnol, The resction is osrried cut in
cuvettes (winimal voluse 1 ml) designed for the Colemsn Junior
Spectrophotowster st the desired temperature in & sonstant
temperature bath controlled to: 0,059, After completing the \
solvent volume to originsl lsvels, the optical density at
550 mp 48 dsterwined at appropriste time intervals,




-—‘7-

¢, RESULYS
1, HODEIL STUDIBS

The resetion of o-d,-suines with ninhydrin was
carried cut as described and comparison of the rate of re-
sction with that of the unladelled smine demonstrated the
presence of an 1sotope effect, Initisl cbesrvations mede
it apparent that the rate of reaction was dependent upon
the basicity of the solvent, the rate being qualitatively
proportional to the relative basicity of the solvemts, That
is, the rate of reaction ineressed with sclvent in the follow-
ing order: CHCly, c,n,ou. csu,an. cnllsﬂ. cn3ou. nao.
Experiuentel conditions (solvent and temperature) were chosen
so that the resetion ocould be followed over & convenieunt
period of time, Typical rate determinations sre shown in

Pigure 1 and suuasrised in Tadle I,

TABLE I, Kinetic isotope effects with a
ssriss of phenylalkyl suines,

Auine Solvens | Teup. mﬁ%ma
Bensylsuine | HgO 25° Too Yast
Bensylemine | CHClj 50° 1.6
Hescaline CHC13 500 k.S
Tyranine CHC1g 50° k.5
Tyramine Cyl 0l 50° k.8
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Pig. 1. - Relative rtes of resction of
tyraning and cada«tyrasine with ninhyderin
in butanol. The resction was carried cut
as described in wethods &t 500C,
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It was then realised that this method could serve as & gqusn-
titative method for the dsterwination of the peroentage
composition of deutaratsd amines adaized with unlabelled
suines, MNixtu=es of the two anines (a-dy-tyramine and tyre-
sine) in varied composition were mmde up snd the reaction
carried out as defore with the axosption that the optical
density was deterwined for a1l ssupled after 75 minutes of
incubation at 509C, A plot of opticel densisy vs. percent
as a-dz-tyremine is reproduced in Pigure 2., In order to
deterning the accurecy of the mathod, & mixture of known
cowpositicn wes sualysed by the same procedure and the per-
cent a8 a-G,-tyrsuine deterwined from the standard curvs
(Pigure 2). Results of this expsriment are svumerised in
Tsdle 1I,

TARLE II.  Ansiysis of & wixture containing
T08 a~dy-tyreming snd 305 tyremine

Trisl 0.D, % am 4p
C,.€7 68
0.65 70
C.63 (£
0.64 71.5

Aversge
TC.3 & 1.3%

&£ W N

In futurs work, szall samsples of the auines as their hydro-
chiorides were to be analysed by this method and it became
necessary to have a solvent system which would nesutrailse the
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nydrochioride thus oliminating extraction oparatiins noces-
sary to obtain the ired base,

Using butsnol-3X pyridine as solvent for the re-
action, an isotope effest of 6.9 was cbserved (?igure 3).
Because of the greater sccurecy using this golvent aystem,
1t was adopted for sll deter=inations, Anaiysis ¢£ & Lnown
nixture containing 55 c~d;-tyvamine gave the following
results represecting an gversge of  Jeterwinations) 58,95 +
0.31 88 c-dy-tyreaing,
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rig, 2. - Standard curve

101
g mmw‘a 3

of known aoapuum were &

resct with niahydrin as mmm ot
500C, The opticsl density was detersined
after 75 u!.mlm at 550 mi,



- 51 -

(oY |

o
-
o -
o)

-
1 1 ] | ]
o o Qo O o
o (00 o < o

auwpJhy %p-»-s1g SO %

1.2 1.4 1.6 1.8

1.0
Density (at 75minutes)

Optical



- 528 -

Fige 3. = ::mzntum ot.moucn of
“m 8 a - nm‘n
in butanol~3s :&Am. The rgotm “es

cerried out ss desorided st
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2, OXIDATION OF DEUTERIUR AMD PROPIUN SUBSTRATES

8. TyTEEine end c-dg-byrewine

Wheo t~veuine wes incubated with the sasyme ss de-
soribed 1n Nethods, 1ts initisl rete of oxidstion wes found
£ Do twice Shat Of a-dg-tyremine, PUFther @Xperimsnts re-
vesled that this 1setope effeet was depandent upen the initisl
substrete conosntretion 68 Shews in Figures & ans 5, Results
of these experisents sre suwmerised 1o Teble IIX, the rete
ratic being the retic of the slopes,

TABLE 13X, Rate retios betwesn tyrewine snd
W-W“WWM'W.

woles/liter xA0~

Subetruse mcngm Rate ztto

.15 2.3
2.3 1.8
3.5 3.7
8,6 1.5
5.7 1.%




rig. 8. - Relative retes of oxidasion
mmm and

ggiu of 1.15 x 30’! Mmo
obteined bty the l-niSyroso-R-

ummnuummu
sethods .
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b, Storecspecificaily labeiled tyremine

Easywieally prepared Re and S.qd-tyranine® were
inoubated with KAO sscording to the standsrd procedure de-
soribed. When the two opticslly pure enantiomers were incu.
bated under identicsl conditions, the Pesults shown in Figure
6 were obtained, It cap be seen that tyresing and 3.q-0-
tyremine were oxidised At the SB9 FEte WRSTeas Reled-
tyrewine end G-do-tyreming were degreded st & Fete 2,3 times
slower,

* The opticel isomers were prepared by J.V, Burbte, Speci-
fication of mtt-u ?onrmnuon sccording %0 Cahn,
Ingold and Prelog (117).
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Ce Kicheellis Coustanta

Results in the previcus section nede it pertinont
:ommmwmmuumm«uumm
with substyate. The Nichaslis constants weve detersined in
the ususl MENREr Uy NEASUring the velosities ab varicus sub-
strate coneontretions and the data trested according o the
sethod of Linswsaver and Burk (118) (FPigure T). Kinetio
tsotope effests deterwined in these studiss are summsrised

in Tadle IV,
PABLE IV, Ratios of maximm volosity ad
Richaslis M for Syyening sud o-dp~
tyrecine
Experinent Voary Kmp
Vahxp 7
b { 3.2 2.55
1.25 2,25

8, Competition between tyremine and a.odga-m
for the enyywe
umwmmmmmmwucm-
stant, Kg» Spproximates the srus egquiilbrius binding constants
(wmwmmmmm:mmmumm
accurate), direct msasuresent of the amount of a=Gp=~tyTenine
and tyrssine left after tpcudetion of an equinolar mixture




a T. = Nichaslis-Kauten censtants
mz-un velosity rstics for
md cedp-tyresine,
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of the two species was carried out as followss tyresine,
aedp-tyraning Sud &n GQUANOLSP mixture of She two amines
were osch incubated with the enmywe ss dssorided, with the
exoeption that the GUANt3ties of 81l reagente were incressed
5 fold in $he case Wherw She two DPEciss Were incubated as
an oquincler mixture, he etes of the thvee resstions were
followsd in the uSuSl wemner for 30 minutes AfSer whiek time
the ineubation mixture was quenched by hesting $o 100° for
10 uinutes, AFSEr eomirifugtiion, Whe SUPIFDASENS WES Paseed
over an Amberiise C2-50 solumm (3.5 x 10 om), She colum
weshed with 2 1iters of distilled water snd the Amines eluted
with AN sostic asid ecoording to Sk pressdure of Davis,
ot.ol. (115). The \yvesing was 1501ated ss ths hydroohloride
and rocrystallised thres times, This purifisd sampls wbs
then snslywed for its scntent in deuterium 8ccording to the
sbove desoribed method using butancl - 3% pyridine as the
solvent,

TABLE V, otmmlu BiXLULe
mum from umm

fvos. m the
ves w.smu 1:!-

Sample 0.D. % a8 a-lp~Tyrenine
1 50 69
2 51 63.5
3 R ) 70
& W50 &9
Averege 69.1% = O,
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Using this figure {(G9F as aedy-tyvenine), the total
amcunt of each anine laft unoxidised at the e of the Ancuba-
tion cculd eesily be estimated by the appiscation of the

1-0itros0-2«00pthol procedure described asrliisr, Reaylts
ave sunaarised in Teble VI,

TABLE VI, Compesition of the auive sixture aftsy incuba-

tion of tyresine, $8 & 1el molasy retio of

X o Xy
a -

ninkydrin ssthod,

Nolss Tyreming x10"2 in 5 ec Insubation Mixsure
Initial Concentretion Oxidined by RAOC

(After 30 wimibew
Ho 5.75 3.8 2.39
5.5 3.9 1,85

2.,8% A3

Do
D 2,975
ua 1.10 llw

75 3,56 x 698 {
2.375} >
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s, Isctope effects ¥ith aedy and p-dp kynurewine

Inoubations ware carriod out as descrided in the
caso of the asmsy for gnuresine following the rete of dis-
spposrence of substrwte st 360 mu using She time drive
sttechment, Whan the Fate of disappesreses of o-dp-kynur-
suine was compared $o kynureming, sn isctoph effest of 2.1
vas obeerved st & molsr soncentretion of 1,2 x 10°'N, A
the Sens COonoentration, 5+dp-kynurening showsd sn isctape
effect of 1.18 (Figure 8), Linewesver-Burk ploks Wers coun-
structed and 1ed to She ohaervation that the ratioc of she
Nicheslis coustants for cdp-kynurssing (Km p/kmy) was squal
to 3 (Figure 9), Alshough pedg-iyrursains shewsd s con-
-samuummtax.w-z.zomtummu
concentretions, no detectabls effvat on the Kiohaelis con-
stants could be ocbeerved,
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Pig. 8.~umolmua¢t

WBWWM
n«nmm“
wish time drive
tachesut, In 811 60008 the sub-
eonoonsretion was 1.2 x 10
wole SO,
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3, MAC DMHIBRITOR STUDIES

a. Destereinatiocn pxsom:mnar

phenylaliylesines

Incubations were carried out as desscribed for the
assay using kynuvesine wish the excepsion that the inhibitor
NIMM“WMNMWMW. ™e Lo~
nidbitors were preineubated with the suayme for twenty minutes
as 1t has heen dewcnstrated thet this 18 necesssry for ssxi.
zus inhibition with some cempounds (73)., After the addition
of substrute, sppesrence of the adserhbancy due o A-lgdrony-
quinoline st 320w, wee followsd for shirty winutss. The
following equation wes used to calculate the percentage
inhibitiont

)= 200

anmmnmzuwmmsmnwwh
mm,mpx”mcmmmthme-
{ing them 8t various sonesntrstions. Ia this way, concentira-
tions producing inhibision lsvger snd ssaller then 506 wers
detereined, Results were plotted on semi-log paper (Figure 20)
snd the concentyetion producing S50 inhibition was deternined,
muwxamammzummamm
tration producing S0F inhibition. A summery of the results
obteined with the series of lnhibitors used in these stuiies
is presented in Table VIX,
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, CON’CENTRATION
IRHIBTTOR INHIBITING 5OF
Bm
C¢HgCH,CH NH, 1x10°° N
Adl-phonyliaopropylanino
CeHe N,
dl-phenylasiridine 7 x»lo*s M
¢, B.CH, ZN
6"5°"2 “H 8 x 1074 M
dl-benzylaziridine
e AAW‘Z
Cels - -7
d-trana-Z-phonvlcyclopropylamine 3x10 ' M
CeBr
¥E, 5 x 1070
l—trana-z-phenylcyc1opropy1amine
C¢ My 5 x 1074 ¥ 3.3
g_l_-cia-z-phonylcyqlobutylamino
C6H§'~.'
NH, 1x1002 M 3
_t_l_l-trana-2-phonylcyclobuty1am1ne
'H? -5
J-phenyicyclotubylamine 6 x 10 M o2
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b, Type of Inhibition

The differencs in the nature of the Linswsaver
Burk plot for competitive and non-coupatitive inhibitlon
provides s quantitative weans of distinguishing detween the
two types of inhibition (118), Amphetesine, 8 Imown inhibi-
tor (9), and tEans-2-phenyleyelepropylaning Wre used at
1073 and 10°5M respestively in the ynuvenine sssay snd the
rates of kynureming omidation msesured st incressing sub-
strete scueentretions (6-20m10°M). Linswesver-Burk trest- r
amt of the dsta is givem in Pigure 11, 7




Pig. 11, - Compotisive tahivition of
wonoaning oxidese supbotouinge ond
’-vmm Asmive,




m. u. - M“‘” mmm Of
nonoaning oxidened awpbetsning snd
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Ce www Wn with @l-trans-2-phenyl-

Minhyérin (0,002 soles) snd g)l-trans-2«phenylaeyelo-
propyianing were gllowed S0 1veat in water st 1009 for 20
uinutes sfser which ihe aquecus solution was extrected with
ethar, After svivent svaporstion, the residue was trested
with 2,%<4initrophonyliydresine nd She hydrasuss subjectsd
to dsoending chromategrephy on Whatman No, 1 seetnding to
Rice (120) using % ether-petroleum sthey (80-200°9) ss the
wobile phase, The 2,M4inttrephenyligNirescne of the resction
product behaved identically to su sutheatic sample of ein-
nanaldelyde 2,83-dinttrophenyiiydrnncos,

. JrSvans-2-phay.
d wm of iayslopropyianing

A standsrd insusation mixSure haviug 8 final cone
centrstion of 10" J«trens-S-phenyloyclopropylaning in place
of substrete was inoudated fer 24 hours, ASer host denatur~
ation of the prosein (1000 for 10 winutes), &a 8liquot of the
supernatans suffieient to give 8 10°%K final econosntretion
(caloulated on the basis of she owiginsl solution) was essay-
ed for 1%s content in fuhidbitor using the Kyourewine assay
procecure, The Supernatavt inhibited the vesction to the
sane extent (G85) ss would de eapestad if nong of the inhibi-
tor was changsd in the overoight incubstion, This experiment
shows that it is not & setabolite but the intact molecule of
2-phenyleyclopropylamine whish is active as an inhibitor,




DISCTS3ION

It is necessary to male one postulate in order to
provide 8 suitadle starsing point for tha interpretation of
the results presented in the previocus secticn, It 1 not
oriticel that this postulate be valid since this would only
lesd to parallel but not opposite modifications of the inter-
pretive part of this work. As pointed out in the introduc-
tion, tertiary smines can be axidizmed by NAOQ so long as tiw
Ne-substituents are not 80 bulky as to cause sterie inter-
ference with She catalytie surface of tha ensyms. Also, she
presence of a second basic croup in close proximity to the
suino function undergoing oxidation results in substretes
which ave less resctive. Thesse considerations mske she
following postulate appesr logiesl and 1ik3ly. That is,
oxidation of the smine is initiated by binding to the snxyne
through the availsble elsctron pair on the nitrogen,

¥We are now left with two wechanisms which result
in forsstion of the dosired intermediate, Abstrection of an
electron peir by the functicnal group on the snxywe suggests

that one of the alphe-hydrogens say b6 resoved &s a proton
as shown in (I) - (II), rather than as a free radicel,
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|;| ’R. +/R.
R-CHZ— ?f!!'R" — R—CHZ—-CH=N\R"
WSl
Enz
() (21)

(R = arpl or aligl; R, B" z N, Cly, oF CgBs)

This sechanisw finds aunslogy in the sercuric acetate oxide~
tion of smines as established by Leonard (121}, Bvidence for
the possible partiocipstion of 8 astallofisvin was presented
in the introdustion (p,18) snd the wercuric scetate catalysed
resction could serve ss s chemicsl wodel of the ongynic re-
sction,

Alternatively, it could be envisionad that after
initial electrostatic or coordinste binding through the elee~
tron peir, the catalytic surface could assist in the removal
of an o-hydride ion followed by 8 shift of the eleatrons on
the nitrogen in 8 concerted process ss in (xx1) - (V).

U
R + R
R-CHy- CxN o — R- CHz CH=N__,
L SR
Enz

(111) (xv)
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This would lead to the ssme product, the formulation
of which was proposed by Richter (27). This 18 8lso in sc-
cordence with the wschanisus proposed by Rashler (A4) fe>
slectron trensfer catalysed ky known metalloflavin engynes.,

A, NODEL STUDIES

In order to examins the POSEibility ef the opers-
tion of dsuterium isctope effests when &n amcarbon-hydrogen
wumaaamuam. s sisple chesical wodel
was examined which scnsisted in She resstion of ninhydrin
with c-deuterated amines, The Tesction oau bo sasily retion-
alimed @8 shown o equatsien (V) - (¥X).

(0] 0
B H H
O e — .H';-R
H
¢y 0o
(V) (v1)

This 1llustretes an oxidstion mechanise involving loas of &n
a=hydrogen &8 & proton, When the rete of oxidatiom of tyra-
uine was cowpared with that of bis~a-deuterio-tyraning ss
followed by the appearsnce of the typical blue-purple ¢olor
absorbing waximally 8t 55C mu, the /4D ratic was found tO
be 4.5 when chlorofors Was used a8 the solvent, Nescaline
geve similar results whereas with bhensylamine the W/xD ratic
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was 1.5, This is underetandabdle when one coneiders the grester
inherent aocidity of benzylic hydrogens which would de expected
to proGuce a transition stats characterised by a smeller de-
gree of bond-dreeking, allowing Tor 2 better participation of

a proten acoeptor,

These chearvations suggested & method for the gquan-
titative determinstion of siztures of smines and c-deutereted
suines, Results of this phase of the investigation were most
rewarding in providing an enpedient, efficient and assurete
wethod for analysing ssall sanples of sixed gpesies, As showmn
in Table IX, the sccureey was within 1.3 wish quantisies of
2,9 sioromoles, N.N.R, antlysis proved imprecticsl in this
respect because of the largs semples that are required sad
becsuse of the relatively liisited sceurecy (5-108),

It was 8lso observed that the rete of resction in-
creased with incressed basicity of the solvent which would be
expected if the prooess is base-eatalysed, In order t0 elimi-
nate the neutrelisstion cperetion when smine hydrochiorides
wvere used, which required an sdditionsl extractiom into the
desired solvent, pyridine was added to the reection aixture,
Using butancl-3F pyridine, it was cbserved thet the apparent
1sctops ei'fect using tyrasine snd bis-c-deuterio-tyremine was
a8 high as 6.9, Because of this large Wi/KD retio, it was to
our advantage to use this solvent system in the snslysis of
nixturea of deutersted and non-deutarsted amines =ince the
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sensitivity was proparticnately incrasased (p.5¢). These
rether large isotope effects indicate that there wust be a
consideredle bond-weslaning effect in the transition state
for rewevel of an o-proton and therefore suggests that if »
sinilar soochanise applies %0 MAO, an spprecisble kinstio isc-
tope wouid o axpected as loug &8 the reacval of an a-hydrogen
constitutes the rete limiting step,

B, o-DEUTERIUN ISOTOPE EFPECYS

The retio of the slopes of the initial velosities
for the oxidstion of tyrewine and -dp-tyresiné was found to
be 2.3 st & substrats ccucentretion of 1,15 10°M (p.53). |
Hence, the rate limiting step in the oxidation must consist ‘
in the resoval of an a-hydrogen and the segnitude of the ratic
indicates that a feir degree of bond-weskening must oocour in
the transition state which ssy tentatively be forsulated as
in (VIX).

OH
ie
. Cx +8
D,f” /\NHZ
)"
enzyme
(viI)

In a siniler fashion, when the rate of cxidation of a-dp
kynursmine was compared with kynuraoine, s KR/kD ratio of
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2.1 was observed (p.62). Xt was then demoustrated that these
ratica cculd be varied cciaiderably depending cn the initisl
sudstrate concentratien, The isportant finding that a rether
large isctope sffect (Xen/Xun = 2.5, p.56) operetes at the
level of the formation of the Nichaslis complex supplied the
explanation for the variation of the Mi/kD retics with sub-
strate concentretion, At high subetrate coneentrstion (maxi-
sus veloeity) the ky/kp resio falls to 1.2 snd therefore this
represents the true kinetis 1s080ps effeet opereting in the
rate-1isising removal of an ohydrogen in the trensition atate,

These results were surprising in a nuwber of ways
because it weens that replssing hydrogen by deuterius causes
the sudatrats $o© be dound wueh wore locesly. This is the
reverse of what one would expest norwslly if the reactive
parcs of the subetrate form tight domds with the enzyme sctive
sites, 3uch Sight donds would reise the vidratiomal fre~
quencies of the atoms concerued and this would fevor the
binding of the deutereted smings, the sero-point snergy of
the C-D bond being lower, Our cbservation of sn opposite
effeot establishes that a C-E bond 18 slready considerebly
weskensd in the complex, 7This is the first tise that such
an insight into the nature of & so-oalled MHichaelin complex
is gasned, It is of interest that there is iittle further
weakening of tae C-H bond whwen passing from the complex to
the tronsition state and this suggests that cosplex formation
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involves much wore than the siuwple operstion of 1ll-defined
van der ¥Nasl's forces,

Confirmation of the true differences in btinding
constants betwesn the two speciss was sought Ly studying
substrete competition for the enmyne when the latter was
satureted sisultsoecusly with c-dp-tyremine snd o-lig-tyresine,
Detersination of the ratio of da-substrate to Hp-substrete
in the isclated amine efter partial oxidation provided s
direct weasure of the relative effinities of o-dp-tyrenine
and c-lly-tyremine for the engyne, When n squimclsr sizture
of the two smines wWes employed, it wes found that s 30 minute
ineubstion led to & 385 enrishment in o-dp-tyremine. Oun the
basis of & Serc-order rete constent ratic of 1.2 (obesrved
at enxyms saturstion level), one can estimate that & 3%
enrichaent would result if she affinities for the enmyme
were equal (98). 3ince the enrichmsnt is fros two to thres
tiwes as high, it is olesr that the affinity of the unlabelled
tyrenine for the ensyws 18 frow two to thres times higher than
for a-dy-tyresice, This 18 in excellent qualitative agresment
with the calculated ratio of the Michaells constants,

It is cleer thet the substitution of deuteriuve for
the aworw“umnmmmw
in the tightness of binding onto the onsyme, Furtherecre,
the zagnitude of the difference indicates that in the complex
which sust be formed reversidbly, & csrbon-hydrogen bond has
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slready begun to suffer fission to & considersble extent,

It soens possidle thet the looser binding of the c-deutereted
auines refliects acetly & decrease in bending and stretching
vibretions boesuse they osour at sufficisutly high fregquencies
to scoount for the wagnitude of the retics odserved (98), It
can be strongly inferred thet when tyrssine or kynurssine
fores a complexn with NAO, the bound anine ressmbdies the tran-
sition atate wueh wore than the ground state of the substrate,
After Shis work had been ecompleted, Abeles snd coworkers (108)
reportaed observations on the systea dewtercmathyl sarecsine
and sereosine oxidase which we interpret in & similar fashion,
It seems 1ilkmly thet the above desoribed spprosch will serve
as 8 powsrful tool in the investigation of snxyme mechanisss,

C. AB3SOLUTE OFTICAL STEREOSPECIFICITY

The fact that a large isotope effect cpsretes at
the level of the Nicheslis complex formstion demonstrates
that at least one slphs-hydrogen must be stericslly end elec-
tronically sccommodsted on the ensywe, Further investigetion
with the ensntiomers (VIII) and (IX) of wono-q-d-tyremine
clearly demonstrsted a sonfiguration dependent isctope effect
in the ensymstic oxidation of the ssyumetrically iabelled
substrates. The incubations were carried cut under identical
conditions and it wes found thet tyrswine snd S-q-d-tyrseine
(VIII) were oxidised et the sawe rate, whereas R -d-tyresine
(IX) and a-dp-tyrssine ware deaminated at a rate 2.3 tives

slower (p.5C).
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? b
uzn—é——u H—(;:——NHZ
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OH OH
R - (VI1I) 8 ~ (Ix)

™his clearly GsSabiiahes that the two o-hydrogens
sre not egquivalent for the ensyms, The results can b re-
tionslized by assuming what is loosely terwed a "three point
contact” (123) between the sudstrste and engywe, Obviousiy,
the c-hydrogen corresponding to the o-dsuterius of Rea-d-
tyresufine is sbstracted in a sterecspecific mnner thus
necessitating the "freesing" of-the-substiate into a single
conformetion about the o~carbon. Thus, the ssino group and
one a~hydrogem must de implicated in this "three point
attachmsnt™ but it does not appear possible at the present
tice to decide in favor of either the sesocnd a-hydrogen or
the remaining hydrocarbon wmoiety as the third group complet-
ing the contact or siternatively producing steric repulsicns.
The possidble role of the seeond c-hydrogen in the binding or
in the trsusition state might be ascertained by determining
the Kichaelis constants for the enanticaers of mono0-a-d-
tyranine, However, tiue did not perwit investigating this
prodlemn, The consequences of this optical specificity on
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the interpretation of the mechanisam of action of inhibitors
will be discussed later,

D, B -DEUTERIUN 150TOPE RFFECTS

After our cbeervations of primery deuterium isotope
effects with a-dy-kynuremine, it wes noted that some of the
best substrates for MAO usually have the cardeon beta to the
amino group unsubstituted (p.22), This led us to postulate
that the p-hydrogens may contribute in scmse spesific way so
the attainment of the appropriate traassition state for the
breaking of sn c-hydrogin bomd, Acoordingly, the effest of
substitution of the p-hydrogens for deuterium in iguuresine ‘
on the course of oxidetion by NAO appeared worthwhile inves-
tigating and indeed led to the odservation of a rete reterd.
fng effect. Comparison of p-dy-kynuremine with lynurssine
in the oxidation by MAO was carried out by messuring the rate
of 4isappesrsnce of the substrate rether than the appesrsnce
of the product sinee the spontanecus formation of the lstter
(XI) from the intermsdiste aldshyde (X) could lead to a non-
engymatic isotope effect,

o OH

(xX) (x1)
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Since it is improbable that a g-deuterium should be abatracted
during the formstion of (X), only & secondary deuterius isc-
tope erfect may Le observed, Confirwation of this is provided
by results of Saith, et.sl. (57) who found there was no loss
of tritius in g-1sbelled N,N-disethyltryptanine (XII) when

H*
CH
c':—cuz- ( 3
|
| H* CHy
N
4
(x12)

fncubated with MAO, These results appeared simultanecusly
with our publicstion covering sowe sspectes (107) of the work
described herein,

The conclusion 21s inescapsble therefore that the
process of the abstrection of an g-hydrogen implies s con-
comitant weakening of a8 p-cardon-hydrogen bond in the trensi-
tion state. As will be seen bLelow, this secondary isotcpe
offect (ky/kp = 1,18 p.62) can be interpreted as reflecting
8 contribution of the p-hydrogens to the stabilisation of the
transition state for oxidstion, In contrast to the a-deute-~
rium 1=otope effect on Michaelis coumplex formation, the
p=-deuterio substrate has the save affinity for the enzyws as
the non-lgbelled kynursmine (p.62), This ocbservation immedi-
ately suggests that the sttachasnt of the substrate to the
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ngyme does not involve the s-hydrogens as otherwise the
Michselis constant would b¢ expected to either incresse or
decresse depending on whether the £-CH bonds form s strong
bond with the enRyme or ere weskened by intersction with it,
¥We sre left with the pessidbility that substrates form a com-
plex with the active center of the ensyme through the sub-
stituents on the d-carbon, 1.0., the amino group and the two
c-hydrogsns, Other groups such &8s phenyl in the substrate
solecule would not iatgrect with the sctive centers where the
regction 13 actuslly performed but eoculd conceivadbly intersct
with soms other 8scessory sites unconeerned in the catalytic
process. On the besis of sthe adove results, it is tempting
to suggest that the other substituents on the substrete mole-
euumumuwmtmmamtm
of the mitochendrial structure but Othervwise unndcesssry for
the catalytic surface to ashisve complex formation with the
substrates, The so-called "three point attachment” onto the
ongyus mey therefore be 1oosely reaticnalised in terus of for-
mulation (XIII) where one site is specific for sbstracting the
hydrogen ecorrespending to the c-deuterius of R-a-d-tyresine.
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The besring of these oconsiderations on the mnode of action of
eortoin inhibitors is discussed below,

E, THE WATURR OF THR TRANSITION STATE

The above cobservatious on primery and secondary
1sotope effects sllow the conglusion that in the transition
state for oxidaticn of the smine, one a=hydrogen is weskened,
From the seeondary isotope effect studies, it can be deduced
that & p-carbon-hydrogen bond 1s also wealened in the trensi-
tion state, & eonclusion whioh sight not be valld only if
secondary isotops effects cepnot be explained by hypercod-
jugation, Rowever, recent evidense peints to the contrery
(101,124,125), During the process of the sbatrection of en
adwmnmn.ouvananmntmncwtununmwnnnnmunumn-
the p-carden positively charged. Stabilisstion of the latter
through hyperconjugation requires gontribution of the reso- '
nanco species (XIV), the importanse of which should sarkedly

H
"
HO—@— Cazzz==sG—H
L N
TS S N NN \n’e E N \/—\\\ AN

(x1Vv)

increass when the resulting a,p double bond is conjugated
either with a phenyl ring as in tyramine or @& carbonyl group
as in kynursmine, Shiner (125) hes repestedly demonstrated
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that the formation of & carbonius ion or partisl carboniu=
fon is retarded by the substitution of deuterium in & hyper-
conjugsting positien,

The possidle appearsnce of double bond (sp?)
charecter st the site of the asf ~CETYON-cArbon bond way have
nmuntwmnmmwuumoremmx- |
eyclopropyl asine group of inhibitors, For convenience, we
ssy offer the generalimation that sny feoctor contributing to
an ineresss in the seidity of the s-hydrogens (thus reflsct-
ing in generel an Lnoreaned contridution of hypereonjugstion |
to the stability of the trensition ssate) should fasilisate ‘
oxidation of €he substrete. It is not impossidle thet hyper- "
conjugation way also be involved to 8 limited extont in the
forustion of the Nichaslis cowplex but presently availabdle
techniques are not refined enough to sliow the detestion of
such smel) effects.

Nuserous scattered reports ov the oxidation of @
wide variety of subtstretes by NAO are availsble dut very few
kinetic suslyses are to be found, This makes it somswhat
difficult to give su exsct quantitative svaluation of relative
rete dats especislly since MAC from different sources is not
identical, Prow the qualitative peint of view, it neverthe-
less sppears pocssidble to interpret 8 varisty of results on
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the besis of the deduetions arrived st conceruing the proper-
ties and nature of the Nicheelis complex and the trensition
state for oxidation, Aecording to the preceding genereliss-
tions, whenever inereased sonjugation in the trenmsition state
1s poesidle, the sdility of & moleculs to sct a8 » substrete
for RAO should Do 1ncressed g9 long 88 o other complicsting
fectors such 88 sterie hindrenes to complex forwstion ere
present, It 18 therefure neesssary to restrict the snslysis
of substrate-enmyns relstionships to sSrietly homologous and
analogous series in seslking evidenee for the pProposed proper-
ties of the complex end the Strensition state, ‘

It ks doen observed that phemsthylamine 1is s goed
substrete for the enayss Wheress bdensylesine, pheaylprepyl-
exine snd phenylbutylasing sre usiferuly poorer substretes
(62)., Eowsver, kynuremine, which is not 2 nstursl sudetrate,
sllows for comjugstion in the trensitiom stste and is @ good
substrete. In contrest, oor-kynuresing sod dihydvoignuresine
cannot leed to ineressed coojugstion (22) end conseguently
are very poor substrates., It is not possible to include in
this diseussicn the use of substituted phenethylamines as
there sre po kinetic studies svailsble ou homologues in this
series,

Although these fregmsutary correlations sppesr
sufficisntly comvincing t0 support our interpretstion of the
sechanisme irwolved, it 3ould bde desirsble to test the theory
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through the verificatioe of nredictions dased on 1t, To
this end, future work should {nclude & study of the relative
rates of oxidation of sliyismines and their gasma-keto
snslogues, It oan be predicted that the introduetion of &
cubwlmp—tcmmnommumm
rets of oxidstion spprecisbly in the aliphatic series,

It wes recognised at an eerly time that ac~substi-
tuted phenetiylesines act a8 competitive inhibitors of RAC
(5). The relatively low affiaity of suphetanine and ephed-

ummmmmxuucnunmxugm ;f

sctivity. On the basis of our eonclusions eoneerning the \
sterecepecificity of the catalytic cemter of the enkyse, 1t |
um.wumgmcmweumawm

s substrste by an alkyl group such 8s wethyl should produce

steric interference with the sctive surface snd increass the
mmmaﬁhtlwtonucbmutm&ntemlm
oxidation of the amine. However, couplex formation should

st1ll oocur to some extent but since i1t has 53s- shown that
cmmmotma-mwmwuaw
scoocmpanying the binding of substrete molecules, the steric
interference of an o-wethyl group would prevent ensymatio
slteretion of the c=CH bond and would tend to favor only &

"two point sttechwent”. BEvidence for this interpretaticn

e o e e
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can be sdduced frowm tha relstive leck of opticel specificity
of NAO towsrda the enantiomorphs of ssphetamine, If the
presence of an c-methyl group favors 8 "two point attachment”
as opposed to 8 “three point attasiment", which is the case
when two o-hydrogens are present, then both optical isomers
of ewphetamine should be roughly eguipetent, Since this i
what is cbeerved (66,126), it follows that a-alkylation of
anines would 1sed essentislly to 8 “two point attaschment”
with the catalytic surface end therefore producs only wWeak
inhibition,

It should be noted thet our interpretation of the ‘
asehaniss by which MAO may $nitiste she oxidation of sn swine,
through the initisl bindimg of the electron peir cn the mitro-
gon, 408s not require the amino group be unsudstituted, In
order to achieve complex forwation with the enmyse sctive
sites 1t is only nesesssry that s free electron pair be
present on the nisrogen. Hence, tertisry esines may be ex-

[ S SR AL SO ¥4

On this bagis, some tertics; =123 =gy set as inhibitors
rather then sudbstrates. In fset, & number of sush compounds
have besn reported to block MAO (75,83) snd this adds support
to our suggestion that Micheelis cowplsx formation primarily
requires the presence of 8 free sleatron pair on the nitrogen,



The extreordinary potency of the 2-phenyloyelopro-
wmmwnmmunuumumm«dm
discussion of the mode of ssticn of amphetenine and related
conpounds, It is 8 wost Femariadle phenomsnon that the in-
WM“NMImo:mmlﬂwl
mzmxmmuwmmmmmmor
mmw-mnmuumomw
(p.6T). This faet must b0 highly significans in relsticn %o
mmmmmammmnnmmmm
mmwuwxwmnm
owmmuuuumammma
beer sose relationship S0 the propersies sad requiremsuts of
the catalytic surfsee of the eniywe, The strustural sisi- \
maummzmetmmnmumws
munzm-mmmcumummﬂw
bility or pertition cceffisients &t the mitochondrial level
ummsmamwmuawmwum
potency, nmmsazasmcummwor
ivhibition produced By srens-2-phenylayclopropylaning in view
of the spesisl chemical resetivity of the cyclopropans ring
which could msmwummtwmmu»
the ensyms ond produes & non-competitive inhibition, This
wuuawmmxmmmmuumm
mttmtmzo:mmnwumwwummsm
of cinnameldehyds, This regstion cen de easily retionalised
as shown in egqustion (Xv) -~ (XVII).
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It can be seen thet au alectron pair from the ayeliopropans
ring rether than the one invelved in the a-carben lyIrogen
bond 1is adetrected by the eleetrephilic wesgent. A similar
msechanise eculd well load Se aliylaticu of the enmyme,

Conventional Linewsaver-Burk plots (p.69) esssd~
11sbed that SrPens-2-phenyleyelopropylonine acts 68 & tompeti-
tive inhibitor, en chservation waish Was 8180 resentiy re-
ported by Bevbato (127). The drug is 8180 recoversd uschanged
after & 2% hour insubation with the ensywe (p.70). The
swmummmmmmumu-Mc
or elsctrenic propertise whiech will now b exasined in that
order, In the oase of smphstssine, the substitusnts on the
-carhon SSSuNe DOrwal bond snglss snd this osuNes She o~
mxmuumumm-mmnmm
catalytic surfsce, 3uch steric interferencs® would result in
e "two point sttachment” onto the enxyse &8 shown above, In
the eyclopropyisaine series, the dc-methylene group is pulled
back extensively towsrds the 5-carbon snd therefore should
be much less sccessible for steric interfevense. The feot
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that both the ¢is- and tranc- iscuers of 2-phenyayclopropyl-
ssine 4isplay nearly equal potencies (G7) coufires gur con-
clusion that the phemyl group of sudstretes snd inhibiters
does not intereet with the cstelytieally active surfaes of
the ensyme $ia0e the lstter displays an epticsl speeifieity
tousrds the chydrogens of subetzetes, On She other hand,

sm-mxmxmnmnmmw.
Although soue difference in ke setivity of the (+)- amé (-)-
2- w3rs con be obearved (p.67), 1t is net significant encugh
to suggest 8 "shree point atsashmsnt” eunto the saxywe Sines
GMMM“MMQWW“MMSM
1eads tO sn "all or Done® SYPe oF effecs. Nowever, it is
waumummmummmm
WWOOWMCMWMh“m
wolecule (carrying the phenyl gicsp) S=4 this oan accoumt
for the somswhat goostor potenay of the (+)- iscwer of trens-
2-pheryloyelopropylamine, Since this preferonce is far froe
ummm.a"mmmcuW'uwum
mm.muuormwummmmmuu-
oribved, at lsast in pars, to the reduced steric interference
to cosmlaming prodused by en c-methylene ss compared to sn
e-usthyl group.

Another factor possibiy comtributing to the high
affinity of phwnyleyslopropylesins for the enxyus ean be
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disoerned if ocur deductions concerning the transition state
condueive to cxidation sre talen into aonsiderstion, This
factor which 18 relevant to the electronic propérties of the
eyelopropane ring ¢ould not have beon easily seen if the
rosults of the prisery end seeondary isctope effects studies
had ROt beda available,

The Syeneision state fer the oxidetion of smines
1s schowatised ia Pigure 12 where it should be noted that
the o~ and C-¢SPLORS 8Fe bdelieved t¢ approsch She trigonsl
state thus noesssitating thet the o, -esybon-earten bond
acguire doudle boud (spl) eharester. These festures of the
trensition stete besr s striking slestyonis anslegy to the
potent inhibiser S-phenyleyelopropylissine, In 2-phenyleyelo-
propyismine, the c- and ;-carbons approsch the trigonal State
in contrest to the tstrshedrel goswetry of the correspouding
phenyleliylenines, Hence, some gecEstrical festures of the
trensition state are mimicked by the cyclopropyl snslogue
(Pigurs 13). It $s 3lso well known thet the oFelopropane
bonds have sp? eharecter in the ground state (128), sncther
feature now believed to be 8 charsoteristic of the tremsition
state for oxidatien., Since steric and slectronic complemen-
tation between substrate and ensyws must 1nOrease as the
couplex is formed snd as the trensition state is spprosshed,
it sesus logicsl to expect thst 2-phsnyloyelopropylawine
should be tightly bound by MAD, both the ground state steric




Fig. 13. - Mode of interaction between 2-phenyl- . - '
. cyclopropylamine and monoamine oxidase.

Fig. 12. - Interactions in the transition state for
substrate oxidation by monoamine oxidase,
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snd electronic properties of this inhibitor reproducing soue
important festures of the Srensition state fur exidatien,

It esn further be inferred thes the pi elestrons gensreted
BOtUONn the o, -00TNen<-coThon bend Of substrates way son-
tridute largsly together wish the suino greur 8o the binding
energy in the STansitien State sinoe a8 that stege the dond-
bresking preesss ot he c-earion of Substyretes is slwveedy
stveneed and weuld male She $epersing RyGrogen 8 POOF ANEhor-
ing group. If this 48 SPus, She high &ffinity fer the ensyme
way 00 aserided $o0 She high greund state elsetren dmsity
betweon the o, s-siFben-earhon bond (Figure 13) rether than
to 8 direst interection with the c-hydregens. Those eensid-
erstions saanct be reccaciled with the spesulsiions of ‘
Zeller, ot.8l. (67) whe sseride & eriticsl role U8 the o~
hydrogsn of 2-phenyleyelcpiopylamine in the binding proeess.
The Tecess iateresting finding of Burger, et.sl. (129) on she
eguipotent inhibitor, 1-usthyl~-2-phonyleycloprepylonine,
strongly supperts our interpretation of the faeters eontrid-
uting 80 the binding energy in the trensition state,

Indiress evidenee of the validity ef this fnter-
mmumzwwmmtmsmou-um-
lsomere of 2-phenyleyclodusylaninge display wesk iuhibitory
properties similar ¢o sephetanine (p.CT) in agresmmmt with
the couplete sbaencs of 8p° charscter in the cyelodutans
bonds., It is ciser howsver that in the cyslobutylamine
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series, greater steric interference with the sctive surfsce
would ogeur, the o-asthylene® now baing seporsted from the
pegarbon LYy on extre methylene, Novecver, the 2-phenyl sroup
18 souswhat sloser to the catalytic surface in this series
then in the cese of 2-phenyloyclopropylanine, It is of in-
terest in Shis semnection that movinz the phenyl group to
the J-pesition of She eyslodutylanine ring improves inhibitory
sctivisy approximately tem Jeld (p.67), 8 resuls explained bty
the redused sterie interference between the phenyl ring snd
She 2081ivo surfese, Nowsver, these steric fsctors alone do
mmumcmummtmmmmsuvnm
phenyleyelsbutylsnines ss sospared $o the phenyleyelopropyl- \
suives and for this sesson we tend to faver the preceding
interpretation besed on the electronic properties of the

trensitioe state, "

This interpretation bears some snalogy to that of
wmmx(nﬂmwmmmmu
of orgenophosphorus inhibitors towsrds hydrolytic engymss 18
Mtommmmmwmmuwzu
trensition state leading to ssylstice of the enzymes, Our
interpretation suggests an entirely unexplored approsch $o
the mochenize of ensyse action and to the reticnal develop-
ment of ensyws inhibitors or drugs,

Phenyl and densylasiridine were aynthesised axd
their iv yilro inhiditicn tested (p.67) as it is welli-
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imown (131) that thess compounds react resdily with thiols
and this eould lead to noun-ccapstitive inhibitios, However,
their inhibisory potensy was (miy slightly bstter than an~
WolWﬂth.m&ﬂdmmmm
»ight expest greater sctivity Gue to tho elimination of side
resctions with osher available fumctiocngl groups. Purther
mummammumumuw

purified preparesicns,
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CLAINS TO ORIGINAL AESRARCH

The dencnstretion that the rete deteruining step in the
oxtdation of aninee by ninhyérin consists in the sbatrec-
tion of an a~preton,

The elsharation ¢f & wethod for the quentitative anslyeis
of mixtures of primery ssines snd their c-deutereted
counterparts besed ou kinetis isotope effects &8s des-
erided in Claim 1, Relsted to this is the applisation
of this method to substrate competition with scuocanine
oxidase,

The discovery of the sbsclute sterecspecifieity ef
sonosnine oxidese towards the c-hydrogens of primery
snines, The spplicatiocn of kinetic isotope effests
were used for the first time &3 & tool for the deter-
minstion of this kind of sterecepecifieity,

The discovery of the operation of large isotope effects
st the level of Nichaelis cowplex formatiou with mono-
suine oxidase,

mawaammmwormzmm
oxidasion of ;-bis-Geuterio-kynuramsine by WNOARLNS

oxidass,

The establiishuent that 2-phenyloyclopropylanine acts
competitively a&s an inhidbitor of monoamine oxidase and
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that she susyme does not display appreciable optical
specificity Sowards the various isowers of this inhiditor,
The deterwinstion of the inhiditery power of & series of
pheuyl subssituted ayclobutylsnines snd smiridines which
had not previeusly bees tested a8 inhibitars,

mmmaomxmcmmmm
mumamm-w-uu.mmmu
mmnmmm.

Amwumwmuwmmmor
sotion of the phssylislikyle=ing-type inhibitors including
mmumsmmouuuyotmmm
then,
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