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FORBVOLRD

The work presented in this thesis was initiated
as an attempt to explore at the enzyme level the well
knovn potentiating action of thyroxine on the physiolo-~
gicel and biochemical function of adrensline and nore-~
¢rencline. It is not a study of the more general
interrelationship between the thyroid and the adrensl
rlands.

One could couneceive of two poseible distinct
woye by which the action of odrenaline is potenticted
in the hyperthyroid animal, irstly, the potentiation
might be due to a bypersensitivity to the catecholamine
imparted by the thyroid hormone - such azs, for exsmple,
focilitated access to and resp&biveness of receptor
sites, This mechanism would not account for the
observed potentiation at the biocremical level such os
the adrenaline-induced hyperglycemis. Uecondly, the
observed phenomena could be accounted for by a diminisched
rote of destruction of the catecholamine. This could
probebly account for both the phyciological and metabolic

effects. Lastly, both hypersensitivity and impeired rate




of destruction mirht be reesponsible.

The mode of inanetivation of catechelamines has
become known only in recent yeers. Two main enszymatic
syetens are recopnized as belng rosponsible lor the
Linloricsl destruction of catecholsmines: monoomine
oxiduge sud cotectol-U-methytronsfercose. fThe irst hos
been known since 19285 the second only aince 1957,

"me poosibility of a Giminished rate of
destruction of catecholamines being due to inhibition
of nonoamince oxidasc by thyroxine failed to be subs-
tentiated, since such inhibition could not be denons-
trated in vitro. A full account of this is given in the
Introduction.

The poesibility of direcct inhibition of the
second enzymatic systen mentioned atove, nanely,
catechol-O-methyltransferase, eparked the present

invegtigetion. It muet be notecd theat when these studiles

vere inltiated our knowledge of this enzyme was not a cloecd

chapter insofar as its properties per se and itls
precise physiologicel sigmificance are concerned., At
the outset of this work snd during its course the

beht clour oi oo cnwyme againet o vorlety ol comnounds,
onli remotely or not at 211 comnected with thyroid

activity or even thyrold hornone shructure, was deemad

neceosary end proved to be helpful and indecd Instructive.




Inevitably then, this work spenitancously
o study, however modest, of an enzyme a8
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expanded into
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THYROXIED  POTEETIATION 0OF CARSCHOLANINE  TINFUCTS
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5 LITERATURE

The potentiating action of thyroxine on the
effects of catecholemines, primarily of adrenalinec,
manifests itself in & variety of weys, all of which are
ascribable to an exsggerated response of virtnally all
the effecets of mdrenaline as a result of the hyrer-

nyroid state of the enimsel orgenism. Conversely,
revorts on the diminished c¢ffecte of edrenaline in the
hypothyroid astate have alaso apvweared.

The extensive literature relating to this
subject foecs ss far back as 1905 when RFFVINGHR et al.
(190¢) obhserved in dogs an adrensline mydriasic aftcr
thyroidé fecding. Hotal thyroldectomy on ‘the other hand
Ciminished ond scomctimes abolished adrensline Induced
tlucosuria in dofs. The lnereased gensitivity of the
iris to adrenaline (mydriesis) was 2lso noted and
regorted much later (BERGVALL AFD KUCHIHGHY 1831),
Jimilar effeets on corbvohydrate metabollaon were notoed
by BUEN and FARKS (1925). These invecstipgntors report
experiunents on both thyroldectomized and thyroild-fed

eninolo.,  Yhyroldectomy results In n decrecsed

SO i
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hyper;lycemic reesponse to adrennline, vherens thyroid

feeding, so long ac the g¢lycogen store of the liver

j
Cﬂ

not diminished, leads to an increased hyperglycenic
reactlion to sdrenaline. PYrolonged thyroid fecding

(more than two wecks) results in o decreused hyper-
~lycemic response due to depletion of the liver glycoien
store, a8 was shown by CHAMER and LIAUSH (1913).

A more detailed study was reported in 1953 by
PReVoulLEnEtle (1953).  lie established the dose-response
curve in normal rabvbits for both edrenaline and
noradrenaline in relation to the hyperglycemic eifccet.
“he response bore o linear relation to the logarithmic
dosce ‘he two responses were parallel but nofadrenaline
was found to have 13" only of the byrperslycemle cffect
eof adrenalirie., The umesan hyperplycenile response,
exprecsed as the perceniage hlood suyar increasc, to
Gng/kg acrenaline was incressed after two weeks of
thyroild feedins (0.249 daily) to o level corresponding
to Bﬁpg/kg adrenaline before thyroid feeding. In
parallel experiments with noradrenaline the mean
hypergslycenic response to EBng/kg of the latter was
increased during the filrst three days of thyroid
Feeding to a greater owtent than wae the adrenaline
recponse, bvut a2t the end of two weeks it wan less tha

the initial response. By seven days of thyroid feeding
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the inecrcasce in the adrenslince cifect wae the grester.
COSA (19%0) has slso reported thet in thyroidectomized
guinea pige the Llood suger response to on injection of
adrenaline wag diminiched compared to that of intaed
animales, and that injection of thyroxine restored the
norreel response to the amine. fShe same effects verc
noted by SFIEKS and BUW (19%2) in thyroid-fed and
thyroideectonized robbite,

JesU (1903%) firvet demonstrated the

sclerogenic efficets ol repeateé intravenous injections

of adrenaline. CITULICICH and Guofik (1991), Go85ue et
2le (1955), DAYIL and GuErR {(1952) and onofen (1959)

heve reported that thyroxine as well as triiodothyroning
treatinent of rabblts results in & higher rercentape and
& more gevere grade of aortic selerssis thoan in control
arinels. Lven toxic doees of thyrozine alone failed to
produce arteriosclerosis and in thyroidectonizeé rabbits
there wus no evidence of arterlosclerozis on intre-
venous injectione of adrenaline (OE&TEH.1959).

The alterations induced in the aortic walls of

rebbits and enhanced by thyroxine treatwent have been

extensively studied by LORSNZER (1059, 1961, 1861e, 1461b,

1961e, 1962)., The conmective tissue forng the supporting,
fro c-vor! of blood vessels., The conncetive tisoue is

componard ol three parts -~ namely, geound substance,

A
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filbers and cells. The ground substence is'esscntially
conposed of the nonsulfeted miconolysaccharides,
hyalufonic acld and chondroitin, and the sulfated
polysaccharides chondroitin sulfsates; koeratosulfate and
heparitin sulfate. Yhe collagren fibers predominete in
connective tissue ond collagen is unicuc in containing
a high percentage (about 14¢°) of hydroxyprolinc.
Changes in the connecctive tissue of the aortic walls

of rabbits were sssessed by LORVITZEN on the blochenical
level by the content of hexoeemine snd hydroxyproline
(per mg of dry tissue) ané the in vivo uptake of

o o
$577~gulfate injected on the last day of the treatment

ol

(counts/100 sec./my dry tissue). lie found that daily

injections of adrenzline for 15 days resulted in an

LTt

increased hexosenine and caleiwm content and b3'~su1~
fate upteke nnd n decrcaned collagen content of the
zortic wall., Uimultancous treatment of the aninmals
with lL=thyroxine intensified these changee (LOWHFE U
1959, 1961). ilowever, injection of L-ihyroxine into
male albhino rats for Hvo weeks slso resulted in changes
ol the same nature as thosc observed following injection
of adrenaline end Le-thyroxine simultencously, The
author considers these changee to be due to & thyrorine-
induced gensitization to endogenous adrenaline (LORLNZIN

19GinYs  Tw another meries of experiments (LORTUZLN

i e sed

U i



viie palbbite into thyeo sroups: 1=

Lienlot with edrencline Dop two voeks and with Te

1Y
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thyrorlue ler cnother e wveclkie. - Injectec with
aurennsling Loy bwoe woolie end physloloplesl selive o

pantoy twn weeks, e Unhrestod controldss Ui
clizredions o tho soronelinc-thyrozine-treated croun

were ot se sronounced as previously ohoerved efter

cleay-cut incrcenee in herosenine contontl ond

swilieneonn injeeltions of the Ywo homusanes. Mt the

jections in thds srouw  brought swout o

5

k.‘

cul

with e untrested controls. In

contrrdistinetion the sdrennlino-ncline-f{reated

iil

poinbain the sdrencline-inguced alterations by rrobatly

chudte Gid onotb

Tiler simidlicontly ivon the controlo.

. .

fhe eonelugion ie drewn thet bellyroxine sdoiniotored

. ~

continuntiorn. ol wdyvenaline trectoent 1z orle 4o

soneltizing the arterial wall to ondopenous sdrennline.,

thyroiveciony per we cause

wng further denonntrated (LU LIV 14802 thet

1 ne alterntions in the

eoxrtic wells vhereas 1t inbibtited the sdrencling -

induced alteretions.  Yinally, 11 wvas cotoblished

(Paniars 1aste) thot D-thyrovine alse onhonecs tho

cdyensline - induced altorations in 4he coriie wallg of

rebblto,

Yhe well known tat poorly understood eslorigonde

)
i
i
:
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cetion of sdrencline rosvliing frow on ivercase in the
regpiratory metebolisn hes slse been shovn to depend on

the thyroid status of the aninmal.

et al. (1936)

observad thet the rise in oxyren comsurmption in normol

rats vollowing adrennlire injeetion was sugmented after
thyrodid fecding, vhile in thyroidectomized snimzle o

decreage of orygen uplake wos observed. Deasicated
thiyrold fed to thyroidectonized ratc re-cstaklishod tho
noranl response to adrenaline. Yorthermore, 20EC (1942
extoblished that o riee by dinitrophenol or foll by
Togting An 7R doce not bring obout 2 siwiler increase
or deerense in the reeponse to adreneline, indieating,
according to the muthor, that the effect is epceilic

for thyroxine. & numher of investipators have confirmed
L% {

the cbove initial ohservations on the calorisenic effeets

of edrenaline (SCHAZRILR and TUTPAULY 1045, 1045

o
SEVIUGANE 10465 HORSYSAT 10541 JROUGYIR ob al. 1956
BUAVES0L 1956).  The effects were ovelusied elthior as
oxysen conaumption cr heat cutyut in rots, dogss ond
hoaens.  Forticeularly detailed snd illuninating are the
experinents performed by SUANSOY (1956), In inteet rais
dosee of adrenaline of 40, 80 ond 120 ue caused o marked

y

inerease in oxypon conmumption, with a moximun observed

after one hours The magnitudo, not the duration, of the

regponse wag found to vary directly with the dose of

IOIRYRY bicachiscsion
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adrenaline.,  The oxygen consumption of thyrolidectomized

rats vas not effceted by adrennline. In thyroidectomigzed

rats, two wecks after operation the ovycsen conswantion
had fallen to 0.91 of that of the controla., Thyroxine

injections &Tter this peried (dedily, %, 12, 24 ond 43

ne) enmzed o orise in the oxypen consunntion which
reneched a pletean in 5 dayo albove that of the intoct
erivele. This owypen cousunption varled linearly os
the logerithn of the thyroxine doce. Oun adrenaline
néninistretion to these thyroldoectonmiszed, thyroxine-

trented aninels the oxyren conswaption still veried

1)

lincarly oo the log dose thyrouine tut the sleope wos
cpprozimetely doubles Dinally, the sensitivity to

L o 1 4 .
eéreneline wag so inercased Ly thyroxine thut n dosec of

cidrenslire {100 Pg/100 e bedy weisrht) tolerobule to

p.n

teet or thyroidectondized rets vas fatal to those

"\

receiving more thon 3 e ol thyroxirce., Tre unexwvested
obeervation in thie work was {hiat in the sabsence of
CNUOrENoNs Or CX0LCnous 1t yroxine, ndrenaline could not
exert a calorire~te cifect. Y00 (1042) and SOHANN
ans WHIBAULY (1945) did obtain increoces in OXyiren

consunption of 43.4° aond &', respeetive
b

. 7y in thedr

thyroidectonized rota, SVANGOU attiritutes

Liosd A

theon cifoets to the poor control of dletnry iodine and

thyroxine, whilcl ad:ht reoult In o tlyroxine intele laxge

i

-
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enourh to induce an adrenaline effect oh OXYyECN
consumption. THIBAULY (1948) in her experiuents
inecluded zlso noradrenaline wut the coffeet on oxy:;en
consunption was veaker and nore troncsient than that
oheerved with adrenaline. THIPAULT (1948a) a2lso Lound
that thyroxine augmente the inhibitory elfect of
sdrenaline on rebbit intestine, nrovided that the
foramer is added to the Tyrode solution one hour beiore
ndrenaline. Ghe further observed {thet intestine from o
thyroidectozized rablbit was almost wnreaponszive 4o
adrenaline, wherens integtine from a thyroxine treated
rabbit was nore sensitive than noxrmal,

“he effecets of adrenaline on the hesrt have
also teen renorted to be potentiated by thyroxinec.
O:%ALT (1919) repnrted that injection of iodothyro-
lobulin into animale results in a faster pulse and
hisher blood sressure on injection af adrenzline.

Raal (164%) obzerved that thyrorinc—treated rate stow o
cordine securulation of injected a&renaline vith death
enswing in o {ew rinutes., Inercosed acéumul&tion ol
endogenous adrenaline hno been observed by LLUUC et al.
(16%%) in rats wade thyrotoxic by iodinated casein.

HAMY (1944) further reported that the lethel nyvesrdisl

concentretion of adrenaline is distinetly lowered in rats

by pretreatmenttﬂihthyroxine nnd elevated by pretreatnent

v

SRR oo i)
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with nracil. In experiments with ten hezlthy young males

(suffering from psychoses) he found that & daily dose of
Oc4 gm of thiouracil for three months resulted in &
significant diwinution of the sensitivity of the heart
to adrenaline as assessged by the reduced capeeity for
acceleration of the heert rate (RAAB 184%). xperinents
with swine carotid arteries were conducted by GHITH
(195%%, 1954), Lwine carotid arteries from thyroidecto-
mized animale responded with a shorter vasocanstriction
to adrenaline. fThe reaction was reatored bty addition
of crystelline thyroxine to the perfusate (HH7I0H 1953),
Similarly, thyrovine in concentrations of 5 purts/100
million immediately increased the sensitivity of the
isolated swine carotid arteries to L-zdrenaline (SUTHH
1954). Yhe sensitivity was demonstrated by an elevetion
in the percentege of vasoconstriction and n prolongaticn
by 200-%Z0d 0 in uie reaction time to l-adrenczline.
Thyroxine prolonged the constricticn of tre vasa

vasorum induced by L-adrenaline by over 100° even though
thyroxine itself did not produce coustriction of either
the arterial wall or the vasa vasorum. “he effects of
intravenous infusion of norudrencline on the systemie
Llood pressure and heart rate were studied in patients
during varying states of thyroid functiocn by SCHULCKLOTY

et 2). (19%3). 1n four petients with thyrotoxicosis a
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diminution of frow 43 to 337: in the pressor rcsponse to

noradrenaline was observed on reiurn to the cuthyroid

state. The amplitude . thic contractisi. of the isolated
hearts from cats and gulnea pips was studied by HUVFIAR

et el. {(1942)., In thyroidectomized animals the
amplitude as well as the freguency was reduced, Linilar
observations concerning the effects of thyroxine on the
reaponge of the cardiovasculer gysten to adrensline, as
wemplified ehove, heve been reported by o number of
investigeators (4510w and TLACE 16105 HCHOR an 1927
SEYIRGUN and LWVTHX 19%4s 30RIS and CclAClURLN 1931
JeinY end CUNLEN 19363 DACKAY GAVER and BROLIT 1935
A8 and HOPD 19385 ATALE and YOU IARS 19405 S9ULELAY
end TR O1042).  Some puklicotions releting to the sanc
effecte could not be obtained either in the orizinal or
in gbstrect form but vre piven in the “etforences
(BANTESE0H 1910 LuvY 19223 SA0A% 19223 wofls 1928,
wrdie 1920).  In wffect, the hypersencitivity of the
heort to adrenaline in the hyperthyreid. state was
devoloned as a diarnoatic test for hyperthyroidisu
(Goetscn test) in o study of about %00 cases of thyroid
disease by COWISCH (1920). This inveastipator also
coniirmed that,in Lypothyroidisn,there is on increased
tolerence to adwindlstration of adrenaline. LHVIN. ¢t

al. (1930) reported thnt Injecterd niérencline will
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iritiate an atinck ow potients sulfering {rom angina
pectoris, whereas in none of the control healthy
patiente did the pain occur. HHAYBAUCH and CUTLLL (19%4)
erperimenting with doge (in which evidence of pain wac
used sg criterion) found that thyroideetomy resulted in
the prevention of the painful respensc. BLUSGARY et al.
(19%3) end TEVING et al. (1933) applied subtotal thyroi-
dectomy in the treéﬁent of severe sngoirne pectoris.  HAAY
(1947) sugrested and applied thyroidectomy or thisurscil
tre&nent to patients with angine pectoris snd noted thad
the drus would free the peticnts of their symptons,
provided the treatment had been apnlied for sufficiently
long periode.

Betailed measurements on thyrotoxic enimele
before znd after total syunathetic block were performed
by BRELOMIR et al. (19%94). Yonprel dops were made

hyrotoxie by the dally feeding of 0.2 pn/lie of dcssion-
ted thyroid for 3 weaks. The sipns of thyrotoxicosis in
15 dogs monifested themselves in the following chnngess
1) Plevation of blood PRT to 18 wr' 2) 76 inerec:c in
orygen consumption, 3) 1107 increose in cordian index,
4) 8% beats/min. increase in heort rote, ©) no sipnificant
changze in moan arterial presours. 4Sotal aynpathetic

bloek by the epldural injection of 0.4 nrocaine resulted

in o doerease of the mean valucs for ouyren conswaption,




heoxrt rﬂtoamgsréiac index, vhich were ot sipnificantly
different from the wvalues found in 1 Llocked zuthyroid
dogee  The infusion of Leadrenaline or L-noradrenaline
in blocked thyroteric animels resultled in o return of
the oxyrsen consumption, cardiac inder ond cardiazce rote
tn valuee found in the unbloclked thyrotoxic doga.
Greaver inerenses in ovygen consunption, hezrt rate znd
cexdisce indey were obtained at an iniusion yatc of Cel%
w/e/mine enéd 1.0 pefis/uin. for lesdrensline and e
noradrenaline vespectively, in thyrotoxic dogs then

vere obtained in euthyroid dogs. It is concluded that

the calorigenic ond cerdiovasculor effects of thyrotoxi-

L cosis sre not due- to-ean-effect of thyroxine per ge, wut

rather to & potentintion of the phiysiclogical effecta of

edrenaline and noradrenaline. in o more deteiled account

of this work twe years leter LUELSTIR ot al. (1956) coniirn

their recults and conclusione.

upinal snesthesin hag been suggpested und aoplicd

e oy

o5 8 meens ol anesthetizing thot part of the sympathetic
nervous systom which innervates the adrensl glends and
therelore reducing the secretion of adienaline, botu

lmnediately Lefore operation and ag

e

result of the inerease
in eireulating thyroxine, due +to manipulation of the gland,
in petients undergoing thyroidectomy, 4uA (1944) used

epinal woesthenia in twenty cases ol bilatersl subtotel
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thyroidecteny in order to svoid the "thyroid atoxu”. ile
reporis thal in all cucec the operztive and pogt-oper-
ative course wes iupressively smooth and that the blood
ugar of these patients before, during ond alter thyroil-
acctony was normnl. This, ol course, was tzken to

indicete thatl no excess adrenaline wes present in the

="

circulotion. Use of spinel enesthesiz ic also reportad
Ly v ey (19457 with sinilor resultc.

Zge heae been made of the adrenergic blocking
egent Lilbenzyline in on atternpt to blocek the metabolic
elffects of thyroxine with contrediciory resulis.
SCULECATY and Hat1nG (199%) and RALLY (1955) repoet thwt

thyrotoric enimele administratisn of dibenszyline
prevents the rise in oxygen consumniion either in the
proceace or in the abseance of adwinistered adrenaline,
SUIRLIIN et alle (1957) on the contrery, found no such
exfects They further report that aiter bilesteral
afrenal dercdullation the injeetion of & large dose of

thyrozine vith or without ccncurrent administratirm of

dibenzyline, is followed by a significant rise in oxysen

ol exogenous thyroxine do not depend on fthe presence of
X ¥

mecullary homiones. In egrecment with those resulis are
the experinente of GCINVARYEZ ot al. (1997) who chowed that

dibensyline does not bLleck the umetabolic efiecte of

consutiption. 11 is concludeu that the ceiorigende efiects




Lhe

thyrowine mnd believe the® Jircrepent findinse reould from

e LAkt
d¢lilcrences in the thyroid ctotuo of the experinental
aninnls,

“he adrenoline-induced relense of free Tatty

cedde var studied in vitre oy

-~
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W0).
tissue Ifrom intact eniwsgls recponded o

aCroneline with o significant releaoc of frce fatty

acidg,

tat pads removed from hywothyroid enisals showved

no increase in {ree fatty acid releasce whereas those

removed fronm hypoerthyreid sniaxalco displeyea s exagger-

cted relense. The enhancenont of the adrensline action
1

ot evident 3 hours alfter the intreperitoneal injection

of triiodothyronine and owntimal at 15 hours. Similar

results arc reported by 1 IL% et 8l. (1902).

o review of the litereture aifordis ovel

vhelnding evidence that there iz a definite relationship

between thyroid horwone and adrenaline, manifested in the

notentietlon of virtually 211 the coffects of adrensline

ty thyroxine.
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Cytochrone oxldase and nhenolascs

Adrensline on standing is antooxidized giving
rise first to a labile indovhenol dexrivative, adreno-
chrome, which in elkaline medium underpocs s series of
reactions leading Yo adrenolutin - a fluorcscent materisl.
This mode of oxidation seems unlikely to occur in the
living organism, a2s pointed out by RLASCEEO (19%2),
because of the presence of reducing arents such ag sul-
Thydryl sroups and ascorbic acid. Reports to the
contrary have apneared and as much as 50.33/1itcr of
adrenochrome in human plasms has been claimed to occur
under normal conditions (HOFIL, 1958). However, UZARA
et 21, (1958) were unable to verify this finding by
using a specific method for adrenochrone. A fluorarecont
material found in the plasma of totl normal and sehizo-
phrenic subjects did not possess the cetivotion and
fluorescent specirs of outhentic adrenochrome. SCHAYIR
et 1. (199%) had already shown that forantion of sdre-
nockrome in vivo dows not seen likely, since oduniniot-

. RO V' N . V' ,
rotion to roato ol ¢ =ndrcriochrone ena O 4—nﬂrcnalinu
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leeds to entirely different chro ongtographic patterns q{

the urine of the animpla. %hus, rat urine containinz the

netatolite or metabolites of adrenochrome, on npaper chiro-

matography under aitrogen gives w ningle diffuse peak

with an & of 0.1-0.4, vhereas in oir only & smear of

Co
radicactivity is olteined. Un the other 1 hand, paper

chromatosrams Trom adrenaline - injected rats show

three distinet radionetive peeks, either in air or in

nitroren.

S aamber of investigators have ehown that

cytochrome oxidase converts adrensline o adrenocehrome in

vitro (GRUWIN and RICHTET 19373 KRILIV

ancé HARTRITL 19%7,
HLAGCEZO ané

[

SOHLOLSHAL 1940) . TIBALO and PP A LS00

(1953) showed that Lotk smine oxidese znd cvtochrome

oxidase are netive in bovine benyt muscle in vitro. The

action of the latter enzyre results in the formetlion of

adrenochrone.  Furtheriore, it wes shown (115430 1( 2

thot the cnazymatic metnbolism of, not only larpe added

cmounts of wdrensline and noradrenaline, but also of the

Lo PR T AN SR

endogenous amines could be inhibited %o o emall but

slegnificent extent by cyeuide. BACG (1938) reported on =

catechol oxldese syestem in emooth muscle ticsue, except

intestine, which converte adrensline to adrenochrome in
vitros. An cnzynatic systen wos reported (SCHACTER 1950)

to occur in Wwmen blood serunm capable of

oxddizing cntechols
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but not hydrogquinone, honmogentisic acid, adrenaline or
dopas Popa ovidase wos shown to netobolize adrenaliunce
in the lric of pirmented rabbits but the CNEYMe A

abgent in clbino rabbits (AUGNEY and YOULL 1952),

ilovever, IRATVAY and RICUTR (1638) renorted thet in
cuimol tissues the amount of phenslage is suall and coye
not have any biologienl significance in the insctivation
ol ndrensline., & mhenoluse tvpe of activity resulting

in the formation of adrenochirone is diesnlayed by ferritin
(a2 et al. 1956). Cerulonlasain hne elzo been im nplic-
ated. HOLYRUEC and LAURSL (19%1) found that in hwaen
rloema there io pood correlution between ceruloplasain
content snd ability to oxidize paraphenylencalenine and
Lenzidine,

These eorly attempts to elucidate the mode of
incetivation of adrenaline and norsdrenaline were not
neconpenied by much convineins evidence that adrenochronce
vas Indeed the nuin in vivo metnbolite of adrensline. In
faect, it has been ghown (AVLIROD 1629) thot whereas cyto-

chrome oxidase netabolizes catecholamines fasier then any

mown enzyme in vitro, 1t sttacks then 1o = negyligibvle

extent in vivo. Once nore enzywic resctions in vitre are

shiovn here not te reflect the trie netatolic eventa in vivo,




Lérencline dehvidrogonsse

0

After injeetion ol odrensline into rabbite o
crystalline subistance was isolated from the urine naving

the characteristice of arotoeatechyl. zeid o definite

L
ioentification was made however (UEIUNoTUIN ond CATIING §
1937)s Thino finding would indicate thot the side chain

of edrenaline carn underjzo oxidative depradatlon in vivo.

fowover, uChAYRE (1951) was unablce to ldentify protfoca-

techuie geid in the urine of rats injected with adrenalinc.
LoALSUNT and BanAiCT0 (1952) reported the existence of an 2
adrenaline dehydrogenase in the plosma of the rabbit, ihe
ensyne appeered to catalyze the reaction leading to the ‘
oxidation of lhe secondary hydroxyl group of the cide

chwin to » keto group, thus forming adrenalone (LOATZST

¢t al, 1952). insymic conversion of adrenzlone to odreroe
line was lotor ported (IHMAZLUIT et al. 19%4). Lowever,

the cvidence was indirect since the reduction product wes
cimply shown to be & substance with pressor activity and :
ne rigorous chromatorraphic criteria vere cpplied. KIWA !
(195'7) extended thes = shudies. Alter injection oi sirenp—
line into rabbite the following subslonces wore identivied :
by peper chromatography:s  adrens 2line, adrenolone, yprotoca-

techuice sldehyde, vrotocotechwic acid snd norndrenslinc. 5



Adrenaline and adrenalone after incubation with ruinen

pls liver slices gave identical producte on ehrons ttosraphy,

e pfoducts vere identificd as protocatechuic aldchyac,
protocsatechuic acid, 3,4-~dihydroxyoheny Flelyoxal and en

uninovn cowypound. Adrepsli
never the former. This negative finding sceus to contro-

dict the postulated reversilble character of the dehydro-

ation rcaction mentioned »nrevious v (T AYZLHT et 21,
1954},
Acainst the work of thus sroun agtand the

investigations of VBIL-UALICIBE and 700, (1957) who were
unzble to detect adrenaline dehydrogenas activity in the

plasma of mon or rabbit, or the liver, heart, spleen and
brain of the rat. 0o confirnation of the presence and
bioclogical . :aciion of adreneline dehydrogenase hias come
from other investigstors. iorcover, the egtedlished pathi-
viays of catecholawine metavoliem which will be denlt with
later in this discussion render the adrenaline dehydrose~
nzge seheme untenable as & noraally oceuring; pathuay in
vivo to any significant extent. Thorefore, the metabolic
achene of the Japanese workers canrot hoe considerod 0s
established.

Confwation

RICIHDER (1940) end RICHDLE endMacT w00 (1041)

revorted that in men lerse doses of adrenuline sadminiateroed

ne geve sorenalone but the lother
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Ly mouth are mainly elinminoated in the form of conjugnted
derivatives in the urine. 7The conjugntion involved one of
the phenolic hydroxyl crouns end the derivatives uwcre assu-
med to be sulfates. HSince the adrencline cester was found
%o be pharmacologically insctive, conjuration uns consi-
dered to be the main vhysiological proecess ol edrennline
innetivation., This type of experiments was extended to
dogo and DOYWR and SHADITO (1945) found that adreraline
edmninistered subeutencously or orally to doge is cxereted
in conjugated form in the urire. %he mode of eliuinotion
wes {ound to he independent of the wode of admirdatrotion.
I (1946) considered conmjusation to Le the nrineipal
riode of insetivation of phenolic symvathonminetic nmincs,
fiserenencies from the worlt of the previouw investisetors
veras noted in the work of DO ot =l. (1947) in which
the mmovnt of sulfaote erercted after arme deoes of adroee
neline vere piven by mouth to rats, was found to te insi-
tniflennt, vherens 217 of the snmine vor exereted oo

lucuronide. Trom subscouent work it become evident thet

administrotion of larpe doses of efrenclince reoulted in
the exerefion of conjusuted forme (von LULLD pnmé LUPTD 1651,
vort SULT et ale 1959355 von LULUR and G0 1065) olthougsh
the nature of these forms mnd the extent of their occurence
wiry not clearly demonstroted. 20000140 ot al. (195¢) in

etudics with normel hunan vrine Lound thot noradrencline
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kecoues conjugated to the extent of 60.. as the glucuronide,

not the sulfate, whereas adrenaline sceuwcd to Lo cxcreted

in the free forn. Hhe work of SCHAY NN (1951, 19%1a) however,

incicanted thal conjugation has no physiolepiesnl siynilicence

unaer normal conditions since ai'ter iutravenous injection

of @nall cuantitics of adrenaline, no conjugaie could he

deteeted in the urine of rals and only traces were detected

in the urine of rabbits., iorcover, iree adrenuline wago

':Q

Pfouriv in the urine but wes not gignifleantly increased

following zeid hydrolysis. . snall swount of ether extroct—

cble ireciion (presuwnably sulfate) was foundé to iLe PLesent
in rat urine «ud inercascd after hydrolysis. liowever,
alrter fecding of large amounts of adrenaline to o ret, o
lerge amount of zéreneglince was found to bLe conjugated in
e urine. UYte preseat evidence, then, supgests thet
corjusation is not ol major sigmificance in the elimina-~
tiorn of catechelanines, but it coan assune = mujor role
vhern large cmounts are ingested,

20

Uxidaotive decamination:- fonoamine oxidasc

The lirst denonstration that samiriee could be
oxidetively deaminoted wes provided by Ditos (1928). she
shiowed that in mamielian liver an enayme cols 1lyzed the
oxidutive dezmination of tyremine in 2 recction that led

te whe foriation of the corresponding aldehyde and the

iikeration off wamorda. Ghe nuned the enzyme tyramine oxidac

LLel

o
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Later, JUGH and QUASTRL (1937) described the
oxidation of & number of aliphatic amines by brain and
other tissues (alivhatic amine oxidase) and RLASCHKO et

2l. (19%7) on enzymic system inactiveting adrenaline

(adrenaline oxidrse). The work of TLASCHKO et al. {19%72)

esinblished beyond eny reasomable doubt that, tyrenine
oxidase, aliphatic eamine oxidase and adrenzline oxidase
represent one single enzyme. Uimilarly, KOHMN (1937)
demonatrated the identity of tyramine oxidase and adre-
neline oxidase in pis liver. However, he found the
following hali satursating concentrations for the subo-

A
trates: 5x164m for tyramine, SXla)M Tor hordenine and
1.5x163n for adrenaline. ¥From this high value for
adrenaline HONN concluded that the enzyme carmot be of
phyeiological siynificance for the oxidation of adrena-
line. However, as indicated by BLASCHEO (1952), the
neasurenent of the oxidation retes of the catecholamines
is inaccurate due to some oxygen being consumed in other
reactions in the enzyme prepsrations. RICHTER (1937)
found that the amine oxidase of crinea pig liver and
intestine oxidized adrenaline in the same menner cs other
vrimary, secondery and tertisry enmineg, the product of
the reaction being in each case an aldehyde and emmonia
or & lower amine., ZeLLLE (19%1) sumrested that 41«

enzyme be named monoamine oxidase in order to digtingsulah
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it from diamine oxidase (histaminase). The distinction
between the two cnzymes is arbitrexry to some extent since
it is now recognized that monoswine oxidese acte on many
diamines and diemine oxidase, on many moncamines (BLASCHKQ
196%)

svidence that monoamine oxidase (MAQ) is
invelved in the inactivation of sadrenaline was presented
by SCHAY=W (195%1a2), SCHAYHER ot al. (1952) and SCRAYRR and
SUILEY (1993) who showed, by makius use of adrensline -
¢ —014 and adrenaline-methyl~014 that the hormone injected
into rats is svlit at some point between the 8 --carbon and
the methyl-carbon due to the action of A0, An average
ol 61.: of radioactivity was recovered from the urine of
enimals injected with N-methyl—c14~adrenaline, vhereas,
pretreatment of the animals with the MA0 inhibitor ipro-
nigzid (1-isonicotinoyl-2-igcopropylhydrazine, "marsilid")
raiscd the recovery of radioumctivity to an averapge of GG ,
Thot oxidadive cdeamination was s normal nprocess in the
eningl organism was further supported by the experiments
of VRILERIN and D'IORIO (1955, 1957, 16572) and SLAY et a1,
(1956, 1957) on the metabolic fate of injected 3,4-dihydro-
xyphenylaelanine (dopa) with the resulting excretion of
deuminated acidic compounds, such as homoprotocantechuic
and homovanlllic acids., Vorasdrenaline iteeli was shown to

be metobolizsed 1o J-wethoxy-d-~hydroxymendelic acid (ViiA
& [



(ARBITORE and TICUILLAN 1957, ARMSTRONG et al. 1957).

SCHAYER et al, (1955) repeated their experiments with

rets injected with «—¢ Yenorsdrens eline, and found that afler

pretreatnent of the animale with either inroniazid or
p=tolylcholine ether bromide (amotler VAQ inhibitox),
orie of’ the mectabolites on the paper chromatograms was
largely suppressed, indicating that «AC is involved in

a mejor portion of noradrenzline metobolism in the rat,
REGHICK et al. (1958) tound that 6% of the metsbolites
of infused §—01*—udrenaline have lost the wmethyl group,
vhereas iproniezid trecatment increnses two-fold the
amount of infused adrenaline retaining the methyl group
in the side cheain. ITnhibition of HMAQ by iproniszid iun
bumens results in diminished amounie of VHA and 344~dihy~
droxymendelic acid excreted in the urine after infusion
ol 2~“1’-adron 1line (CUODALL et 2l, 1958). fhe eipnilic-
once of FAO in the metaboliem of noradrensline was elso
denmonstrated after infusion of 9-014—noradrenaline

COUDALL et al. 1956). KIRSEFER et al.. (1959) and KIRSHDWY
(1960) repeated and confirmed this type of experiments,
The emounts of VA anc its conjurate and the conjuzate of
the J-methoxy-4-hydroxyphenylglycol were rreatly reduced
in the urive of cals ypretrented with iproniazic (¥ TESINED

1660).  The excretion of VA in homens wee found siymitie-

ently <epressed in six healthy bumens treated with iyronioczid
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(STUDNITZ 19%9). 7The noradrenaline level of variovs
tissues including brain was found to be incressed in

enimuls pretreated with iproniazid (SHORD et sl. 1958 ,

FAKAVINGE et al, 1958).  Yhe elevation of norudrensline
levels after iproniszid treatrient in snimsl tiscues hse
been anply confirmed for the brain of the rabbit (LHORE
et nal. 19573 BROVIF et al. 1959; SiHE0T01R et =l. 19%58)
and for the nrain of the rat (PAA30LGY and KA 19593
Gitwlsll and NRICKSON 19603 KARKI et al. 1062) . Higher
levels of excreted catecholamincs following iproniazid
treatment have also been reported, Thus, in rates after
a subeuwtancous injection of iproniazid ilhere wae o
significent increase in the excretion of administered
adrenaline and noradrenaline (CRAYFORD and Law 1958) .
Guinea pigs exposed to audiogenic and visuel stinuli
caused by the presence ol a great number of dogs or
treated with ivroniazid (10-15 mg per day per animel)
exercted increascd sprmourtsof adrenaline and norsdrensline.
"he increase wags greater in the iproniazid trented then
the psychic stresa-submitited animoels (FINVARINEY et al.
1960) .

vrom the experinente juet mentioned it hecones
evident that the role of A0 in the metaboliem of cate-
cholamines his been lergely derived from teste with a

specilic A0 inhiblitor. Aport {rowm experiments prinarily
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designed to fellew the metabolic faote ond crencses in the
metabolism of catecholanines, o lorpe nunber of inveoti-
gotions were nainly concerned with the modification of
physiological ond pharmacologicel effects of the anines
in relation to iproniezid treatment. It is this approach
thet is mainly responsible for much confusion end dispute
over the significance of A0 in catecholemine meteholisa.
Uhueg, HEIMUD et al. (16%4) reported thet in
guines pigs,injection of iproniszid (150umoles/ks) tuwo
hours before the subcutancous adminictretion of sdronaline

produced & rarked incresse in the toxic munifestotione of

b

the smine, such as tachypnesn, contrsction of the masscters,

sheking of the head, shivering ond pilomotor stimulation,
etc. In mice slow prolonged reote of adaorntion of adre-
noline and noradrensline resulted Iin an inereaesed mortale
ity enc inecrcased cataract - producing ability of adrena-
line and noradrencline in animels pretreated with the
inhititor (ROKCWITZ and DORTE 1959)., Iproniszid adwinice
tration two hours prior to removal of the liver of cats
or guineca plgs prevents the inactivoation of adrencline by
the liver homopenates (GRIVUIDR and WELLS 1956). In dors
iproniazi couced a totnl inscctivetion of A0 in the liver
homogenate and 7% reduction in the brain honopunato.

The degrodation of S—hyiérorytryptamine, tyramine and

adrenaline wes inhibited from 92 1o 100 by the hovno-

gl




genates of the treated animals (LPLIUR et al. 1955). In

trying to assess the significance of MAD in catecholamine

metovolism o number of other MACQ inhibitors such as cocaine,

ephedrine, choline-p-tclyl ether bromide, harmanline and
methylene blue have been used, UIphedrine zné cocaine
reduce the inactivation rate of adrensline during ite
peseage through the liver (DAUES 1946)., ‘hereas ephedrine
in conecentrations up to 10 W has no effect 1n the perfused
ecr of the ranbit,'@dditlon anounting to 10 i1 caneaed an
increase in the adrenzline stimulation. The ecffect of
ephedrine in inereasing the sdrenaline response of the
cot's nictitating mombrene had been observed nany years
before (GADIUN and KWIAMKOUSHI 1933), Coeaine, harmaline
and Ipronizzid In concenirations which increasecd the
presgor cifects of intravenouely given adrensaline, incren-
sed the concentration of adrensline in the nlasun with-
dravm from the zortn of the reasbing animal (SALTHG end
LOCKETT 1961).  Toth ephedrine (HUHE and RORIHIOL 1051)
and choline-p=tclyl ether bromide (GALIYT and HAELD 1954)
vwhen added in the perfusing fluid potentiszte the constric-
tion action of adrenaline ond noradrencline. Addition of
erhedrine doec not nmodify the constriction action of
corbasil (which is not attecked by ¥A0) (BURN and

RORITSON 10%1).  Tethylene blue potentisted the pressor

action of adrcnaline (PHILPOT and CAIFTOBT 1949)., In
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rebbits after pretreatment with ivroniazid the drovn in
adrenaline and noradrenaline levels due to reserpine is
largeiy prevented (BORGYLR et 21, 1957).

however, reports that HAO inhibitors Jdo not
affect the catecholamine effects have appecred in the
literature. %hus, GRILSMER et al. (1953) found that
wherees iproniazlid potentiates the action of phenylethy-
lamine and tyramine upon the nietitating membrzsne of the
cat, it does not significantly modify the action of
adrenaline. fIhe same lack of cffect as well as lack of
»sressor response to adrenaline in the syinal cat after
iproniazid has been reported by LURE et cl. (19%4).
Both dproniazid and isonizzld proved to be ineffective
in the response of the nictitating nmembrsne to the intra-
srterial injcetion of noradrenaline and lyramine (VAVIIO
et ol. 105%5). TDlood nressure, pulse rate and nlasua
adreneline and noradrenaline were not significently
changed after infusion of the amines in ten hwnens nre-
treated with iproniszid but there was am increase of
aconjupgsted vrinary norgdérenaline in five of then.
(RINND et 2. 1958). The lack of inerecesed rosponse
of the nictiteting menbrane is reported by VAKAGIC
(19582). Inhibition of 1MAC in the cat with iproniazid
does not increese the preesor response to adrenaline and

noradrennline ovut it doegs increase the exercetion of free
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adrengline (COLIE and CRATAT 1957).  The hesrt contractile
force was found to be increased by sgix 7AC inhibitors to
dop&mine, tryptauine and tyresine but not to noradrenzliine
(GOLOFRG and Sdomalsia 185%9).  In depressive noticenis

during trestwent with iproninzid (29-150mg daily lor O to

-y

%3 days) there was no siynificant change in the excrdion
of adrenaline and noradrenaline (CARLSGON et al. 195Q).
hndogenous catecholanines were found not to be nmoten-
tiated by iproniazid. Tn the cat stimulation of the post-
geneglionic sympathetic nerves to the svleen resultis in an
output of syupathin (noradrenaline) in the venous hlood
from the orgon which was not aliered after pretrectaont
of the znimal with iproniezid (LROWU and CILTLSLT. 1997).
Phus, the evidence on the gignificence oi "4l
in the wetabolisi of catecholamines seems to ke contra-
dictory. Asg noted previously, the bulk of the nepative
e¢vidence is derived from tests on physiolopiczl respon-
ses to cetecholamines. On the other hand, the sismifiec-
ance of NAG on catecholamine metakolisn -wos ypractically
clways confirmed whenever it was sought on the biochemicesl
level, in terms of metabolites excreted in the urine,

U=methylation.~ Catechol-Q-methyltrenaferase

he original observation of “acLACAY and
VINCLIS0T (1951) that 3,5-dliodo-4-hydroxybutylbenzcate

is O-methyleted in vivo is considered to be the first




zlimpse into a2 novel mechanisn involving the Q-methyloa-
tion of the catechol rini;, ineluding catecholamincs
(PﬁLLiRIN et al., 19583 AXELROD 1959), tgwever, recent
work (TOVI®A 1062; TOMITA and CHA 19673) incdicstes that
the enzyme syestem responsible for the C-nethylatiorn of
lodophenols is dietinet from the ensyme system involved
in the Q-methylation of the catechol ring. In fact, ar
will he shown in this Thesis the model substrate of the
Tormer systemn irhibits the latter,

ARSGITONE et al. (1956) in the course of on
investigation on phenylketonurie discovered in human
urine a wide variety of acids inecluding such unusucl
ones as homovanillic acid, feruloylglycine, vanilloyl-
¢lyeine, venillic scid, dinydroxyferulic zeid ond
‘ernlie acid. ALl these substances are choracterized
by 2 cztechol ring methylated in the mete-vosition.

bxeretion of homovenillie mcid in rabbit urine following

the orel adminietration of 7,4-dibydroxyphenylacetic ocid

had been reported a year earlier (BOOYH .t =l, 1955).
Thie group of investipators (DAYDS et al. 1957) further
reported that oral administrotion to rats and rebhits of
several catechol acids resulted in the urinary cxcretion
oi’ their m-nicthoxy derivatives. Thus, the poosibility
ol biologieal O-methylation of phenolic substances,

particularly of catechol acids, begun to receive the
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attention of investicgtors in this {ield, ARVSS
[ 99

£l. (10956) end SUAY et zl. (1656, 1957) establicshed thot

homovanillic scié is a normel constituent of humen urine

and that 1% 1o actuelly o moetabolite of 3,4-dihycroxryphe-
rylenine (dosna). Vomoprotoeateckuic acic (1.74) wes Found
to be the inmedicte precursor of homovinillic acid, since
ingeetion of the forwmer resulted in the urinary creretion
of increosed gmounte of the later. Ucheme (I) was prong-
sed bo describe the possidble nathweys of dops metoboliem

(e0lid ervows). “Thic aetabolic scauence was gupporied

by eorlier experimente (PUI1ARTY gnd LYICTI0 1955
'/ t‘

: . . - . . - 14
denonstreting that injection into rets of Dl-done~Z-C

recults in the urinary exerctlon of hydrexytyranine

{donumuine), %,4-dihydroxyphenylpyruvie acld and 3,4-

dihrérovyviienylzeetic acid. i

[

gome substauces plus

varodroneline wvere ldenthiificed a

[0}

metabolic produets oF
Gona in vovime adrencl houmopgenates (PRILURIN and B'IOLTU
1957). Lonovanillic oeid wes else identificd (TULLLNT
cnd U'IORI0 1657s). Further ovidence in {favors of blolog-
icwl methylation of the cetechol ring came from the
discovery (AWTUEROEC ond #erILLAN 19573 ARGIROUG et al,
1857) that infusion of naradrenalince resvlied in the
excretion ol 3-ncthoxy-4-hyvdroxymandelic acid (ViiL)
(seheme T broken arrow). In these experiaments it was

catablished thet both the crel ond parenteral adminis-
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trotion of norodrensline as well neg the condition of
rheochromocytorma Lled to the exeretion oif Vi in the
urince. The unonswered question el that tine was whether
nethylation occured before or after the oxidotive desmi-
notion of 1the noradrensline side crain. 4he established
steps in Scheme I leading clockwise from depa to uVA

were supeestive of the wmethyletion step occcuring alter
oxidative deamination of the side chuin of wopa. Lemsons-
trotion cf on ensmymotic systen capedle of methylating

catechol acids in meta - position wae soen reported Ly

snd D'ICHIO (1957h, 195&). The enzyme systen
wao found to be actlve in ihe solublie fraction ol ryut
liver and kidney homogenstes., .'ive substrzies were
teated among which 3,4-diliydroxyphenylacetic acid and
Aydmdihydrovymondelic acid which were methylated to

Yo ovenillic zeid (HVA) and VA, respectively, already
reported 4o occur in human urine (AW STR0IC et a2l. 10803
SIAY et ale 1057). The systew recuired wmethlonine, AUVT,
noagnesiwn and reduced pglutathione. fThese expoerinento
served also to demonstrote that the depgree of methylation
wus dependent on the length ond depree of suturation of
the cide chain, ags well as the fuactional groups cerried
by it. “hus, the convergent revorts pointing to the

poezibility oi & blolegical O-methylaotion on the level

of the catzechol selids, were substontiated and the respong-—




ible enzyse sysien wes specified in ferme ol subcelluler
digtribution ond required cofazclors.

In the sone yeor AXILROL (1957) reporitad the
portial purificatiicn frow rat liver ol on onnync catelyzing
the tronsfeor of the methyl sroup from L-adenosyl-methionine
to odrersline, Oxidative deamination of the enzyaatic
rrodnet with 2 moncamine oxidase preparaticrn yielded
Femethony-4-iyoroxymendelic geid proving that sdrenaline
bad been methylated in the noie- position.  J,4-ailhydroxy-
berzole seid was sleo methyloted by the enzyme, indleating

ite identity with the engyne deseribed Ly 10LL 0N and

A

DYICRI0O (1957w, 18%8). il partielly yurifiec preperetion
required L -clenosylmethionine as the nethyl group donor
and magnesiune. In crude precarations U-adenosylucthidonine
could bve replaced by methionine and AT

The possibility of the biological methylation of
cotecholanines being estabkliched, furither ineightl anc
underatending of ite role and significance followed ot o
rapld pace. 4 study of the enszyme, 30-fold wpuriliied frou
rot liver by ammonium sulfate fractionation and adsorpiion
selective elution from calciwn phocphate gel (AXNVLROD
and TONCHICY 1958),revealed that it is ncetivated by Co++,

i T o - o ++ A
“in ana g cnd to 2 lesser oxtent by Zn , fo , Cd

s . . -
and 117 . Ol prouns are epporently cossential for cetivity

pinceo sechlorosmereuribenzoate end iocdoncctic acld inhibited




viie ensyme. ALl catechol codpounds verce methylsted in
the mete position and therefore served as substraies,
vwith catechoi itself being the best suvotratc. Lo
stereospecificity wes noted,

Yig dn vitro experinments were followed wy

experiments in vive. Uhus, the glucuronic seid conjusntes
o4 norametenephrine were identitied in rat urine anc the
mcti-nethoxy derivatives of adrenaline, norsdrenaline snd
doposituie were cxcreted in the uwrine ofter adwinistration
to rats ol ndrenaline, noradrenaline and doprmine
(Aobi0D et 2l. 1858).  O-wethylation was showm to be o
wejor route ol cetecholamine metabolioa in wen (LAcikosso
et ale. 195G)., Infusion of O-Hs—adrenalinﬁ led %o free
end conjugates netanephrine comprising 4. of the totel
rodiosetivily in the urince. ne held ci infused neto-
nephrine 1tsels was oxereted as {ree and conjugnted
wetaneplhirine and 29 ag ViiA. 4Yhese resulis were inter-
preted to meoun that the role of wonommine oxidase in
adrenalivne metaboliom wes mainly the deaminestion of
nevanepheine and that the principal way of adrenzline
wetabolien in man wes Q-methylation. urtherrore,

larise smounts of normetsnephwine were identified in the
urine of patients with pheochromocytcma (LABLOLLEL et al.
195586 ) U~-methylation was soon cleimed to be the prin~

cipal route of adrensline and noradrenaline metnboliom

3
i



in the ot (AUTITAD b ol. 1009a), 277 of infuaed noni-
antomic odreneline won evereted in the vrine os free ond
cor; “'*m.m. metorenhrine.  On the other hond about 1/3

infueed metrnephrine vos crereted oe frec and conjugoted

metonephrine, thie presunably meaning thot °/% were oxie

dized by monoemine oxidasc. Accordingly, 1t was inferred
thect pbout 7007 of adrinistered adrenaline wes converted
to metanephrine, thus establiching the prinmory reole of
Neanthylotion Siailar reculits wvere obtained witl norre
drenaline, Q7 course the velicdity of Sthewoo enleulniiont

e port depsendent on the essunntion that the

rolotive nornitudes end prioridy of engymrtic ot

crtochol-D=-mothyltranalerase (COvm) and mononsdnee onidoese

ined unchnnge6 under normel and expewimentel condi-
(‘h{\ .

tionn - the lotter cbt up by unphycololorsieccl doses oi

entecholanines, The experinents of LATRODN. et 21.

(1200) furaished mueh

(1961) supported by those
evidenee that O-methylation is indeed of mujor lupsriincc
in cotecholamine metsbol: Trhe presencs of metanc-
whpine end rormcicnephrire was estelbliched by LABIODDN
end AT (1060) in normesl humon uvrire, S onew notabolite
of adrencline was soon recopnired snd identificd (LAY
2l. 1959), It was ghown o be Fenethiory-4-hydroxy-
vhenylelycol sulfate and was evereted In rat urine efter

Ll

the isuntraporitonecl adminislration of P renfrenoline. It
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desonstecition (LCVIN and ILANGH 1950) $hat 3,d-=dilyaro-
xyrhenylolyeol Is indecd & wevavolite ol adlrensline,
occurdny in cundnols in whiel CCO7 igo inhiibited wy
pyroersnllol.

Yhe report on thie ceeurence of & novw wmetabo-
live of dopaitine in the urine ol ratu injected with
depmuine whould be wentioncd ot this time (UOLLLLLL e

2l. 1900). On the

P

osis of indireet evidence it i

h hl

bhelieved to Lo J-methony~d-hydroxynhenyletharicl. The

occurence and sipniliconce ol thice tyne ol netaulolite

vnoccr norual conditions hoo not beon ootallichiod.

3 )

L T NN e oo an ] Tty A NP, LIRS . . .
Innibitors of ¢uliv. Iyvosoilol had heen shown {0 nrolong:

the reoponce in vive to adrensline enc syomp

vopatiictic nexrve
stianlation (Lach 103C). Lyrogellol is.a subsirate lor

CO & (LCivii et ale 19060) ané as such it would coupete
with catecholamines {or the enayme. T1 wae indeed shown
to inhibit the O-methylutlion of adrenalince and noradére-

naline in vivo snd in vitro. (AXSLUGL and LAHGULS 1959),

Finectiec ctuGles by Ca0Gh (1961) revesled that it ccte ag

a uoncompCltitive inhiibitor and its ¥i wes celeunlated to be
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ty A pumher of cpteckale; catoelel dtnell; odvon-

slone, srterenonc rwnd mallie eeid heve beon rovovriod $o

inhilit the Oewethvletion of sdrenaline 4o varions desrees

CoviTi et o1, 1960).  Tieatinandids ond slyeocyomine (oe
nidinencetie neld) vere ales showm to inhibit the O-methyle

).

ation af noradrenaline in vive (UDWIRTIIE ot 2l. 1059

Trowolones were shown to be potent inhiltitora of O0NT in

vitro by DULTIAU and TURERA (1961, 1963). Thujanlicin

(4~faovronylironolane) wesn chown to wrevent Cemothirylatd

of eptecholomines in viva. (CHISAGONIO pnd COTPS0TNT 1GLE

Nonacetamide has heen decorited co oo meotont nonterde
inhititor in vive by CARLOIGOT of o1, (10627 The &-pro-
nyldonacetanide is Adeceribed oo on oven sore potvent

inhibitor (CANLSSCH ot 2l. 1003%). Oucrcetin has Loen

Jaie

-

chown to delsy the disapncarcmec pmd prolony the cetlon

of ertecholomines in vive (Y0001 1000),

~y

o3

).
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tith the discovery of O-methylaetlon as = major

4

metabolic pathway for cetecholamines the question arose
as to the relotive importance of COUY and A0 in the
inactivation process.

LABIOUSH et al., (1953) claiuned, noritly on
negative evidencce on the role of A0, cited in a2 previous
section, and pertly on experimental. data showing exien—
give O-methylation of administered adrenaline snd a
lesser cxtent of oxidative deaminetion of administered
netancphrine into humang, that the principal rouvte of
cetecholanine metubolien is O-nethylation. This view
was supported by the potentiating offects of pyrogallol
on the action of adrenaline noted by BACO (1936) many
yeurs previously. These effects were confirmed by DACY
et al. (1959) in vitro and AXFLLOL end LAROCHY {19%Q) and
CNOUT (1960) in vitro and in vivo. The wide occurence of
COLT on the other hand was csteblished by the work of
AXELROD et al. (1959). The enzyme occurs in the central

and periphersl nervous systeus as well ag in liver, spleen,

thyreid, aorta and other tissues. %he methionine ectivating
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enzyme, responsible for the formation of the active
methyl donor, was also detected in monkey brain.

It must be noted that metanephrine sensitizes
the nictiteting membrame of the eat to adrennline (BACO
ana RAESE 1961) and that the wethwlated derivetives of
adreniline, noradrenaline and dovmamine exert sone actim
vity on smooth muscle and blood pressure (CHAUPACTY et
al. 1960). Tretreatment of the rabbit with 3S-methoxy
ox 4=icthoxy or Jyd4-dimethoxyadrensline scnsitizes the
animals to the hyperloecticenic response to adrenaline
(D'IORIO and CHAWPAGEN 1962). It appeers then that
O-nmothylotion lerpgely suppresces the direct biological
activity of catecholamines. lowever, C—methylafed
derivatives still retsin some activity by sensitizing
to the action of adrenaline,

Two minutes after the rapid intravenous
adninistration of Hamadrenaline and noradrcncline to
cats, the corresponding methylated nroduets,metanephrine
and normetanephrine,were present in all‘tiasuce, and

selectively so in the heart (AXELRGD et nl. 19561). The
diseppearenes of Hs—adrenaline fron plasns appeared to
congist of two phasess en initial ranid foll concurrent
with O-methylation, followed by o slow decline indicating
o slow release from binding sites and varaliel netsbolisn

(AXELROD et al. 19%92). 4 vericty of sympathominmetic




amines increased the rate of dissypesrence of injected
adrenaline and norscérensline in the whole mouse, presun-
ably by preventing the binding of catecholamines and
their subsecuent metabolionm (AXLLIOL and TOSCHICK 1960).
It wag further suggested that in rats #AD irnhibitors
elevete catecholanine concentration in certain tissues
by simply blocking thie slow releage from the Linding
gites (AXULHOT et al. 1961)., ‘“he fate of Ha—adrennline
in the whole nouge ften minutes after adninistration wag

deternined after pretreatnent of the animals with

quercetin (& COMT inhibvitor) (AXELROD and WOHGHICK 1959),

It was found thet quercetin inhibited the disappearence
of adrencline in this time interval., Litudies on the in
vivo inhibition of COHY with nyrogaellol revealed only =
moderate increase in the half life of administered nore~
drenaline, not commensurate with the 98-100" inhibition
of neoradrenaline methylation concurrently observed in
the vhole snimals. In the same series of experiments
iproniazid nrodvced no incresse in the half 1life of
adrenaline and no ivhibition of the noradrensline nmota-
Lolisn, as eatimated by measurement of residual nora-
drenaline in the whole animal., 'The suthors (UohlrRISKED
et al, 19949) conclude that alternative routes of meta.
bolien may become onerative in the absence of CG:%.  The

limited significence and inndequacy of interpretation of
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come cxperiments is demonstrated by the work of CRouT
(19612) in which gimulteneous inhibition of COMYT and
A producee only a noderate prolongation of eapdioves-
cular effects, as assessed by arterisl pregsure ona
cardiac contractile forece, induced by injected noradro-
naline into enesthetized dogs. ‘he prolongation of
pharnccologleal cction wes correlated with o delayed
metabolisn of tne injected noradrenaline from the
circunlation. %o the guthor while these results indicaty
that metatolism by the %wo enzynes contributes to the
rewovael of noradrensline from the circulation, they
furthier suggeast thet its physiolorical inactivation does
not neceurorily recuire the metakolic ﬁcstrucﬁion of the
axine by the cenzymes. In en extonsive serics of exper-
inents by WKIDSINTTT and coworkers (RINSOAVER et ol. 1961
TEOOCHATERYVEDS and ¥IRSHEUR 1961a, 109610, 1961¢) the fato
ol injected adrenaline-2-014 in the cat weg followed
toth in various tliscues and in the urine at varlous time
intervels. The main conclusion drawn fyrom these exper-
iments d¢ that Llockade of either PAC or COYW resulted in
g compensatory hyperactiviity of the alternative, intact,
enzyne, whnereag the simultaneous blockade of bLoth enzymes
wes followed by the formeotion of & new basic cotabolite

and the increaced production of unidentified scidic,

mainly conjurated catabolites. ‘tnecifically in the heart,
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sufficient cnounts of both enzymes are rresent to compen-
ate for the bhlockade of one or the other enzyre. In the
1iver tlockade of either enzyme resulits in o decreased
rate in the metatolism of ndrensline (1941¢). wWhile these
experirents 41¢ not sunvort any cateroriceal stotoment ne
to the relotive temporesl preponderancs of C-methyliion

2

over deamination, the reserved position is taken thoet in

hesrt, liver and kidney AC czn initiate en indeypendent
inoctivation of the amine (1961b). It has been shown
(Buu0ln et al. 1056, CHAUHTY et al. 1957) that reserpine
administration to rebbits pretreated with a AC inhibitor
produces cxeitation rather thun sedation., Jurthermore,
it wrevents the lmown d¢epletion of noradrenalince and
serotonin content of the hrain, SUCRT and THORIL (1957)
interoreted this effcet ec being due lo inhibition of

YAG pcting on the snines relesged by reservine. On the
hagis of these results “AG was proposed to be the enzyme
nainly involved in the dinaectivetion of nbradrenaline anc
cerotonin in the centrsl nervous systen (HHOWL et ol.
1657)e  FPLUAGCHED (1956) and GIARIAN and SCLANDARG (1959)
or: thie other hand, helg the opinion that »AlL lnhibitors
provent reserpine from relessing the amnines from their
binding sites. In such a case, the conclunlion that AV
ie the enzyme mainly recponsible for the destruction of

4+ emines in the brain would not be valid. However,
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SPECTOR et al. (1900) presented evidence that A0 inhie
bitors do not prevent reserpine from releasing noradre-
naline and serotonin btut they do provent inactivetion of
the relensced suines Ian the brain of rabbits. rlloreover,
nyrograllol at a dose of 19mp/ke smiven intreperitoneslly
to rablits did not prevent reserpine from eliciting its
normel sedative effects and the rapid decline of brain
noradrenaline and serotonin. fThese investigatore furthex
postulate that "AQ0 end COVT heve different physiological
roleg, the former bveing responsitle Loy the metabolien
of noradrenaline and serotonin in the tilssucs vhere it

mey regulate the level of the amines and the latter for

the dnectivation after their relegse into the circuletion.

This postulete is supported by some recent work. CRGUY
et al. (1961) found that MAC activity in vitro is 3.6

end % times greater than COLY activity in the brain and

heexrt, respectively, of the rat. Horeover, MAC inhibitors

produce g gignificant increase in c¢stechclanmine content of

hrain andé heart, while oyrorellol failed to do so. After
pretreatment with lproniezid intravenously injected nora-
drenaline was markedly sccumulated in the myocordium,
vhereas clearance of sdrenaline from the plasma was only
slishtly prolouped, Yyrogellol treatment results in o
sovere impair ment in the metobolisn of circulating nora-

drenaline.  7The experiments show that endogenous norsa-
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drenaline accunmulates in the brsin and hiasrt when A0 is
inhibited. ILxogenous noradrensline accuamulates in the
heart uhder the sanie conditionc but neither of these
effects ie produced bty o COIY inhibitor. To the authors

the results suszest that oxidative deaminatior is the

more simmifizent nathway ir the metaboliem of noradrennline

in the brein snd heart of the rat - this bteing compatiile

with the observation thet O-methylation ls the major nuthi-

way for circulating noradrenaline.

The presence of CONT in the heort (AXYLROD et
2l. 1959) and the finding that Hg-normetanephrine ig
present in the hesrt shortly after the administration of
UE—noradrenaline (AXEFLROD et 2al. 1961a) are not considercd
conclusgive evidence that O-methylation is tho predominant
netabolic pathway in the heart (XO0rIk et al., 1962),
Actually, CROUT et al. (1961)sugrested that thic L.
metenephrine ncy have been formed in the liver sndé kidney
ond then transported to the heart. The intracellulsr ac
well as intercellular distribution of TAG and COMYT diifexr
(MAD is o witochondriel enzyne) and experiments based on

reclative asctivities in broken cells nmay lead to erroncous

conclusiong (NOFIH et 21. 1962). 1% was shown that hinding

itsell may be 2 mesns of inactivation of adreaaline. Thus
in the isolated perfused heort of the rat 957 of hound

tritium at any time after the perfusion with i7eadrennline



is unmetabolized adrenaline (VOPIE et al. 1962). ROPIT
and GOANON (1962) showed that depletion of Lound NB—nora—
drenaline ofter reserpine treatmnent is effccted intra-
cellularly hefore releasc into the c¢irculation. In &
further zeries of experiments (KOPIN and QGURIOGT 1963)
cvidence is presented that the products of Ha—noraﬂre—
naline in the rat are cxereted in two phases. demethyl~
ation is the major route of meteholism in the first nhase
of unbound noradrenaline. ITn the second gclow phuse, the
aetabolites erereted seenn to supnort the view that bound
(ondé presumably endogenous) norazdrenaline is primerily
nietebolized by A0,

In spite of contradictory elaims on the

v

relative imvortance oi the two enzymes which are largely
éue to different eysteoms studied and methodolosies
employed, & unified picture ig emerging in which both
enzymes appear to rossess equallyv importent ploces.

scheme IT sommardgses the route of metaboliss

of adrenaline and norcdrenaline.
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LUTLRITHD THTURPRUTATTIONS O THE PUTVHTIATIUE
ACTIGH QX THYRCKITTS OV CATHCHOLANIDR  UPWRCYS
The carlicat attenpt to retionslize the poten-
tietion of the catecholanine effects by thyroxine on the
chemicel level was nade by THIBAULY (1850). She obtained
"setive thyroxine” from thyroxine on incutation at 37% in
Tyrode solution with intestinal tissue. When this active
nrinciple was added to 2 solution of adrenaline it could
be shown thet the oxidation of the latter to sdrenochrome
was slover than that of a control solution of adrenaline
she conecluded that this antioxident nroveriy of active
thyroxince was, at least oartly, resnonsible Lor the
obecrved effects of notentiation. %he significance of
these experimentes and their intervrelation may heconc
clear in the light of the cexperimental results of the
rresent work.
DU and UPIVES (1952) ehowed thot thyroidec-
tomy increages the amount of amine oxidase in the liver
of rabvits and rate, vheregs thyroid feeding decrensen

the amount of the engyme in revbite (rats vere not

studied). GPFITKS (1 52) further confirmed the exneriuents
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with thyroid-ifed rabbits. OIINKS and BURL (1908%2) gave 2
deteiled asccount of their experiments, The rise in blood
gugar csused by adrenaline was higher in thyroid-rled rats
and this was explained by the decrense in anine oxidase
elicited by thyroid feceding., The decvesnsed responze to
edrencline in blood-super rise in thyroidetonized rabbits
vies explained by the increacsed level of amine oxidase.
Thig intervretation was chellenged by WideRR AN (1656)
and HULYY et al.e (1950) who found hirsher amine oxidase
levels in the livers of thyroxine or ftriiocdothyronine-
treatzd guines pigs and rate than in the livers ot the
control aninmsls. tHowever, the disagreement in the
results of various investigoators mgy be resolved il the
cey of the aninels ia taken into account. BEILLTL et

2l. (1952) found that SAO activiiy i much lower in the
heart of female rate then in the heart of male rats.
Thyroid feedings increased the AC levels in females but
é¢id not sigmificantly affect the HAO setivity in males,
PMnelly, pronylthiourscil itreciment produced o signific-
ant decrease in male heart UAO activity but did not alter
thet of the females. PRENDFLENTURE (195%3) determined the
amine oxidase activity in the livers of 14 control and 20
thyroid~fed rebbits and found zn 11.4° £2l1l1 in the level
of the engymes due to thyrold feeding - o smoll but signi-

fleant difference., Sne smount ol totel {luorogenic
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moterinl (messured as adrenaline) in the plasna of hyper-
thyroid rats, % and 1% mimtes after an intranuscular
injoctibn of zdrennline was pgreatly increosed (LG et
al. 195%) indicatings & lowerad rete of destruction of
the amnino.

5T and TARDY (1959) found higher then
noyrnel levels of circuvlatin- edrenaline and neradrenaline
in tuyroid-fed ratue. The AC declincd stosdily durings
fooding: and wos reatored to normal levels after discont-

inuins the trestment. Addition, however, of thyrozinc,

-

triiodothyronine and anzlogues to [resh raditochondria ffrom

nornrl rats 4ié net reoult in inlibition of enzyne acti-

.

owever, thesce experiments showe

[

vitye

'\

of ecirculotings cotrncholamines are sssociated with lovw
lovels of 87 sctlivity.

he discovery that COT dle involved in o
mejor portion of catecholanine metalolisn proupted on
investipation Ly HYIORIO and TG (1900}, fhis invest-
igation revealed the followins: 1) daily injection
(three injections in 211) of rats with = standsrd dose
of 5CO‘FG of thyroxine resulted in a 45 decrease in tho
cetivity of liver CCMT as meosured by the D-methyls vtion
of protocotechuie seid In vitro.. 2)  She urinary
metanephrine in the treated animale was cubotantially

decroensed.  3) Thyroxine sdded in vitro had no effect on

that high levels

;
i
i
!
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Liver COUT setivity. Tre last negeative finding would
have been decisive if thyroxine were even moderately
soluble in neutral or near neutral scolutions. Tut thyre-
vine is notorionsly inseluble under these conditions ana
unlens the solubility bnrricer was gomchov, clreur-
vorited no {inal engwer would ke possible as to wvhether
it conld nct direetly =s on inndbitor of the enzyme in
vitro. 1% was T, D'Iorin's proposition that the next
beat thing to seotting thyroxine into solution would be

the use of morce soluble structural snalopuza of the
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VIUEOIC ACTnD (UTHRA) T A GUULE PRLEARANION

srneylaental

In the inltiel cxperimsats crade engyne nrops-

atlons were used. ale SONACUNSDAVLNY rats weisking 150-

14

200 o were stunned with a hleow on the nead and subscoucnte-

-

1y deceriteted. The livers were culckly excisou; ci:ililed
and nowogsenizmed in o gless honogonlzer with an equal
arount of dce-cold distilled water. e honopenctos wero
vloced in apprepriate polyethylenc tukee and ecemtrlimnged
fer . bour at 20,000x; in 2 relrigerated UEIVATL centrie
fure. The supernatant wos onuployed as o souree oi cote-

chol-t-nethylirar.cferase (CC

). fhe cnzyme han been
shown o be mainly present in this fraction (PRITIVIN and
LYIORIG 1953). Probtocatechuic acid (3,4-dihydroxyhenroic
peid; was used as substrate accordinge to the melhod of
DYIORIO (19¢1). fhdis is engymatically methylated giving

rise to vanillie scid (Z-metoxy-4-hydroxybenzoic =cid

o . 14 - .
Cethbuine-methyl-C " serves ng the precurscr of the ective
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nethyl proun donor, H-adenosylmethliorine (SeAme) (CAUTONT

-

1053), The enzyme responsible for the activetion of the
nethyl rroupr is the methionine-activating enzyme which
reauires AP, magnesium and, for masxcimun activity, regucaed
plutathione (CARTGHT 1951, 1953). The methilonine-active
ting enzyme is slso present in the supernatant fraction
topether with CONT and cetalyzes the formation of H-Aue-
dﬂth"1—014 in the prescnce of the required cofactors.
The COMT then catalyzes the transfer of we *t‘.}r'l--(‘1‘4 to
nrotocatechulc acid with the formation of vanillic acid,
It is obvious that the presence in this syctem of the
methionine-nctivating enzyme is a preregquiasite for the
function of C0U%T. Henece, the rate of O-methylation as
neasured by the rate of vanillie acid formation is in
faect the overall rate of the two enzymatic steps. Basic-

21ly the reaction syster. consisted of the following:

Sodium phosvhate buffer pii 7.4 240 micromoles

Protocatechuic acid 15 mderomoles (3.75x107)
agnegsiun chloride 50 micromoles

Reduced glutathione 10 wmicromoles

AP G nmicromnles

4
“tethioninemnethyl 01

(0.97x10% Qepetns/mss) 0.8 nicromocles
imzyme preparation 1.0 ml.

vater to nmake o volume of 4,0 ml.

he above nirxture shall be cooignatod as the




¢
il
o4}
!

"complete asystom',

The mixture exeent the enzyme, placed in 29 ml
wrlienmeyer ilaske was preincubeted for 7 minutes at 37
in o Dubknoff mete
ted by the addition of the enzyme wronsration. The ro-~
action was auenched by the addition of 0.2 ol of concen-
trated HCl., The precipitated proteins were reuaoved by
centrifugation at 2,000 r.p.mse for 10 minutes. Yo the
supernatont, traneferred to 1% ml centriluge {uhes,
sodiuwm chloride was added to a finel conc:atiration ob
10,.e¢ i‘ore protein was precipitated and it was again
remnoved by centrifugation as previously ond the phl was
adjusted to 1.0 with 5H a0, The ndixiure wvas extracted

3 fives with 3 ml of ethyl acetato cach time and ithe

extrocts were combined., Under these conditions the
venillic seid is extracted quentitatively (99-1007)

(D'ICRIC 1961). She vanillic acicé io very stebles

however, the extracts in 15 nl centrifuge lubes, imnersed

in o weier bath at 40-45? verse cvaporasted to dryncos under

o gtrean of nitroren.

Yancr chroumatogsravhy. ne dry residune was redissolved

in 0.1 ml of ethyl acetate and 10 microlitero were spotted

on paper. Yaper vwhatuon Lo. 1 can be usced, but Srs,. dlgsolo

in our laboratory found that neator chromntograns and

rouncer gpote were obtained with thatuen diethylaminoethyl-

abolic sheker and the reaction was initio-
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celluloge Ui 20. %his paner was employed throughout

chromatopropnic experinentis.

scetic acid: water, T:1:2,

Tre solvent cysicn was

the

butanol:

Use wag mede of the degcending

teehnicue.  The papcr vas cut into 1.5 cn wide strips

separated by a 1 cm pap and held together with a cou.son

head, which immersed into the solvent in the reservoir

supplied all the strips with the eluant. Ehe chromatosrame

were run usually overnight - an aversge of 15-10 hours.

Under these conditons the colvent front mligrated

7 s \
,;,)-“'1&/ Chie

end this resulted in & very good separstion of the three

nejor redioactive pesks. A strip spotted with a wmixture

of protocatechuic end vanillic scids waz at 211 times

included in the rune. After drying in o

position of vanillic acid was identified by soraying

nitraniline reagent 1L 2s de
coriposition of the solution
A p-nitroaniline

e Sodium nlitrite

seribed by S0I% (19G0).
was a8 follows:
0.1 in U ICL

D2 in water

Ce Totessium carbonate 107 in weter

ALYl three =solutionge were coo
roomn. 10 nl of A and 10 ul
to stend for 5 minutes. 298
mixture, in & spray Lottle,

acig pgave an intense violetd

less inteonge aspot.

fume hood the

vith

Tue

1ed to about 50 in the cold

of 1! were mired and allowed

ml of ¢ wss then added ond the

was lunediotely used, Vonillic

gpot, protocatcchuic scid

RS
4Kl
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vhe ehronotograse after cowplete drying in the
fune hood were ruled with ¢ peneil, nuwmbered sno eut into
1 om secliono. oge veeternpulor (1 x 1.%en) sections

vere subscouently ploced in plass viels cordbaining 10 =l

o0f ceintilletion mivture and counted in o fuclear Uhicsno

1icuid eceintilliction counter. Lemoval of the popera from

the vialg resulted in background count only, indicating

"

that the scintillation wizturce did not elute vanillic
scid from the paper. The gcintillation mixture was HR0e

B
g

digsolving 3 em of 2,9%-dlphenylxezol (101) and 100 my

&

1) in one liter of toluense.

o+
-t
€
Y
=
i
e
T
)
B
S
5

Hogults

The typicnl commlete wixture gave o chivonatopron

with % mejor rediosctive peaks. The fastest moving cauyuw@nf

occunied the seme ploce in the chrometosranm ag authentic

enillic aecid. Admixture chrometogsraphy chowed thet thie

radioactive peak exactly coincides with the violet grot

siven by euthentic vanillic aeid with the v-nitreariiline
reagent. The RE is 0.7C. Vipure 1A represents one such
typical chroumatosrem. The other two peaks hove net heen
iGentifieds (uissia: of srotocatechuic acid from the incu-

bation mixture resulte in complete elimination ol the

vardllic acid peak frow the chromaiogrum (fige 12)e
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Fig. 2. Time course of the enzymatic methylation of nrotrc-techule

acid to vanillic acid.
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i elesr—cut chenge in the profile of the chrometosran
demonstrotes the relickility ond sceneitivity of the
netlod.

The tiie coursc oif the reection wao then
cotnklished ag illustrated in fig. &, Ghe oalnts are
weon valuee from duplicate chronstogrems and represent
counts per minute of vanillic seid produced per 10 nicro~
liters of ethyl ccetate entract. It 4o evident that the
resction is very fast in the first five minutes and it

ig practically comvleted by the end of 20 minutes.

CLfectn of 4-nmothylirovoloune and %,%-diliodo-d-hiydroxy-—

benzoic ascid (DIUBA). In two separste experiments the

effecty of 4-methyltiropolone and IINBA (sce addendwn)
on the achivity of the enzyme were tested. TYronolone,

a gpecilic inhibitor of COVT (FUILVAU and BURTA 1961)

ves ndéed disgolved in wvater 4o o final conceantrotion
-3

of 4,6x10 4. ITHBA was added to a f£incl concentrotion

]

of 1.7%16ﬁx diseolved In 0.7 a1l of ethanol. 4An ecua
arount of e¢thanol was added to the control flasks. The
incubation was carried out for 30 minutes, In toble 1
it is shown that both substances display inhibitory
zcetion to the extent of about 3%%. ‘Yhe experimente
served to demonstrote in a qualitative fashion only]the

inhibitory ecction of these counmpounds,; since inhibition
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was measurced ot the end of 30 minutes when the enzymatic
reaction was aldresdy terminated (fig. 2). fhe differ-
ance iﬁ the netivities ol the control exverinents is, of
course, due to the fect that they represent cetivitice

of two different enzyme nreparstions in two seperate

cxperiments,

Time course of the inhibition. 1t wae next deeided to

follow the time course of the irhihition and to this end
the reactlon wee followed ot 9,710,420 snd %0 minutes.

The DIHBA was added this time to s finel concentrotion
eounl to substate concentration, l.e., 3.75x163ﬁ. Chro-
matograme vere run in duplicate and the rasulté are

illustrated in teble 2 and Ligure 3.

ifeect of substrate/inhikitor ratic on the rate of the

reasction. In fige 4 the effect of LIHPA is denonstrated
4
at three levels of concentration , i.c., 3.75x1597,
3.75x154ﬁ &nd 5.75x159N. It is seen that DIHLA at
3.75x164ﬂ which is ten tiries leze than the substrate
concentration, atill exerie considerable inkibitior.
-
Bowaver, ot 2 concentration of 3.75x16)H DIHBA does not

eifcet the activity of the enzyme.

severeibility of inhdbition. Avother experiment was




Time

minutes

Controls
Cepeita 0of vanillic

acid

Celialile

DITDBA
of vanillic
acida

Luplicates

Average

Tuplicates

Averaie

9,108

8,429

251

2340

10

7,750 222
10,064 398

10,064

€09

i

i
Lt

hel
L)
~

10,946

12,570

12,658

2,078

14,046

1"'&—,046

2]
-
0

K
\N

i

-
-
-
2

5,016

Table

2 -~ Treduction of vanillic neid expressed

acetate extract =o

a

8s C.peMme mer 10 micrcliters of 2athy

o function 2T tinme

in thz abgence and nrecence of LILDBA.




c.p.m. x 107
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NO DIHBA
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fig.3. Inhidition of vanillic acid formation
count:s per ninute in the presence of 3.75XI0

g:{pressed as
M DIHBA,
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c.p.m. X 10
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Miwuye Inndibition of vanillic acid formation ?t hree levels of

);ngﬁ. Surve A, 3.75KI07-M; Curve 3, 3.75XI0""; curve C, 3.75K
1iC M. The open circles in curve C represent activity of the con-
trol. ’

o]

10 20 30
MINUTES

Fig.5. Partial reversal of inhibition by excess substrate. Curve C
is for control,. At the arrow the substrate concetration was raised




desipgned in order to see whether the inhibvition could be
reversed by eoxcess substrate (protocatechuic acid). 'he
reaction vee initiated with caninmolar concentrations of
substrate and@ DIUBA, present at 3.75x153H, but after

10 minutes en appropriete amount of substrate in o
volume of 0O.1ml was added. This addition brought the
substrate concentration to 4.1x152ﬂ (9«fold higher than
originally). As is seen in fipg. 5 the inhibition, even
with this rather moderate excess in subetrate, wag
partially reversed indicating that substrate and inhi-

bitor were competing for the same site on the enzyme.

Possible O=-methylation of DII'PA., TOMITA (1962) reyorted

that a soluble enzyme from rat liver catalyzes the trans-
fer of the methyl group from methionine to DIVRA in the
nresence of ATE at pll 6.0. If such were the case it
should be possible to isolate 3,5-diicdo-4-methoxybenzoic
ecid (O-methyl-DIHPA) with labelled methyl grounp. fhig
should show up in the chromatoscrans as a new radioactive!
peck -~ provided 1t was extractable with ethyl acetate.
O-methyl-DIHBA was not availabhle at the time and its
solubility properties were unknown. llowever, it was
decided to perform the usual ethyl acetate extraction kut'
carry out the reaction,not only at the customary pli Ted,

but slso at pll 6.0. The experiment was designed as is

i
3
t
!
¢
3
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outlined belows
Pie 6.0 end pll 7.4
a- Complete system
b— Complete system + DIHEA 3.75x153N

c— QComplete systen - substrete

i~ UComplete asysiem - substrate + DINBA 3.75%x107

At pli 6.0 the DIHBA wee partly in suspension. The incu-
bation wes maintained at 37° for ome hour. All eighi
chromatograms obtained from these systems were scanned
for radisactivity in the liquid seintillation counter in
the usual manner, in search of a probvable new radioactive
peak. On the assumption that O-methyl-DIVDA was precent
end extroctable by ethyl acetmie 1t should appnear as &
new radioactive peak In system b or system d or hoth,
at pif 6.0 and possibly at pH T7.4. Inhibition =t pii 7.4
would not necesssrily imply the presence of O-methyl-
DIHIA. A& non-productive enzyme-DIHBA comples, not
ultimately leading to O-methylation, might prevail at
pi Teds If the presence of O-methyl-DIHBA were confirmed
at pH 6.0 tut not at pli 7.4 it would mean that DINBA acts
merely as competitive substrate in the formexy but as rn
true inhibitor st the latter pil.

In particular, a new radioactive peak in the
chromnatogrems derived from system & should differentinte

triem from the chromatograms derived from system c.




'
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i

Jortunately, the chromatograms from system ¢ were very g
Yoclean"' in that they contained only two wunicdentilied i
raaiu;étive peaks. Therefore, the precencc of a new peak z
frowm system d due to the presence of O~m0thy1-c14-DIHYA 2
vould ve easily detectahle, f
The rodicactive methionine used in these %

cxperiments ("URRCLM) had en sctivity of 0.9 we per ?

; 11e%5mme  Sinece 1mc=ﬁ.223109 GeTretia 1T can Ve calcoulated ?
; thet 0.3 wicromoles added to the mediwn (ef. experimen— é
i tel part) correnvond to 1.17x10' Geperne Sinece the ;
§ efficicncy of tho liauid wscintillation counter is well i
E ahove 600 it cen be caleulated that 1.173Q.Gx107 = é
% 0.702x107 = 7,020,000 c.p.ive wore sctunlly added to the %
| vixtvres., Asceunwing o 0.1 dncoryporation os reported by ;
TUUIVA, approxinmately T,000 c.pone would be duc to 2

14

Omiothyl~l "= dibhe Unly 1/10 of the ethyl acetate

omebract waea applied on the papery thereiore, on the
secsunption thet 500 of (e-nethyl-UI10A hed tecen cxtracted
onc would expect a novel radiozctive peak totaelling no
leng than 350 ce.p.ms Mo such penk avpeared in the

chromatograms elther from incubations st pH 6.0 ox pY

Teds iHowever, this experinent could not e consideraed

A

ar
i

ronelueive evidence that uonder the descerihed exner-

~

imentnl corditions no nethylation of id1iYa ocecun red,

sincee the extrectebility of the methylated derivetive
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with ethyl acetete was auestionable.

Use of ether extraction. VACLAGAS and VILKILGOL (1851)

had reported that they extracted the O-moihyl-)THEA Lrow
the acidificd urine with ether. A wonell soople of the
authentic compound was kindly provided 1o us by & i.i
LARLY and o test showed that it is quite soluble In
ether. On the basis of the abeve informetion andé solu-

b4 - 1,

bility test a new cxperiwent was Gesigned. A new Laico
of methionine-methyl—61d wags cmployed (CERCH BHARCL and
OV OF CAVADA, 0.9me per 6.87 mge)e Oexf micromoles

of this 2nd %.0 micromoles ol nonradiocctive memhionine
were oGded to the mixtures. This addition corresponded
to "5.92(10!0 CePele On the same assumption of V.1 incor-
voration into C~methyl-DIEBA, the lutlter wovld give
3.9x103 Cepelis on totel extraction with elher. loth
substrate and DIHBA were added 1o the wmixitures at pi 6.0
and pH 7.5, so that the speculoted C-anetnylotion of BIHHA
could be correlated with the parallel inhkibition of
vanillic acid formation. All sclutione except the
methionine omes were sdjusted to ph 6.0 or pi 7.5 before

mixing. ‘'fhe experiment is outlined below:

Complete system ot pil 6.0 and phi T.©
. =3 4
Complete aystem 4+ DINBA (3 z10 #) at pli $.0 and pif TS

Againg at il 6.0 the DINBA wes partly in suspension.
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The reaction was followed un to 30 miyvutes and fig. G

illvstrates the tise cources of the dnhibited ong

hitited reactinng st the two reidities., %bhe emiire lensths

ol the chromstograns derived from the pixiures were
counted snd zpaln no novel wneak was notsd
covresponding te the mixtures containin: the TINTy eflter
30 winutee of Incubation, The mixtures whiceh had heen
incubated for 50 winutee znd sutracted as wsuolly with
ethyl 2cetate were reextracted three bines with ¥ nl of
ethzr, The conbined extracte were ovaporeted lo drynese
under a otrecn of nitrooen and rediesolvesd In n amall
volume of ethsr. ke entire volume of cthor wou anoticed
ont the naper end chronmsitorrasvhed in the usuel nannor,

AVD ehromatocrams derived fronm either ot in the oreseace
or the abgence of BINDA showed & single roadicactive peeck
with Rf= 0.%30. It was concluded that under the ocxner-
inentsl conditions deserited previously no nethylotion

of DINBA occured. #rom fig., 6 it ie c2leovloeted thet
after b ninuntes of incubation 2 8207 inhibition ic obieained

at 51 TJ%, At pil 6.0 the inhibition dis 867, “he differ-

[ d

caeo in the percentege ivhibitions iw not eipmifican
tut the fact that DIVFL wes only partly in selution ot the

Lowver Pt wmoay indicote thet the inhivitiorn i fovored at

ol

1

thio nit,

-

§
!
;
|
4
i
i
:
i
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Fig.6. Inhibition of vanillic acid production by DIHBA. Cur-
ve A,control,pH 7.5; B,control+DIHBA,pH 7.5; C,control,pH 6.0;

D,control+DIHBA,pH 6.0.
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Attengpted totel yeversel of drddbition by crcess vubstiate.

It hes been ghown that o 9-70ld increass i the subetratoe

concentration at pii 7.4 (fic. 5) raverced, nartislly, the

(53

inhibvition. T4 was ceclded to test whother o 100-Told

i
v e Came L

increase in subsirete concentration would coverse 1he

iohivition ot o 6.0. The cenditions weye as in the

pravious exnerinent aexcept that 0.2
14 -

nRne-nethyl-O and 2.0 wmicroroles of nonradiozcetive o

' nicronolea of wethiice

lonine were added,  The reaction was followed uy te
30 winutea.  Yhe evverdment is ovillivcd Lolow:
vormlete cyston

-
Cowplete syoten + TILIL $.75%10707

Comvlete aystu: + LIILA + cxecesn substreto

fo vendllie wedd wae produced in the misturcs with the

Pl
cizeoes cubultrates  Uubetrate 1vlvibition ond ionpuritics

ot thia very Vieh concontration (0

chule owild weroe probvably reshonsible for -

Tatle 3 sumnarizes the results.,

i
§
i
3
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Uiscussion. The experiments descrited in this secetion

clearly demonstrate the inhibitory action of DIHDBA upon

the ecrude system from rat liver. It will be shown later

in this work thaet this action stems from the inhilbition

of the second enzyme of the system, namely, catechol-{-

nethyltransferase (COaT). It was not possible to Gemonc-

trete the presence of C-methyl-LINHBA. TOHITA (1062)

. . . A
reported & 0.1 incorporation of C

into O-methyl-
DIVEA per 10 mg of protein. In our experiments cbout
20 wy of vrotein per flaslk werc present.

SEEOH et al. (1959) demonstrated thaet para
O-nmetnylation of 3,4-dibhydroxyacetopnenone in vitro is
favored at & higher pH then that for mete methylation.
This finding does not speal in favor of methylation of
Diiia (it being p-rmethylation) since the inhibition

pecms to be favored at lowver pii.
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EAPERLAVNTS IR VIVC

At this pcint it was thought that the sssay
nethoed for COUT was not suitable for further insicht
into thie neture of the irhihvitiorn deceriked in the
previous scectlon. fhe formotlon of S~pdenosylmethionince
(s=Ame) was oceurings simulteneously with O~methylation
and one could not distingsish, by observins the overesll
inhibitory effect, between en inhibition of the nethiorine-
activating enzyne ond COMT,  The wossidility s£lao existed
that both enzymes werc inhibited, The deperndence on the
methionine-éctivating enzyme could most conveniently be
circumvented by the use of S—Ame—methy1m014 but this wee
not aveilable ot the tine, The fluorometriec methed of

AX.1H0L (1962) was sdopted with minor modifications sn

o

is described below,

CO'T asspy in rat liver

tenrents
Li~Adrencline bitertrate 1n wvoter, The
aolution was prepared weekly and kent
divided in smpll volumes in the dcan

froener,

i
i
i
3
H
H
H
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Sodium phosphate buffer, pi 7.9, 0500

Borate buffer, o 10.0, 0.5

dlapmnesium chloride 0.1

tlynirochloric acid 0.1

S—adenogylmethilonine in weter. Yhe
gsolution divided into enall wvortiouns
wen kent in the deep freeger,

Hetanephrine hydrochloride in woter.
Froceduro

The reaction mixture wae preparcd by wixin. in
40 nl pglass—stoppered centrifugze tubes, 100 nicromoles
of vhosphate btuifer, 20 micromoles of mzrmesiwa chloride,
0.3 micremoles of -~Amc, 0.6 micromoles of adronaline
hitartrate and 0.2 ml of rot liver hMomogenate nroparcd
ag deseribed in the preceding section. The finsl volume
vas 2.0 ml. The reaction was inltisted by the addéition
of the enzyme gnd carried out at 37%Cor 30 minutes in »
water bsth. One ml of borate buffer waes added to stop
the reaction. Dlanks were prepared by omisscion of U-Ane
from the incubation mizture. A Iknown smount of metone-
phrine. HC1 (100 micrograme) was carried throush the
procedure, ‘The mixtures were extracted by shaking for
20 minutes in a wrigt-action shaker with 20 ml of o wmix-

ture coasieting of two peris of iso-amyl alcohol snd




three partsor toluene (PISHAK CHRTIFTIZD). The tubes
were then centrifuged for 5 minutes a2t 1,900 r.v.m. and

1

5

nl sliquots of the solvent mixture were trensferred
to similar clean tubes and were reextracted with 4 nl

of Q.18 HCL for 5 minutes with the shalers e suver-
natant solvent phase was removed by aspiration and
digecardea., She clear gmueous phascs contzining the
enzymatically formed metanepnrine were transferred to
clean teat tubes. The metenephrine was meesureds in an

AUTVCO-BOW AT spectrofluorometer at 335 mp alter excita-

tion st 2389 Tl Thoe overall recovery of mnetonephrine

xs €05,

5

The linearity of the fluorescent responsc wish
the emount of metanephrine iu demongtrated in fice. 7 in
hich arvitrary fluorescent unite sre plotted versus
Imowvm amounte ol metanephrine. UCL per ml of 0.1 L0l

This lincar response covere practically the ontire

reeponse range of the instrument.

Orie unit of COMY dig defined as the anount of
enzyme which predhces ov nicromole of metanephrinre in
- o " 7:‘0
20 winutes at 37,

Jornomine oxidase (MAQ) sesay in rat liver. 'he recently

devised rapid spectropnotometric method by “RISSBACHE et 2l,

(192607 was used. The nethod neasures the reate or dis-

SN o oo
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FLUORESCENCE UNITS®
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Hg METANEPHRINE, HCI PER ML

Fig.7. Fluorescence response to metanevhrine in
0,I HCl, Excitation at 285m}1,emission at 335n}1.
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vies emploved to follow the resction. The cell compart-

snent was kept ot 30° witk 2 wonter jecket of cirenlating

o

weter from a large reservolr kent at 307, A sunll mntor

[

wae used to circulate the woter, Readings of opti

L

ol

It
0

deneity were tehon every wminnte, or overy tvun minutes
more eonvenlentlv, “ith some nrootice ond o stonunteh
very good tining can be obtained, The miziars vas
obtoined by two rapid inversions of the cuvettoe.
Taring the firest two minutes after the sddition of the
enzyne the resdings are erratic hecouse of eoarse nar-
ticles settling in the cuvette, but beyond this short
tine the decereanse in onticonl density ie linear with
time for o wneriod of 2% least 10 minutes, This is
illustrated in fiqure 8. At 211 times the lincarity
of the reoction was confirmed., The decrcase in opticel
density was celeulated for o werdiod of 10 nimntes otor-
ting from the third ninute of the reaction.

Gne unit of MAC ie defined as the amount of
enzyme which caures a fall of 0.001 unit of opticnl

density per ninute at %09,

Protein determination. "he method of TOWIY et o1, (10%1)

wao enployed,

Reagents
Teprent A 200 Ve CO in Q.17 a0l
2 3
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ir.8. Rate of decrease in optizal density due to the action
at liver moncamine oxidase on kynuramine.
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Heegent T 10 Cub04.5H,0
.
Reagent C  25° potassium tartrate

iteagent U IF  phenol reagent
I'rocedure

50 ml of reagent 4, 0.5 ml of Teegent 1! and 0.5 ml of
reagent C are mixed. 5 ml of this solution is mixed
with 1.0 ml of protein solution and the mixture is
allowed to stend for 10 minutes at room temperature.
0% ml of phenol reagent in rdded oulckly and the
solution is nixed thoroughly « After 30 minmutes the
optical density is measured in a BAUSCH end LOUT Gpec-
tronie 20 spectrophotoneter. |

A standaerd curve vas prepared by the same
procedure with crystalline bovine albumin freshly

prepored.

c¥xperiments with rats. fiale SPRAGURE-DAULLY rats welghing:

170-194 pgm were divided into the following sroups:
1= Untreated control group
2= Injected once with 2ug/gm body weight
of L-thyroxine sodlum and sacrificed
24 hours later
5~ Injected twice with thyroxine with a

24 hours intervel and sacrificed 48

nours after the first injection.

emmemer et LTS



Thyroxine in i7/15 phosphate buffer wes solub-

ilized by the sddition ol r few drops of O0.18 iaGy .

Hesults., '"able 4 summarizes the results obtained Tov
the liver levels of CG7Y and (*AC in the threc sroups.

Ltatistical cnalysis (% test) of the results
concerning COVY  shows that the difforence bLetween the
untreated animals and the animels injected once with
thyroxine is not sipgnificent. However, the difference
between the untreated and the twice injected aninmals is
gignificant for P <001,

Jor A0 the differences of both treated grouns

Trom the control sroup are significent for # -<0.01.

idsecusgion. "hesc results confirm the euperinents of
various investigetors mentioned in the Introduction
regarding reduced levels of HMAGC in hyperthyroid animals.
The results similarly confirm the experiments of D'IORIC
and LsTUC (1961) qualitatively but not auentitatively.
The reduction of COMT although significent is swmell
compared with the 4% reduction reported by L'IORIC and
L uC end seews to be in bLetter sgreement with the
report of VURTHAN et &l. (1963) on & small but simi-
ficant deercsse of COMT after larpe doses of thyroxine.

Tre ogony nethod employed by DVIORIC end LIWC o well os
1 B L

. 4
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the fact thet their snimals received threec instead of
two large injections of thyrowine might be responsible
tor the ounantitative difference between their and our
experiments. As will be shown later in this work
thyroxine itself cannot b2 expected to be a good
inkibitor of COMHT in vive but its anslopues ond metabo-
lites are good inhibitors of the enzyme. Ior any sipgni-
ficant gircct inhibition of COMY in vivo, conditions
maat be ensured whereby these metabolites would scecum-
ulnte to amounts sufficient tc cause inhibition. Fur-
thermore one should be able to distingulsh between
efiects ecagused by direct inhibition and reduced protein
syutresic dn the hyrerthyroid stete. I+ follows that
in vive experiments of this kind could not he fruitful
and reaningful unless they sre preceded by experiments
in vitro with a view to explorins and asgsessing the
potentialities of the thyroxine-like type of wolecules to
ect as inhibitors of the enzyme. YThat such rotentielities
aré residing in these molecules was indicataed by the inhi-
Lltory action of LINNA. fThe remainder of this work is

mainly concerned with the gtudy of such expectations.

R Ea i bty N G
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The inhibitory effects of DINEBA on CUYYT des-
cribed in detsil in section I presented us with certein
problenms well-worth investipating. Uhould thile inhibi-
tion be demonstrated, by the use of &n appropirite enzy-
watic assay method, to be specific fox GO, then a
number of iodophenols, or halophenols in general, might
he expected to act in = similer way.

It was decided to adopt the oseoy nethod of
AXHLEACY described in the previous section, which uakes
use of adrenaline as subztrate and L-adenosyl-methioninc
(wo=fme) as the wethyl rroup donor. This method does not
depend on s prior enzymatic step since the methyl proup
depor is provided as sucn in the medium. UYnus, the use
of the crude enzyme preparation could be alandoned.
Ingtead, & particlly purificd preperation of COHT woe

veed at all times. The purification procedure was thnt

deseribed by AXRLEOH end TOHMCRICH (1958) end is describoed

velow for S50 gm of liver.

jeytial purification of CLU,.  Pour «dult mele rats were

TS

e vy o BT
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stunned with a btlow on the head, decapitated and
exsenguinated. "he livers were excised and placed in

ice-cold isotonic kCl. All operations were csrried out

at 0—30,. 50 g of liver vwas minced with scigsors and
nonogenized with 200 =1 of isotonic ¥Cl. The honmogenate
wag cenirifuged for one hour st 40,000x 2. "Yhe elear
supernatant vos tranaferred to o beoker and its pii was
adjusted (rH weter) to 5.0 with U7 ceztie acid. After
centrifugation7thc clear supernatant (51) was trensferred
to a beaker. To 175 ml of the supernsntant 01 0.8 o
ormmonium sulfote were added (C-30" ssturation) glowly
undexr constont stirring with a mopmetic stirrer in the
colé room. The mixture was allowed te stand for 15
ninutes mndmﬁhcn centrifuped. fhe clzar supernatant

(82) was trausferred end the precipitste was discarded.
L 172 ml of supcrnatent U2 21.8 gm oof ammonium snlfatc
wvere addeC as above (30-50" seturation). After 15
minutes the mixture was centrifuged and the new super-
natant was discarded. 7The precipitated protein was Aiesole
ved ir 25 il of water end the solution was Gialyzed in o
dialysie bog against running tap water in the cold room
aovernight. The protein was then lyophilized for 8-10 hours.
The preperation kept in the deep Lreezer (-200) wvas ctable
for several months. lio attempt wes made at this stage for

further purification. ¥our tc ifive-fold vurificetion we

WELE

e

o g e T




achieved by thils procedure.

Time course of the reaction. ihen activity was plotted

versus time of incubatiorn, under the conditong deceribed
in section 1I, a curve similasy to those obitaoined with the
crude prepoeretions (scetion I, {ig. 2) wns established.
by the end of 30 minutes the reection was generally

completed,

Conditione. Uinece iodinated phenols sre not very soluble

ot the vt of the reaction (7.9) they were added dissolved
in 0.1 wl of Ma0i's This addition rajsed the ph to 8.4
vithout effecting the zctivity of the enzyme. Tﬁe nli
optinum Tor GGHT is kroad,cxtending frow 7.5 to B2
according to ARMINOL and TOUCHICE (1958)., DINDA was
added dissolved in 0,1 ml of cthanol. fccordingly, O.1
ml of 0.1F He0Y or 0.1 ml of ethancl was added to the

control tubes., Two blernks were vrepared by omission of
SeAme. One blank contalned in addition the substancc
under examination. At no time were the two blanke found
to be different.

Unlenn speeificelly stuted the final concentra-
tione ir termns of molarities in the incubation mixtures

wore ng {ollows:

\ R o =
adrenaline bitsrirate Bx10 7

s B TSR
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s—-cdenosylmnethionine 1.5x%10 1

Yagnesiun chloride 1x90
=2
phosphote buffer 5310 7%
6=10 mg of enzyne, 6Ty vielght, wae geonerslly added dis-

aolved in 0.5 ml ol water, The resetion was iunitiate?
sy the eddition of the enzyne (wnlesn 1t is otherwise
stated), preincubuted atb 370 for 2 ninvtes prior to itc
odditioris

“he oetivity was expresszed in crbd trary

fMuorescence units.

Linecrity of the resction. ihe recction vae lincar with

time up to L minutes, that is, the scctivity woo propor-
tional to #ime Ffor this time interval. Yhe conditions
were as deseriboed previously in the praesence o 0ol ml
of 0410 a0l and O g ol cuzyne (fig. 9). “hle length
oi time was used ir the XKinetic experiments desglimed

to measure initicl veloelities.

Tifeet of DINBA. The iunhibitor was added in o finsl

4K. .

A4 plot similar to figure 3 was

concentration of 10
ntteined. This experirent clearly catablished that LIHEA
ig & specific inhibitor of CGNIW. Towever, the enzyne vag
only partielly purified and the prescnces of ioconhenol-

Q-nethyltranasferase could not b excluded., A setroight-

et
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ig.9. Rate of metanephrine formation by a partially pu-
iried preparation of COMI. The reaction is linear up to
minutes. '
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forward experiuwent was designed in order to establish
that the inhitbition was not due 4o competition for the
methyl group donor by the latter enzyme. 7This experiment

is described belov.

cifeet of increcsings the S-Anme copceniration cu tho

o

inhibltion by LIiilae. Vor this cxpeeinont o COUT nrepor.-

otion purificd ebout 30-fold (ef., section X) was
enployed. fhe inhibitor was added %o a finol concen-

- 4., 2. .
tration of 0% end 10 1 adrensline was wresent. JG-Anc

wos oresent at the ollowing final concentrationg:
b

-

154H9 153V, 9:109ﬁ, VN bJ ané 10 7. The incuvation
tive was 20 ninutes. Crvon figure 10 it io clear that
o 100-10ld incressc in the concentration of the nethyl
donor does not affcet the level of activity in the proe-

aenece of LIHNA, 1.0, the dinhikition is not raeversed by
creoss U~Ame. This feilure to reverse the inbiivlilon

can be considered as coneclusive evidence that the inhibi-
tion is not due to & liniting aveilsblility of the methyl
croup donor. It should also be neted that the inhivition
is present cven when 2 more hirhly purificed enzywe prepe-

rotion is enployed.

sifect of 3,%-ditodo-seliceylic ecld (DISA). Iodovhenol-

Q-nmethvltransferase hasg been revorted to methylate LINDBA
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and tetraiodotlhiyrozcetic acid (Tetrac) (T0ITA and ClUA
166%). Hoth substences are characterized by the presence
oi two iodine otouws in positions ortho to the hydroxyl

croup (sce addendum). B3 not kmowvn if o-mono-iodophenols

serve as substrates for this enzyne. DUItA, an ortho-nono-
H

.

ot

b
- .

iodophenol at a concentration ol 1077 is chovn Yo inhibit
O by 577" from the 5 uinobe level {fig. 11j. It is
very likely thet the ifodine atom at position § of the
ring is not essential for the inhibitory sction ol L1064,
Strong evidence for thie view comes {rom the inhikd tory
action of iodovanillin, o mono-loderhenrol, which wiil be

deseribed later in thds ssotione.

plveet of 3,Y-diiodo~d-hyliroxypyriding LI Y. This

, =3, . .
subztence wien prescent ot 1070 concentration vrocuces
20, inhibvition - wvhich is rather woor compared to he
cifects of the previously described inhibitoru.

nitect of Y,9-diiodo=4-hydroxyvhenylpyruvic acid {DIIPa).

In Zigure 12 the effect of DINLXA is illustrateq, vhen
present &t a Linal concentration of 163ﬁ. The wnusual foc-
ture in thisz plot is the complete titwation of the onzyue
by the end of 10 minutes of incubations The setivity of
the enzyne is seen to rencin constant throughout the

caditinneol 20 ninutes of incubation. fhe new feature
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present in the molecule is the pyruvic aecid chain.,  The

possibility thet the presence of the d~ketoacid side chain

mizht in 1teclf give rise to this type of inhibition is

elininated by the following two teste.

Lack of effect in the nresence of phenylpyruvie zcld and

p-hydroxyvhenylpyruvic acid. then these two compounds

were present at 2x163U concentraticns no eifect whatso-
ever was noted on the activity of the enezyme. This lack
of effect demonstrautes thet the progrescive irhibition
exhibited by DIHFA is the overall effect of the presence
of both the iodophenolic function snd the pyruvizc acid

cheir.

f:.m -
|

Lack of effect in the nresence of J,%=-diiodotyronine

(DIT). pdditions of BIT amcunting to 153ﬁ and 3x153ﬁ
final concentrations did not produce inhibition over the
usual incubetion time of 30 minutes. Tris absence of
inhibitory capacity on the part of MY was wmost puzzling.
It is simply reduced to the observation that substitution
of the pyruvic acid residue in the DIIFA by the clonine
residue (by an imaginary transoaninotion) resulting in

the formation of LIY renders the latter completely devold
of inhibitory properties. This could only mean elther of

4wo thinzs: (a) assuning that the alonine side chain

H
i
4
i
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does not interfere in any woy with the Tunetion of the
diiodophenolic group, it would indicale that the leatter
is not capable in itself of binding the enzyme in such

& foshion as to produce inhibition. 7“his would mean

that for inhibition two diestinet points of atiachment
must be provided on the part of the inhibitor. One would
ke the iodorhenolic iunction, the other the "sunporting®
function, such ae the carbvoxyl group in DISA and DIHTA

or the pyruvic zcid residue in DIHTA. (k) On the other
hand, one might assume that the influence of the alenine

gide chain is such as to completely ebolish the inbibi-

tory capacity, presumnably sclely torane by the iodophcnol
function. It is difficult to visualize such a'total
effect. Iwvidence that the iodophenol function cannot
support inhibitory properties by 1ltself ie presented

belowe

Lack of effect of U-iodophenol. Ortho-iodecohenol at

. =3
a Iinal concentratinn of 1.5x107% produced no inhibltion.

Ta5)

A4

e

8 experiment then provides conclusive evidence that
the lodophenol function alone cennot impart inhibitory
properties to the benzene ring., 7The possitility that

two iodine atoms rather then one in ortho position to the

nydroxyl group might be ebeolutely required in the ricence

of any other functional group in the ring, could e

L oonns o
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idenlly tested if 2,6-diiodophenol were availeble,
ilowvever, this substance was not available but the lact
that DISA with only one iodine atom in ortho position

to the hydroxyl group is an inhibitor, already indicated
that two lodine atoms are not absolutely recuired.

Further evidence for this is presented belowe

uffeet of S-iodovanilling (3-methoxy~4-hydroxy-S-iodo-

kenzaldehyde)e This comwound became available to us at

a late date and was tested with a 30-fold puritfied COY,

‘ o . =4
When it was added in a2 finsl concentration of 10 v it »ro-

duced 37 inhibition. As o natber of fact this inhibi-
tor ig inferior only to WIHNBA 28 will be shown in the
next section. Y-iodovenillin is an ortho-monoiodophonol
(see addendéum) with oo atdehyde function at pura end o
methoxy group at ortho positions relative to the hydro-
xyl group. It is equivelent with 3~iodo-4-hydroxyben~
zaldehyde since the methoxy group is inert as far as
inhibitory caepacity is concerned (cf., below). Vanillin
cen be visualized az the enzymatic end product of the
catalytic action of CONT on »rotocatechuic aldehyde.

The latter ie in fact o substrate for the enzyme s any
catechol is. It is remarkable that the introduction of

ar iodixs atom converts the product of an engymatic

reaction into an inhibitor of the enszymne.




- 103 ~

Therefore, here 1s cleor demonstration that the
monoilodophenolic function in conjunction with the "ripght”
substitvent in the ring is sufificient for the display of
innibitory propertics. “hat the methoxy groun is not
gignificant in this respect is cvidenced by the following

exporinent.

Leclk of effcet of 3,5-diiodo=d-meihoxybenzoic acid (G-

mothyl-UIiBA). Lo effeet was prcoduced by the presence

=4 P .
of 9x10 7 Q=nethyl-03HBA., This experiment supporis the

view that the methoxy groun in Y-lodovenillin ls inactive.

On the other hand, the absence of inhititory properties
in the molecule of O-methyl-DIHEA demonstrates that =
free hydroxyl ies indispensable for the wanifestation

ol such properties, even in the vresence ol twe iodine

atols,.

Lock ol effect in the presence of metas~fluorotyrosine

and_oytho-iluorophenol. Yhese two fluorophenols when

rd ..j
g - . .
present at 2.7x107¢ and 10 1 finsl concentration, respec—

tively, do not affect the activity of the enzyme.

sunmery end discussion. 1% was shown that over o wide

renge of D-Ame concentration covering the optimal con-

centration (fig. 10) the inhibition produced by DIDLA
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remgined practicolly wnchanged. ihis indicetes tnat
the dnpibiticn is not a function of S-ame concentretion
and eliminates the possibility that it could be due to

a perallel methylation of DIHDA cotalyzed by another

enzyme present ose contaminution, such ac the icdovhenol-

Oemethyltransferase.

“hether an active site for il-ime exists on
the enzywe eurfoce is unkanown (butb ef. sectlon VII).
owever, epecunlng that such a site exdsts sne that the
indbition is due to the 0L (and its snaloyues)
coipeting for and bLlocking thie site, once would expect
gone reversal ol inhibition Ly the cicese U-fmes o
such reversel was noted and one is cowpelled fto con-
clude thet the inhibitor(s) do not bind at sucn »
Lypotheticonl site.

e experinents with o-iodoaphenol, LIV and
the other oubstituted vhenols provide conclusive
evidence that the o-unonoiecdophenolic [unetion per se
canmot render the benzene ring an inhibitor oi COxy,
It appears then that the alenine side chain in LI does
not supnress any inhibitory capacity in o-iccophenol

tut, rather, is incapable ol providing @ second noint

o
=

Linding epparently recuired Lor inhibition., Thiw
is provided by the carvoxyl groups in LIHBA and DISA,

the carbonyl pgroup in %-iodovanillin and the pyruvie
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acid recidue in MNINFA., In 3,0-diiodo~4-hydroxypyridine
(P11} 1% is apparently provided by the pyridine ring
itsells 711 should e woted that IS iz the weakest

innibitor of 2ll. Zo direct convarison can be mode

&

vetweon this molzeule snd the other inhdbitors since
the pyridine ring introduces & new clenent hoere. Yhe
inhibition by S-iodovanillin shows that the presence
of one iodine sbom alone in oxitho »osliion reletive to
the hydroxyl proup ig surficient te supnort irhibition.
"hie does not elininate the posaibility that the
aresence ol two lodince atoms night result in betler
inhitition as in DINSA.

A free hydroxyl group io indispensa@le ne

the lack of effect of U-methyl-DInlA hae demonstroted.
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= inhibition constont (disscciation

o

constont of the engyme - inbibitor
complex)

ALY three countions give stroipht lines vwhen

i nlotted versus 1. The slope in presonce of
14 -

Rl

conpetivive or a nonconpetitive inhibitor dis Jlven by

aitiver

<f

-
Iy

.

the exvreosion

B .
2lope = em— o (01 L)

v : -

.

from whieh Y1 con he c:liloulnted,

conditions. Initizl velceltics ore exprossecd os orbi-
trary $osrescent units produced in the first 5 dnutes
ol incubtation during whieh the reaction ie linenr with
vine, The n for adrensline Yine Leen roported to be
cqual to 1.2x164? (AXELEOD end TONCHICK 1958) under
civllar concditions. %his ie¢ indecd the valuc found in
¢ lorge munmber of our experiments under the some
conditions.

oo

Peacurenents were laken ot nolar concentri-
il
tions for the subglrete, adrenaline, eoual to 0.5x10 +,
=4 - - .
110 77y 152106 7 and 3x10 1. This is o convenient

range Zor the fluorosctric method and covers the U=

volue for cdrenazline Tor onbimal U-fne concentration
-4

()

vhielh wes found lo be coual to 2.7x10  (ef. scetion VII),.
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The measurenents were therefore taken under conditions
for firot order kinetice (URAY and WIISY 1957). It was
shown in the previous section that varying the S-inc
concentration does not atisct the inhibition. f%he
stendard concentration (1.5x164ﬁ) for S-ine was generually
usade. Ior LIHBA the Y-Ame was precsent at 163H concentra~
tion. The points in the figures represert nmean valueg

of duplicates. ‘The duplleates were very close to each
other and freouently identicel. Gince DIHPA produces a

progressive type of irhibition no Ki ig available for i+,

DIHRDA o Tige. 1% shows that DIITA is o competitive

=5
inhibtitor of COMT. The Ki = 1.3x10 1 indicates that it
is a strong inhibitor. Its inhibitery potency 1s of the

same order of magnitude es that of pyrosallel (Ki 0.8x210"

CROUT 1961) and equal to that of 4-methyl~tropolone (ci.

section VI, BELLsAU and BURBA 1963).

H-iodovanillin. Yrom fig. 14 a Ki value of 1.6x154M is

caleulated. fThe inhititor is seen again to act in a

competitive fashion. lowever it is less potent than DINTA.

DISA, In fig. 15 the competltive type of inhibition by

J95~dilodoselicylic acid is demonstrasted. A Xi value of

i
§
:
:
H
i
i
§
|
!
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i |
ki 504x10 1t indicetes thet it is & less powerful inhibitor %
2 then S-iodovanillin, %
i ;
B %
é 3y omdiodo=d=hyvdroxypyridine (DIEF), Frese ig. 16 it i seen %
? that this Inhibitor seto in o noneompetitive feshion. & ;
é Lioof 1.1x1697 shows thisg Inhibitor to boe the poorest of %
all,.
32 Plzeussion. innivltion constents (L.1) are the dissocip- f
é{ tion constonts of the euzyme-inhibitor complex. Ths %
g; rocipfocal ol the inhibition constent is the affinity ;
é ol the enzyme for the Inhibitor. iakine use of the ¥i %
i velues one can calculote that the affinity of €O for z
DIRRA d1s twelve times as pgreat as that for S-iodovenillin. i
Zince the two inhibvitors differ in two respects, namely, E
in the nunmber of iodine atoms next to the hydroxyl groun 2
end in the additional group, it ig difficult to assisn ?
the difference in effinity exclusively to either of these é
structural differences. tHowever, o will bhe shown in a E
later section, the 3,5,3',%'-tetraiododerivatives of the |
thyroforimic, thyroacetic and thyropropionic acids have §
. (
! eitinities Z2.2-4.8 tilance as preat ae thot of the 5,3'5~ %
triiododerivetives. Uhis indicates that the prosence of
two instead of omne iodine atom next to the aydroxyl
! !
{? group makes for a bhetter inhibition. It 1s reasonable E
I 2
0 3

e
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then to assume thot the superior inhibitory propertics
T BIhpA aoc compared to these of S-iodovanillin nust o, !
pertially at least, ascribed to the presence of two iodinc

atoms ingtend of one irn pooitions ortho to the hrydronyl

.
i

£roun. I8 this verve oo and

methory sroun in iodovanillin is disreporded 16 wounld f

seem that the carboxyl group is more effective in support-

ing inhitvition than the sldehyde group.

Phe gifinity of CO for S-iodovanillin is
in Surn apsproxivately twice ous great oo that for DIUA,
"hiz would seem to indicate, siven a2lso the nosgible
inferdior role of the aldehyde groun just considerod, that
location of the susvrorting group (carvoxyl) in vnosition %
vara to the hydroxyl is o more Favorable condition lor
intidikition. f

Gy =dllodo=d~hydroxypyridine (LiHY) dicplave

30 times less affinity for COMY than UIGA does. 0

valid comperisons can be made with the other inbiititors i
beenuse ol the presence of the pyridine ring. towever, %
the indispensevle character of the hydroxyl group was %
shovm in the previous section. ilydroxypyridines do not i

3

ogsese normal phenelic properties and exiet mainly in ;
the pyridone forms. 'Thig may account for the poor

]

z

i

Lohivitory proverties of LI, “he wresence of the non- i

comipetitive component cannot be related 1o any experimental




dota obtodned in this work.

results of this section.
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DIHBA 10° M
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S
Fig. I2. Lineweaver and Burk oplot in the absence and presence

of I0™'A{ DIHBA.
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Fig.I4. Lineweaver and Burk plot in the absence and pre-

sence of 101 5-iodovanillin,
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Fig.I5. Lineweaver and Burk plot in the absence and

presence of 10~2u DISA.
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Fig.I6. Linewecaver and Burk plot in the absence

and presence of 10-3M DIHP,
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Substancees tested Pype of
Chemical nane Abbreviation inhibition i,
F540=3iilodo=4=-hydroxy— -5
Lennoic zeld DIUTA Competitive | 1.3x1¢

3y S=dilodo=t=inethony--

benzoic acid

Sy5=-diiodosalicylic
acld

Y-iodovanillin

34H=dilodo=-4-nydroxy-
phenylpyruvie acid

Phenylpyruvie aeid

w-hydroryvrhenyl
pyruvic acid

34 G=dilodotyrosire
rn=fluorotyrosine
G-ilodophenol

O=fluorophenol

¢ Hediiodo=4-hydro-
Xypyridine

Q~nethyl-
DIMBA

DIGA

DINEA

LIT

DINY

o effect

Conpetitive

Comnetitive

Propgressive

Fo effect

1]

n

Honcompeti-

tive

Telx10
-l

10110

.

-3
101}:10

-1

]

o

et

0

U
i

suwmary of the effects of

various halovhenols on CCOHY,
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S LerTIoi v

EXFREISLHTS VI 3, 5«-DII0D0=4=-{YDROXYPHENYLPYRUVIC
ACT D (ILPA)

In section III it was shown that DINIPA titratec
the enzyme quantitatively by the end of ten minutes of
incubation. Liefore proceeding to further investigation
the experiment (L£ig. 12) was repeated and confirucd.

The same type of plot as in fiy. 12 wes oblained, indic-
oting that most ol the enzyme 1iud been tlirsted hy tne
end of % mivutes ond all of it vy 10 minuvtes. ihils
would mean that preincubation of the enzyme with DIHLA
for 10 minutes in the presence of the methyl donor or
the substrate should result in complete lack of activity

after addition of the substraie or the methyl donor.

tTreincubation in the absence of adrengline, '"Mme complete

system except substrate (adrenaline) was preincubated at
570 with 16?H DIHrA Tor 10 minutes. Control tubes with-
out the inhibitor were elso included. 7The reaction was
initiated by adding the substrate. 4Yhe result ig shown

in fig. 17. %The usual progress curve was obtained in the

absence of irtiibitor hut no activity at all could be
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demoncstrated in its presencce.

Freincubation in the presence of adrenaline. The complete

system except H-Amc was preincubeted as shove with LINFA

and con%rol tubes were included, 'The reaction was
initieted by edding S-Ame. In fig. 18 it can be seen
that the enzyme had been practically auantitatively ti-
trated ns in the nrevious experiment and neglipible

cctivity was noticeakle.

uwiffect of increasing the U-ime concentration. In this

experinent the cowplete systenm excepl S-Ame was pre-
incubated in the usual manner with 153K LInrYA, foxr 10
minutes. The reaction wes initiated by the addition
of Y-Ame in smounts czlculated to bring its final con-
centrations to 1x164mg 4x164N, 7x164H and 1x153ﬁ.
Control tubes (inhibitor ebsent) were included. The
incubation vics carried out for 30 wmimutes. In fige. 19
1t can be meen that no reversal of inkhibition is
possible even &t optimal concentrations for the methyl
donor. Tt appesrs apsin that DIEPA does not compete

for the (hypotheticel) active aite for S~Ane.

pifect of increasing the substrate concentration. The

possibility of excess substrete reversing the iphibltion
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was tested in this experiment. The couplete aystem
except substrate was preincubated in the presence of
155ﬂ LINEA for 10 minutes. Control tubee (inhibitor
absent) wvere included. The reaction was initiated

by the addition of adrensline in amounts calculated

to procduce concentratlions of 5x1543 (the standard cone-
centration used in the previous experiments), 1x153H,
53153ﬂ, 7x159ﬂ and 1x152w. The incubation was continued
for another 30 minutes. (beyond concentration of 152T
gubstrate inhibition becomes noticeable)., Fig. 20
illustrates the resnlis., Yor some roason o snall

regidunl zetivity (about 6% of the control) v

ae

-~

present alter the usuzl 10 minutes inculation., As can
e seen o gradual raversal of inhibition occurs with
increasing amounts of subairate. The optlmal reversal
(649 of control activity recovered) occurs with a
7x163ﬂ concentrontion of subsctrate. rFurther increase
in subotrate concentration doee not promote vhe revere
sal of inhivition to any significant extent,

The experiment sugrests that, to a congider-
able extent, no reversitble change is suffered by the
enzyue duc to the action of the inhibvitor, since rnost

of its octivity is recovered by execaess substrate.

Plot accordine to ACKIRUAL and reIry (1949). Hegarding

ot




Wwibition the worde "reversible" and "irrceversible"
are not clearly deiined. ACEERIIAN and TOTTER (1949)
regérd an irrevereible reaction as one in which ¥Yfor
all practicald purposes the enzyme is effectively
titreted or stolchionetrically conmbined with & definite
amount of ivhibitor". They, furthor, define asg a
“Yruly drreversible rcaction® the one in wrdiceh "{he
enzyme is converted to a foxmm which cannot be converted
back into setive enzyne®. DINCH and YWBEDR (1958)
recognize these two alternsative ncanings essigned to
irreversitle inhibition. %o them, an irreversible
inhivition is characterized by e proryesczive increase
with tinme and nleso inebility to recover the éctivity
by other meanc such as dialysia., It eppesrs that DILTPA
ie an "irreversible® imhibiter in the firet sense used

hy ACKLRIAY and TCTTeR.  PINPA simply titrateo the

enzyme progressively with time, but wost oi the cetivity

(7G.:) can be recovered Ly simply adding excess substrate.

LINFA then cannot be considered on "irveveroible' inhi-
bltor in the sense defined by DIX0OY and WEBB.

Lecording to ACKERPAT and POTTRE (1949) this

tyre of inhibition cen be recognigzed from the reversible

type il the rate of the reaction is plotted versus

amount of enzyme. The nlot gives @ stralght line passing

through the origin in the absence of the inhlbitor. 4




parallel line is olitoined in the presence of the inhibitor,
which intersects the sbuecissc. Such & plot was ohtoined

. ' L P A, o nq-
in the absence snd the presence of U7 LIEDA (fire 21
The cnzyme solution conteined % sy of enzyme per O.1 ml,
Incubation & minutes. fThie "fornel®” experiment coto-

-

blisheo the type of inhibitlon.

igcvssion. The experiments just described demonstrate

b1

(o)

thet DIEPA is capa of cuantitatively titroting COHY

in tho ebsence or the presence of the subzirate or the
methyl donor, with or withcut preincubation. The inhi-
bition cen be reversed up to 70 by excess subsireie

vut not S-ime. Ohip indicates thet ihe inhititor Linde
the engzyme al tne vcetive site involved in the setivation
0 odrenacline. It ig intercsting to note that whereas
the slomine side enain in I1 does wol gupport inhititicn
{the pyruvice acid chain converts the molecule into &
titrating imbivitor. It may be signiflicent in this
recpeet the discovery that DIXIA 1Is »resent in rat thyroeid
plends (HAINY and LISUYTARY (1962) and that TIT is enoye
maticelly trorceminated by rat kidney witochondria
(GAYATO et al. 196%s). An intesrated discussion on thesc
findinge shall bLe rooerved Jor the genernl discuseion at

the end of this Theeis.




4
- Tl -

;
!

g
i
;
i

"
=
z
)
tud
O
z
L]
O
N
L
o
O
D
-
e

10-

DIHPA 10°M
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Fig.I7. Preincubation for IC minutes of COMT with DIHPA in the
absence of adrenaline. The usual progress curve is obtained
when the enzyme is preincubated in the absence of both adrena-

line and DIHPA,

it B s S R S RSN TR T T




FLUORESCENCE UNITS

o
-3
DIHPA 103 M
—O- O ?
0 10 20 30
MINUTES

Fig.I8. Preincubation of CONT for IO minutes With DIHPA in the
presence of adrenaline. The upper curve is the usual progress
curve ard was obtained after preicubation of COMT in the absen-

ce of both adrenaline and DIHPA,




FLUORESCENCE UNITS

204
<— CONTROL
104
-3
DIHPA 10~ M
o T 5 ' 10

(S-AME) x 10% M

Fig.I9. Preicubation of COMI' with IO™2M DIHPA for IO minutes.
No reversal of inhibition was obtained by increasing amounts

of S-ime. Incubation 30 minutes.
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0 5 10
(Adrenaline) x 10° M

Fir.20, Reversal of DIHPA inhibition by excess adrenaline.

Preincubation with I0~3M DINPA for IO minutes. The reaction
vas initiated by the addition of adrenaline and the incuba-
tion was continued for another 30 minutes. Upper curve, acti-
vity in the absence of DIHPA, Lower curve,activity in the

presence of DINPA.
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VIOTACL TS T VTIRG WITH ANV TINOPOLONY

While thie present investisation was being
cerried out, interest cryoec in & new clesg ol COHN

inbibitoro. PELLOAU and SATSY (1661) rarorted that
tropoloues cnd varticulerly d-netinyltropolicnc (soc
Addenfw:i) arc potent noncowpetitive intibitors of CoaW
in vitro. ‘'he letter clainm regserdin; the type ol inhi-
bithn was withdrown loter (BLILIAY and ?UREAv1963) &

-

silt of the work described

[
]
)
9

in the present section.

Proposed mcchenism of ianhibition (IILLEAU end FILTA

1 4

1252). £ nechoanien of inhibition was provosed by
dalLiAl and BUNBA wherceby tropolones arc thousnt to act
by virtue oi thelr megnesiwn cheleting propertiecs. The
assumed complex forme in such 2 way as to eliminste
ppecifically magnesium and S-Ame. The binding of tro-
rolone vwith the enzyme has no gyecific choaracter since
it presunably involves widely difierent side chains in

the tropolone molecule.




ROk iAtacaN

Y
e
0y
)

Complex I

“4he above complex it is clbvious

chielating properties of tropolones serve not

mesrmegivum

the bindinz of the ensyme bult the elimination Of L@

Uince naspesiwm is pregent in the mediun in large

evcesn it ir ovident thot the limiting factor could be

elthor the S-Ane or the engyme or both. DLLLUAL and

BUnnA (196%) found that a five-fold increasc in the

marmesiun concentration (elready in cxcesc in the mediwn)

does not roverse the inlibition camsed by 4-acthyitropo-

lore. This experiment le invoked os proof ol the

Y

existence ond operation of tho proposed complex in which,

hoviever, the active site of the enzyme 1o wasked by the
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tropolone in sn unspecified way. It appears that the
prinary function of tropolones zccording to (I) is its

1ity to hind the enzyme st its active sites - bud

[
tod
]

o
o]
1=
o]
-~
—
o]
<t

related 4o its netal-chelating sroperiics.

Ih is diificult to visualize how an excens of magacsiun
would reverse or affect in any way the inhibition pro-

duced by such a complex in whiceh, the actual process

of enzyme-binding does not involve mggnesiut. AS @

matter of faet no complexation throuvgh magnesiun Let-

ween tropolone and S-Ame necd be postulated if tropolone

ic =lso cleimed to occupy and eliminate directly the
aetive site in some other way not involving magnceiun.
If suel o complex ir its entirety were necessary for

>

innivition, lack of effect on oddition of excese
nognesiwae (which is elways prosent in relative oXCCsS )
carrot constitute the proof ol ite existence snd
operation.

The Jollowing experinments were performed with
de-mzthyltropolone ané the usual partlally puriiied

grizyne prepaoration.

Tire coursee. In fig. 22 the rate of the rcaction is

2
followed in the abegence and presence of 1074 4d-methyl-
{ropolone. The tropolone was added dissolved in 0.1 nl

oil water,

TR
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Tone of indibition end inhiibition constsnt. In fige &

it ig ghown that 4-nethyliropolone is & compeititive

.

inhibitor oi CLIiT. “he 1 igc csleulated to ve equal to

1.7216)

E-'

In fige 23b the inbivitor (7.5x10 .) VRE PYO-
incubated with the onzoyme at 3 for 10 minutes snd the
resction was initinted by cddition of the substrate.
The vepnme was sresent at T.0x10 " concentretion. it

S

is seern thet the inhibition is agein of the cowpetitive
-’
type. The ki do calewleted to be equol to 18x10 fo
The evperinents desmonasirate the counpeititive type of
4

irnnitition. “he inhibition is rnot affected cvantita-

tively or quelitetively ty preincubation.

JAleet of exeens u=hue on the dinhibition. Jije é

illustretes tiis cxperiwent. It is seen thotl the

oyptimal L-hne concentration is stout 1077, 4-nethyl-

-}
A T .

tropolone was present st 10 “.  Jome reduction in the
rate of the reaction et high concentrations may bte due
to impurities present in d-Ame. The wmein point here

is (as in the inhibitdon with DINDRA) that excees H-fne
docs not reverae thie lulilbvition. Shis does not iavor

the dwmplication bornce out by the type of conplex propo-

sed by DELLEAU and BUGEA trat elimination =0 U-Ame occure.

e e
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Fig.22. Inhibition of COMT in the presence of IO}

TROPOLONE 10~ M
4
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tropolone. Upper curve, control.
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4.5+

4.0 4 ~METHYLTROPOLONE
1x10~“M

3.54

3.59 1OMIN. PREINCUBATION

3.0- .
3 30 4-METHYLTROPOLONE
v 7.5x10°%M
254
2.5
1
20- v
20-

0.5'; CONTROL .
A
L g Y T v 4 M T 4 T
0 033 066 10 20 Ix10 © 033 o066 10

o J
20 3 x10

Fig.232.(left). Lineweaver and Burk plot in the presence and

absence of h-nethyl tropolone. No Preincubation.

i

Fig.23b (right). Lineweaver and Burk plot as in 23a but after

75

)

P

A A

Preincubation of the enzyme with tropolone for IO minutes,
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LSffect of exceso subotrote on the inhibition. Inn thia

experinent the enzyme wae preincubated with 4-nethyl-

~ =4, .
tropelone precert st 1077 noncentrotion for 10 minutes.
Increacing snounte of subetrete were added ond the incp-

betion vas continued for T minutes, The reeuld ies 11luge

e
o)

ion

,.z.
o

trated in £i70 25, 1% 1o econ thet the inhiibds
reversed from 807 to 246 In srother similer experiment
in vhiech the tropnlone wes rpot nreincubtoted with the

7

enzyme the inhivlticn wee reversed Ffrom 70070 to 27

‘-. b

15-06‘1‘9

otherwise, sinilor conditions. These exnerinents pre-

4o}
[}
i
>
ot
o}
<
e
b}
o
?

0
’3

in orreenent vith the other Finctic dote
indiecetins commetitive irhiitition, thot tropolone
competen for the rotive site with the suboirs tr g thet
the enzime=-tropclone complex can be roeversad tn its
crestest nort by ooreosg subotrato,

i

ool of eifeet of Teodle seid (C=hvirerv-2~-hydrovymethivle

.

4NMATOH o iz gutctencs roo oo sivescombered ring oanc o

structure ctrildinely encleogons to trovoloncoe.  ‘urther-

more it shorcs the metal-chelating proyertics of the

letter (DUANT and CUTTTLIVS 1954).  Tore ance

,--
‘._!
}J

it iz 2lso o narmesium chelating ceoent (OVAC cnd UOLARTC

-

040 VUMAVATT 10662), I1 tropolones fidecd set Ly virituc

-5

of their nagnceiws chelating properties kojic neid should
: jaxael

be crpeeted to act s an inhibitor of CUNYT, This vousib-

j
!
!




Intlial velocitly n relotive fluorescence of meloneihsile

L 137
c
I 10 MIN. PREINCUBATION .
i CONTROL S
| . :
5 s
: o o
3
: L ]
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2} S R .
il 2 37 4-METHYLTROPOLONE
X' 4=ME THYLTROPOLONE 10™*M E To-d 1
i e
l'i‘r./.\.\ -E‘ ' .
' = 0%
“  —————— 14 °/a |l
é" 4 Y I-.2
: 53 -3 10’ M S
1 . - 5x10
o 10-? ax10°3 7x10°2 10-°M  5-AME o 10

*x}

ig.25. Rate of metanephrine production with increasing adre-

naline concentration. In the control curve the enzyme was pre-~

. incubated for IO minutes before the addition of substrate. In

the lower curve the enzyme was preincubated for IO minutes with

the inhibitor. The final concentration of S-adenosyl. methioni-

ne was IOfBM.

vy
0

Fig.24. Rate of metanephrine production with increasing con-—
centration of S-adenosyl methionine. The concentration of a-

drenaline was 3XI0~%.
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wos fested and in Jig.e 760 it is shown thetd kojic
-0
present &% 10 .i concentration does not exert the

siiglhitest effect on the activity ol the enzyme.

e conéitvions for this experiment verce:

Adrenaline bitarbrate Sx10 70
o

magnesiwa ehiloride 131070
-2

Fhosphate wuiler 570

. -l
we=fue [P/
LILBYIe 10 mg

siscussion. 4-nethyliropolons was shown 1ln thesc expe-

rivents to be coupetitive inhibitor of CGHE. 0 cone
vincing experinental evidence has bveen nroduced to
gupport the cleim that tropolones act by virtue of
their moynesiag cheleting properties in the proposzed
conplex (i), “his claim ig invalideted by the lack of

iubivitory proseriice on the part of kojie acide. It

apusears that the tropolone inhdbiition is due to suvtler

aing ag yel uwarccognized features in bbth the molecule
o+ tropolones end in the enzyme. Our kinetic daita
indicate that 4-methyltropolonc and adrepeline compele
for the saume active site on the enmyme.

ihe propoucd mechuonisw of inhibition (HRLLBAU
ang BUMTA 106%) is Lesed on the hypothetical conplex

provosed by SELOH et al. (1959), in which the place of

H
i
¢
H
i
i

SO



| I
| = @ 2
i s8]
m &,
: <
B
O o
- O. o
0O < B
@ e Lt
m O N
= » 3
5
XO O o -Q 2 °
Q < ® o8
tn
. g 3
‘ W) e m
s [} De ]
5 ¢ X = 5,
D g 2
H o
Aw X W £ 1]
M (] (5]
< Qo
o
)24 L O > o
&
AR 5 9
o +2
a &
w P
e 3
jotad <
X o 3
h.“ [&]
/IO. .’w‘l
. (oY (o]
L =
; &3
M el R - e Q nM .m

m O
SLINN JDNIDSEId0oNT4




Oy AT T

- 137 =

tropolone ia occupicd by the cotechel in (I). Zoth
srouns of investipators refer to the sane informetion
soufce (BAITAR 199%6) to suppert the view thot sueh o
mognegiwn involving complex is vogsible. 4 closer
exardination of the relevant chapter in the aforementioned
reference reveals thet the metal chelating propertics of
catechol are mentioned with respect to copwner only.

Chelotes with Fe+++

are also mentioned (n.2%1). irurther-
more in p. 25 of the same referconce the specific state-
uent ig wmade that catechol forms stable complexes with
heavy nmetals. Chviously, magnceiwn 1s not a heavy metal.
It becomes evident from the shove that slnce m&nneaium
chelates of cotechols are not established, the mopnesiun
complex proposed by LG ot 0l. (vwho ecarcefully state
thet it is hypothetical) cznnot serve as a2 sound base

to construct o reaction mechanism or a mechuonisn of

inhibvition.

SN
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In the exveriments described in the preceding
sections it wes noted that the Mn values for cdrenaline
varied with the amount of S-Ame present in the mixture.

In the iichaelis theory of enzyme action it

-y

is sssunmced thot the equilibrium betweem enzyme I and
substrate 5 is etteined so repidly thatthe enzyme-
subgtrate complex LU remains in eouilibrium with I and

3 while the complex breaks dowm to preducts i end enzyuo:

Do 8 gy (1)

1S (+any second reactant=>PH1 (2)
The dissociation constent s of 20 into ¢ &ndg U ig equel
to the substrate concentration (3) ot half mexirmun velo-
city V/2 where V = noximum velocity. The experinentally
found volue of (i) whieh gives the hali maximun velocity
1z celled the fldchaeclic constant Km. & equals Ks 1@ the
cosumphtion that equilibriue existe between 10 and b + i,
obtains during: the reaction. Irecuuently thils assunption
ig not satisfied., In sueh casecs the TRIGCGE <HALDAYG

theory postulates that the rate of formatlon znd the

s pam TR




rote of breakdown of o sre egcentizlly equal so that
the concentration: of 5 cin be considercd constent over
o short period of time:

IR SN —-—1-;].) % ]:5 PN + iy (5)

vhere k1, k2 and kB are velocity congtants,
In such cases the experimentally determined X
ie not an equilibrium constant but it includes 2 kinctie

elenent and is shown that (DINOY and UERD 1658):

. otk k.

mom E ) = Ko (4)
1s 1:
rf.] <9

From the above relation it is concluded that Ln=is when
Ty is very anaell compared to k1 and the DRIGOS-HALDANE
treatment is reduced to the UICHARLIS trcatuciit. Othere
wige In is greater then Ko

In reoactions which involve two substratec A
and T, where there is the possibility of varying k3 Ty
voarying the second substrate B, this affords a method
for determining the ¥s for substrate A. SLAVLER and
FOHEER (1952) suggested thet if im is plotied aygainst V
g straight line is obtained which intersccts the lm axis
at 2 point reprcsenting the Ksa. The equation la the

following (DIXON and WERE 1953, p. 104):

where e = cugyme concentration.

4
i
H
i
t
'
i
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The vaeriations of {wm for adrenaline mentioncad
in the beginnin; ave in egreement with the theory as
ontliﬁed above, the two reactunts beins here adrenaline
and SeAne, Tt was declded to attempt the doteraination

v v

of rs for adrenclinc. A set of T values and the corrco-
pondins, nazivun velocitics wers first reounired and to
this ond the experinent illustroted in fig. 27 vas
performed. The conceatration of S-fme ransod frorn 10 U1
to 169ﬂ and ag is seen iwn the Tipgure @ set ol Iour
nearly psrellel linea wes obteained. The Km valucs ranged
from 1.25x164n to 2.7Ox164H (see detailed legend in fig.
27). This corresponds to eligshtly more than a two-fold
increase in in for a 10-fold increase in the i-~ine. Th
subatrate (adrenaline) concentration wos tept ot 5“104
When these 'n values were plotied sgoinst maximunm
valeocitics (caleuleted frou fig,. 27) the olot illustroeted
in fig. 28 was obiained. :xtrapolation to zero maxinun
veloclty gives s = O.5x164ﬁ.
-5

Cnou? (1961) has reported a i velue ol 4x1OJY
for S—-Ame, Treliminary experiments estoblished thot truc
initial velocitiee for low Z—Ame concentrations could be
obtained 1f the rcaction was cerried out for only onc

minud SCy wvhen adrenaline was present at concentrations of

-
‘-) -

1210 4 and )v10 e ig. 28 gshows two double reciprocal

:
;
!
¥
;
|
i




<)
' o
D
3_
Km X 10-4
0.2 2
2

- 4 -

1
A( 10%m

(@]

b asiliag ]

L]
056 10 0 2 a & 8 10
1.10% Vmax

(S)

Fig.Z?(left). Linewsaver and Burk plots for adrenaline et four
S-fme concgtrations,namely,lxl"AK, BXIO_AH, 6XIO'4H,and IO~
for lines 4,B,C and D respectively. The respective Km values
calculated from above plot are: I.ZBXIO"AM, 2.IOXIO“AH, 247X

1071 and 2.70X10%4,

Fig.28(right). Km values from fig. 27,plotted versus masxcimum
velocity. The intersect at the vertical axis gives the substra-

te constant for adrenzline: Ks=0.5XIO"AM.



0.3+
-3
(s)=1 x10_M o
L o2 Km=41x10° M4

: =3
/o = (S)=5x10° M

0.1’/ Kms= 8.1 X1O-SM

0 i 2 3 4

LB
(o, 28
~J-

a 4
(s-Amg) X 10

Fig.29. Lineweaver and Burk plots for S—adenosyl methionine
at two adrenaline(S) concentrations,IXIO-BH and 5:I073M. The
respective Km values are found to be 4.IXIO™2M and &.IXIO~i.

Velocity is expressed in fluorescence units produced in the

first minute of incubation.
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plots for S~aAme at the adrenaline concentrations just
.
. \ . =D . .
mertioned, She value ww o= 4,1x1070 ig practleally

identical with that renorted Ly CROUYT (above).

Ligeussion. fThese experiments demongtrete that the buw
values for adrenaline obtained under the usual exper—
inental conditions are fairly revpresentative of the
eneyme-adrenaline afTinity since their diffecrences fron
the s are not very great.

It was ghowm in preceding sections that the
inhibition caused hy the tue classes ol true COLT
inhibltors iodovhenols and tropolones 1s coupetitive
with respect %o adrenaline exnd could be roversed by the
latter. fThis indicotes that zn enzyne-cdarensline
couplex doeg formr. The inhibition could not ke reversed

i

xxeess U-Anics  This negotive finding does not necesso~

s}

by
rily exclude the possibility of an enzyme-(S-Ame) conploX.
he hypothetical complex proposed by SINOT et al., (1959)
favors the notion that no speclific site on the enzyme is
occupied by Z-Ame., This complex is thought to form
throurh chelation of magnesium resulting in a catechol-"g-
(5~Anme), complex, The complex ie favored by some work on
the metnl lon requirements of C, However, it should be
remenbered that Se-Ame serves oe the methyl grour donoxr in

a great number of biological transpethylation reections

P 4
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begides the O-methylation of catechols. UThese include
the methylation oi nicotinamide (CANTOLI 19512), the
nethylation of guani cetate to creatine (CANTONI and

-

VICHOS 1954, 1955), the methylation of purines (RUHY and

SUIT 1999) and pyrimidines (R:VY
I

1962), the formation oi
adrenaline from noradrenaline (VIRSHISH and GOCLALL 1957),
the formation of melatonin from acetylserotonin (LR

2t ale 10603 AXLLEQOD and WeliUBACKH 1660) and the formation
of phasphatidyl cholinc (BRiplH and GREENDSRE 1961a).

The methylation of 2,3-dimercaptoethancl (LAL) by G-ime
Liag plso been Gemonstrated (BRIVER and GRELNBLRC 19061b).
o thesc the metbylation of iodophenols should be adde
(woHTRA 1969- TONTYAmad CHA 1963). Some of these (such
so the lzst one) do not even recauire magnesiwie This
faet nakes the hypothetiezl complex of DiGI0H et al.

(1659 somavhiat questionable. On the other hend
if a spceific site for S-Ame is a prerequisite Lox
methylation one wonders if such an identical site is
present in sll wethylating cnzymes. In - conclusion,
however, our data and the date of others are not suifi-
cient to postulete mechsniemsof setion for CONY, I"uch
higher purification and more detailed kinetic exnperinents

are reguired.
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Jethods. The partislly purified preparation of CONT
descrited in section ITI wae uscd in thesc cuperimentoe
2lco, and the conditions were kept the same., Uhe
compounds were added in the usual Fasghion dissolved

in 0.1 ol of Q.15 7all and the sctivity wes followed
with time up to 30 winutes. Colubilitly provlens were
encourctered with tetreiodothyronropionic zeic and tri-

ioduthyroninc. Vhen these derivetives woere sioed in

.o
P

g iinel corncentrotion of 16)&,they were only partially
dissolved, sufficiently bowever to produce inhibition.
LHddition of thyroxine had no ecifect. It wvas
found that in ordéer to get thyroxine in solution ot
3x154% concentration the pli oi the mixture had to be

raised te 10.4. At thig pil the ensyme is inactivated.

Hesults. The percentage lnhibition at the specified
molar concentratione of the inhibitors is shown in
table G. The inhitition is that produced after 5

ninutes of incubstion. As is seen, thyroxine itself

SN st ssinpiiaie )



L MR N B

- 1445 -

does not act as inhitviter of COUF,

not desipned to evaluate the relative inhibitory

oi the compounds but merely to test whether they

act ag inhibitors or not. Ilowever,

aven at this

exvloratory stage it ig cleer that the degrec of

bition ig

otomne present in the molecule, starting

derivatives,

ore the experiments described in the next

from the diiodo-

The exnerimente wvere

povers
could
early

inhie

aupmented with increasing nwunber of iodine

section.

fore informative in this respeet snd others

Concentration

Percent

Tododerivatives Molar Irhitition
hyronine 15)3 nil
3,5=bilodothyronine 2.9x1077 By
HyH-iiiodothyroformic acid 10—% 36
3y 9=liiodothyroacetic neid 1072 21
34 5=iiliodothyropropionic acid 10 - 3¢
Fs 3" yH=Trilodothyronine Unknowmn 39
g,j‘ S-Triiodothyroformic acid 1077 51
Be5t ,)~4r31060uhvroanetic aoid 1.121072 B4
345 O=Triiodothyropropionic acid it 45
Thyroxine Unknovm nil

‘2
345,515 =Tetraiodothyroformic acid 1077 1
BeDs35", 5' Tetralodothyroacetic acid 1077 70
553,55 =-Tatraiodothyropropionic
acid Unlmown 33

Table 6 -

Innibition produced by thyroxine

anzlogues on COUT after H minutes

of incubation.
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“he double reeiprocal plot wos areiv uscd ss in

cection LV, “he noints are the rmesn values of duplic-
ates, AL least two and an nany oo five sceoparele ploto
wvere conetructed for cuch subetence.  Yhe coreencnt

ves aluays very sood.  dor instoveo, for G,h-ciiodo-

thyronine five plots vere counstructed over & noriod

oi several mnonthe and the 1 velues caleoulsted from

these plots weres 2.3x107 1, 2.0x107, 2.1x10 -,

L ]
73 -
z 5

]

2.0115:3 and 2.1:10 7. Averspe Ri=2.1¥10 . the i
values reported ere sre those cehleulzted from nlote
wvhich werce oltained under optisal b-ime concentrniion
(16)7). vowever, {or somc of them, suceh g for dJdiiddo-
thyrolormic acic, triiodothyroformic acid mnd tetraiodo-
thyrofornic acid, plots were constructes frowm oxperimentoe
in which =ine wan pregent in suboptimal concentration
(15A:). The Fi ovaelwues ealeulsted frewm these plots

vere found Lo be practically identicel with those found

under optlmal J=ine conditions, Thig 1o in agieencut
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vith the previoucly revorted findin. that the inhibition

ia independent of the b-ime concentration. Two types

5 A

¢

o

nhibition were cncounteredé in these experimentes
the strictly nencompetitive type end the mixed type

(LIvor and Wit 19507, She results ore nresented in
detail helove.

e

5, B=diiodothyronine., In i, 30 the double reciprocal

nlot 1o ~dven in the absence and presence of Byh-0iiode-
thyronine. The Ui cezleulnted Irow this noriticulsar plot
1o ecueld to 2.0x1077.  The inhibition iz of the mixed
type.

4

%, 9=Gilodothyroformic gcid. i 31 showe a donble

recivroesl wlot in the sbsence and prescnce of this
substance at 1.5x10 0 concentration. Yhe iunhibition
ic of the strictly noncompetitive type. i = 1.%x10 .

5, H=dilodothvroscetic acids A plot sinilar tc the one

reforred to above wos okbtazined in the prosencoe of this
acetic ncild derivetive ot 3:10 7 concentravlion, indic-

v

ating & strietly noncompetitive type of inhibition.

7, h=-diiloGathvropropionic acid. “his coupound fnve
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v

initially o plol showins the nrecence of & competitive
coaponent to o emall cextent - i.e., an 10 the inhdbition
wag of the mixed tyne,  hie wes congidered fto be n
rathier susocet result since the two analogoun commountd
just deseribed j;ave o nonconpetitive type of inhdbition.
Gonteminotion wisht be responcible Lor the eficet. 100n:s
of the compound were dissolved with heating in 7hwl of

30 othanol.. "he warn solution was filtered throush @

A
.

hord filter ond allowed to cool ol roon ftenperature onc

b ’

further overniyht in e cold yoov, The crystellino

-,

rrecipitate was filtered end weshed with veter ond then

dried over calciun chloride in o vocuun dessicotor.

Jhen 'this »urificd meterial wos tested nt 2x10 7 coneern
tration,s perfect douwdble raeciprocal wlot typicul of nowe

conpetitive inkhdbition, wes obteined (i = TeBx10 )

S. 2t h=triindothyroforic eeid. A double reciprocal

plot similar Lo that of figes. 70 and 32 vas obtlainsd
with thio derivative present at 10 7 concentration.

—d
(i = T.5x10 ).

Sy 3y h=trilodothvroacetic acic, “he sane ac above tyne

Y

of inhilbltion wae oltal.ed in the ﬁrof,ace of T.1x 10"

Y

trifodothyroncetic ocid., (1i = 11x10




5,51, G=tritodothyrovropionic ceid. Uhe action of tuis

i
- o
acid at 107 concentration gives 2 plot illustrated in

-l

*

5,59, Be-triiodothyronine, A uixcd type of inhllition was

obtained with this compound too, when present at

\S2 |

o

0.75x153ﬁ concentration (ki = 2.6%10 )

¥ 315,55 L etraiodo~thyrofornic, thyroscetic ond thvro-

vropionie ccido. Doth thyroformic and thyroacctic deri-

; . =3 .
vatives '+ . wresent at a concentration of 107 while
the concentrition of the thyropropionic ncid was
5x154$. 411 tbree substancces produced vlotes tyvicel of
¢ mixed type inhibition as in {igs, 30and 2. Yhelr )

",
values in the sbove-mentioncd order ares 10310,
-4 —d
Z2e¢0x10 7 and H.8x10 .

"he results are cumnarized in Table T.

viscueeion. A definite and instructive pattern evergces
from the experimental deta juat pre&eﬁted. Thyronine
does not nct on COME, lowever, %,5%-diiodothyronine as
well as the 3,%-diiododerivotives Learing the formic,
acetic and propionic acid residues inbibit the enzyme.
Thic ceon only nean thot tho‘jntrodnctimn ol the two

1odinte atoms ot poaitione 3 end % inwert to the molecule



inhibitory properties. The presence of the ether bridge
oxygen in ortho pocsition isg most probably of siymifican-
ce hére. Ffurthermore thies asrransement produces a non-
conpetitive inhivition, with one exception: 3,5-dilodo-
thyronine cxeris o nixed tyre of inhibition. Jith the
dote at nand this discrepancy cennot be rotioneslized.

In section III it was concluded that the aolenine side

8]

chain in 3,9%-diiodotyrosine could not scrve
ing function for the display of irnnidvitory nromerties.
In the case of 3,%-dilodothyronine the clanine side
chein seems to e able to modifly the type of inhivition.
arthernore, it suppresses the inhibvitlng capacity of
the molecule as is evidenced by its higher inbibition
constant as comvared to the inhibition constents oi the
other threc diiododerivatives., This some effect ds
witnessed in the higher i value for triiodothyronine

ag compared to thome of the other three triiododerivs-
tives. It sppears then, thnt vhereas in the one-rings
system (iodophenole)the slanine side chain does not
function as fer ss inhibition is concerned, its presence
in the thyronine molecule antagonizes the inbkibitory
propertics established by the presence of the iodinc
atows a2t positions 3 and 5. Ilowever, this is merely
recopnizing 1ts effect and no cxplonation can be offered.

Adadition of a third iodine etom ot nosition

G Lo oupport-
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Compounds Tested

Tyve of
Inhivdtion

3,5~diiodothyronine

%,5=diiodothyroformic acid

N

%yD=diiodothyroancetic acid
3,9=diiodothyroproplonic acid
7,3, B=trijodothyronine

3,3, 5=trilodothyroformic veid
3,3, O=triiodothyroacetic =ncid
3,3 O=triiodothyrorrorionic acid
Yhyroxine

5545 5 '-tetralodothyroforiaic

~ R
801G

5,5,31, 5 ~tetraiodothyroacetic
zeid

Be0,3', 5 =tetreiodothyroprovionic
ceid

wixed tyne

noncomnatitive

"

mixed tyne

3] #
" 4
it 1

no efiecet

mixed type

3

1o%m107

2.65%107
~di

R ALY

3% 10

-t
- i
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effects of theo
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in vitro

thyroxinc
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% presults in lower ki values indiceting hicher affini-
ties for the ensymec sites. A competitive component is
now pfosent as is seen in the double reciprocal plots
given by 2ll triicdoderivatives. JBoth hirher affinity
and comvetitive component are introdueced by tha iodo-
plienol function st positions 3' and 4 of thce umolceeule,
"Mis is in sgreepent with the inhibition extiibited by
the iodophenols. As supporting groups here scem to
perve the foraic, acetic and nropionie ocild sidz chuino.
Yrom their Li veluee it ie clesar that diilodethyronine
andG triilodothyrorine nre inhibitlocs ol caual usirerngih.
This 3imply zeans thatl the nlanine side chein does nov
support the %9',4'-iodophenol funclion in producing,
inhibition as the formic, acetic and »ronpiomic aecid
chaine do in the correcuponding triiododerivetives.
This 1o in agreaoment with the leck of supwprt nnted
previously in the molecule of 3,%-dilvGotyrosine,.
Tutroduciion of & fourth: iodine ctom ot
vogition ' resulbs in even Llower 1 values, il.e., even
nigner affinitics and the irhibition is of the ulwed
type as in the triilcdoderivetives. Phis ocugneatetion
of inbihitory yropertics le in agrocmen® with the
superior inhibitory capacity of DIHLA witi. two iodine
atons in ortho positions to the hydroxyl, as comnored

to that of D-indovanillin with one only iodine atom,
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A narginel differcnce exists in the inhibition
constants of tetraiodothyrofornic acid and tetraiodothyro-
acetib acid, However, the i value for tetraiodothyro-
propionic acidé indicectes e lowver afifinity of the enwyne
for the derivative then for the other two, nu & result
of the length of the side chain.

A comparison of ¥i wvalues reveals thet the
atffinity for the tetraicdoderivetives ia much lowver
then that for DINBA (it ie about couel to that for -
iodovanillin end diiodosalicylic acid). This night mean
thet, besides unknowr effects coused by the presence of
the iodines ot positions % end %, the eize of the mole-
cule aond the remoteness of the carborylie functions in
the thyronine derivatives result in 2 less efficient
"fit" on the enzyme active sites. "Me seme Za true for
the triiododerivatives ae conmpared to S-~iodeoveniliiin.

It was shown that the inhibition of TIhDA
conriot be reversed by ereess J-fnte and this was clalned
to bhe conclueive evidence thot the inhibition is wnt due
to o complex between iodovmhenol wethyltrensleraset and

Sefries  Cbviously this is sufiicient arjuvent epeniting

et such an ensyne exists as become Xnewn frowm two
obhstrocts (1014 1062 ang “00I%, end Chis 19033, Ho

getailed publication has onpcarad.
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against such o posgibility. iowever, more evidence is
provided by the data with the thyroxine analoguec.
should the dnhibition be nacrited te such a compley one
would expeet competitive inhibition ox o unioue tyne of
inhibition. In feet, competitive, noncomunetitive, cnd
nixed tyne ol inhivition wvere ectablished. hic cnm
oaly wmean that the underlying nmechonio:n is as variable
28 the types of irhibition. I1 ghowld be ennhasized at
thic point, thot nasneesivws, wiich in ony case is nrecentd

in lorge excess, connot Lacome 1w, factor sires

1 limdtd

-
tord

it is not n recuirement oi iodophenol sethylirenslicroae,

4

4 comparisor ox the inkibition corngtroits for
the tetraiododerivetives (esneeially of those oy totrr-

iocdothyrofor.iic and tetraiodotuyroscetic aecilds) with tho

bt

e ror edrencline reveals thot eventhourh the alfinity

O

the enzyae is hisuer for adrensline, 1t is nowevel
¢ the seme order of wmarmituge os thoge For the irhi-

titors.
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(1line A) and
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. Lineweaver and Burk plot in the
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1.0

3,3,15"TR1lODOTHYROPROPlONIC ACID
0.8+ 1X10° M

A
vV 0.6-
[+
0.4+
0.1
o 033 066 10 20
L x10 +

©

Fig.32. Lineweaver and 3Burk plot in the absence and pre-
sence of 3,3}5-triiodothyroprovionic acid. Inhibition is

of the mixed type.
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AT PURINICARION O CO™P. - HILICICATION i

é SITE CALOTU DHODTHATS GNL ;
ANI0D and BONCHICHK (1958) have achicved a %
30=-f0ld purdfication of CO0T by ameonium sullate irec-

i tionotion and esleiws nhosphate pel adasoption and %
sclective olution. Uo further altenvts were wmude Lo g
obtain higher purificetion (ARHLIOD 1962).  owsvar, %
only e highly puriiied enzyme would persit o deeper %
insirht on sneciticity end reaction meechaniswn. The i

{

vork described in the preceding sections led us to i

believe trot such a nuritied enzyne wos decirable and

worthy of the time ané olfort usually invested in this ;
|
ty»e ol work, ?
Althoust considerable time was devoted to this ;
attenpt, it is not considered that it hos Leen exhaus- |
tive by eny mecans. Since the atienpt failed in ive
mein objeetive only & sketehy account ol it iz piven |
belov. The purifiecaztion by wezns ol calcium plosphiate
zel ie given in some detail since it deviates fron the
1
original rethod mentioned akbove. ;
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Prelinminary experimenis consisted of the detailed

study of smmonium sulfate fractionation. his confirzed
that the bulk of enzyanatic activity wes collected in the
protein froction which precipitates on saturation oi inbe
supernstant fraction from 3C to 50 with aanoniun sulictc.
Gel Filtration of thie fraction with Sephadex H-25 did
not result in protein resolution but it proved to Le fost
ond effeetive in removing the armmoniws sulfate fron the
protein component.

Sephadex 0-50 was next used, of a particle
gize 10C0-200 megh. The "{ines", were removed with

repeated washing with vater. Congiderable difficultics

A

o

were encounierec with this type of

Sepnadex. Uhe rate

of flow waos low and colwans hisner than 30 cm were not
practical. Application of wressure resulted in consi-
derable contraction ofi the enlunmn and, conscauentiy,
thie means of epceding ue the rate of {low waz nbandoned,
At any rate, the protein mixturc of the 50-5Q anturation
fraction everped from the colume gs a cingle npcak on
elution with water.

The rate of flow with columns nade ol Jeph
G- 75 was oven slower. io resolution was obtadned with
thic type of gel elthur.

Cnleiwn phosphate ol ves ueed noit for Marther

purification mnd thils prepcration was vegacd trrough
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DAL - cellulose colunins. 4he results were ot promising

and the affort was I{inally abandoned.

"he not roeeult of theee experiments was the
further vurificotion of COUT with csleiun phosphnbe pel
according to the method of ANKLNOD und rococaIon (19537,
2ince some nodilfications were introduced the mwethod is

desevibed Lelow irn somc detail.
Jethods

setivstion of aswmoniun sulfate,  Ammoniun sullote was

catinated colorinetricslly by the vhenol-hypochlerite
methoé ws deseribed by WUNEIL (1944). In glitaline

gsolution, wmmmonis, phenol and ypoehlorite produce an
intense blue coloy which is believed to ne indoprencl

or o related sutstance.
Rengoents

Alkaline phenol rgagent. 25¢ phenos in 2.7 a0 .

siveochlorite selution. Ynie io prepared from ecaleium
2L N

i

hypochlorite (bleaching powder) and sodiua corbonate.
The latter is ndded in excess so thet the asgluvtion alter
rernoval of the calcium carbonate does rot contain calcium

lons.
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Pangenous chiloride 00,0077, Jor meximum color develomuent).

Trocedure

1.5ml of ithe sewnle was vleced in o test tube and onw
drow of manpenous chloride was added followed by one
ml of cold phenol reagent and 0.5l of hyvocehlorite
solution. %he mixture wos wlseed for % nminutss in o
boiling woter bath, After coolins the volume var mede
un to 6 ml with water snd the color was ront at 2%

in o DAUSCH =nd 100D Spectroniec 20 spectrophotomcter.

(¥

stencard carve, 4 straight line wae obteined on nlot-

ting oplical deneity versus nicrograns ol ammonls nitiro-~
cen (from o stenderd solution ol ammonium pulfate). ihe
nlot covered a ronge up to 6 nilerogrmms and the oplical

density to 0.410,

tprotein estimetion. The TOLTI 1O was shendoned

as time concuming. Tloreover, pho;uhate buffer elunies
from Uuodl = cellulese colurws jgave o positive renction
even in the absence of protein. 9hs UV cbsorpticn methol
o1 GARLUNG and SHRIUVTIAY {1941) wes eaployed as aodiried
by LAYHS (1997). The optical density of the prateio
mizture wasg neasured =t Eﬂomg und 280 L in o VVORD AL N

gpectrophotometer in seuarce cuveties of one cu Light path
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The amount of protein in ng per ml was calculated vy the %
following formula:s §
rrotein concentration (mg/ml) = 1.550 ~0.T63, %
vreparation of »hocphate gel. Phe gel was prepered uE é
deseribed by LoTLIH and HARTREN (19%8a) and aquoted by §
COLOVICY (1955). 150 ml of o caleium chloride soluticn %
(G7.8 & of anhydrous calcium chloride ner liter) was i
diluted to abvout 1600 ml with water. 150 wl of & scciwm é
triphosphete solution (152 am of ﬁaqkﬁ{. 121q0 neT %
e i ;

titer) was then added with stizrrins. The ceid wos browsht f
t0 1 Ted witl 1+ acetic acid and the precipilate wes é
, A i

divided into two equel parto. sach part wes washad Foul §
tines with 10 liters of weter eacn bime, Tern wobcr is %

vested in the method. Liowever, usc ol tap veter

S

resulied in o brova-cnlored gel due to impuritics contaiucd
ir the woeser. Use of distilled wster dhroughout the pyo-
codure correceted tuis senomuly. ‘The precipitate vns cer-
trifueed gnd resuspended in weter. oGnlide vere deterninced
by hezting o suall volume of the el euspension in a waten-
clase et 100° overnisht. The sel used in the folliowlrg

erperimente contained 2% mg of sollds per nl,

TJurification procedure

Proliminary experimentes, Ae wos wmentioned nryevioasly




Sy
i

o
LT,

g

-~ 164 -

the protein frasction precipitating on 30-50," saturation
vith ammoniwa sulfate was found to give the hishest
specific activity. irior to mmmonium sulfate fractiona-
tion adjustment of the supernatent o pli 5.0 did not
incerease eignificortly the specific activity in terss

of protein, lowever it removed o great dezl oi insolublce
nateriel.

"he use of the conventionsl dialysic technicuc
was reolaced by the use of the pgel filtration technivue,
Sophadex =25 was found very sntisfactory in thias respect.
A particle size of 100-200 mesh wag enploy2d. fThe gel
was suspended in top water in a velwmetric cylinder and
the “fines” were removed by rereated decantation and
resuspension. 7The colunmn was prepared zecordln to the
method of YLOTIN (1961). fhe el suspension in a 2 liter
gseparatory funnel end under consiont egitation with the
aid of & glass-rod agitator driven wy a snell nmotor, was

allowed to ernter drovnwise into & column 1.9 cmt in dio-

meter. She ton of the coluwn end the tip of the separxratory

funnel vere connected with the aid of a veriorated rubber
gtopper. A column 40 om high vas prepsred in D> hours.
A cirecular filtcr panper was placed on top of the column
which was further allowed to scitle under overnipht
percolation with distilled water. A11 operations were

carried out in the cold room. “he coluwnin could be usad

L
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for & large runmber of times over & woriod of several weeins
if care were talen to avoid its drying ubp.

| Yhen the vrotein-cmmonium sulfate nmixture wee
placed on cuch = column and clution with dietilled wotoer
followed, two fisbtinct symmetricel nealis were obltnoinad,
The fastest wovine peak was the protein. It wes reiher
closely followed by the ammoniunm sulfate oecak. ith the
aid of an antomatic fraction coliecetor the protein ves
collceted comrletely free of the gsalt. “he entire procoe-
dure could be accomplished in 1:- hour, The use ol hLephi-
dex wse o departure from the method of AYUINLD and
PCUCHICE .

fhe protein fraction frecd of ammoniﬁm sulfate

wae then sbzorbed on celeiunm phosphete mel at nh el
T4 wes established thet 45-03 " of the protein was agearnad
with o #el: vnrotein ratio of 231, Tt won furtver ecota-
blished thet noximum specific activity was obtoined Wy
gelectively eluting with sodium phosphiete buffer 0.027,
o 6.4, fThis ie also & denarture from the iethod or
AXSDROD and TOVCHICK in which pH 6.9 was employed. The
discrepancy may te due to the fact thet dictilled water
wae used for the preparation of onr calciwa phosphate
rel. It ig here confirued that ensyne purification

methods cennot be followed blindly.

i
y
{
{
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Troccdure for engviie purification. 63 ¢ oof ret liver

was homogenised with 4 volumes of isotonic FCl. 7The
homogénate was centrifuped at 40,000 xg for one hours

e eloar supernatent was adjusted to i 5.0 with 1
ceoetic neid. The nrecipitate wos removed hy censriite
ration and to 200 nl of the supernatont 5. 2 g ool solld
cmmopium sulfate vwes added slowly under constont stirring
with e magnetic stirrer (0-30 saturation). Uhe preci-
sitote obtained alter contrifupotion wan disecerded and to

2 ml of the supernctent 26.4 gm ol ameoniuvi sulfote was

adéaed as sbove (30-50" saturation). fhe new supernatant
sbtained after centrifugstion was discarded ond the rre-
cipitated protein wac dissolved in 10 ml of dietvilled
water and pluced on & Sephadex ¢-25 column. The colunin

vios cluted with distilled water snd the protein fractions

wvere collected in an automatic Ifroction collector free of

smmonium culfate. "The fractions were pooled. To 17.% wl of

the pool (4%.7% wg protein new ml) 20 nl of weter andé 37 ml
of 0.02¢ pcetate buffer pi 5.0 were added. 7To this 2 wml
of caleiuwm phosphate el (eolids 2% my per ml) was added
and mixed thoroughly fhe mixture wag allowed to stand

for 1% minutes with oceasionel stirring fad then centri-
fuped. ‘he supernatant was discarded and the gel ware
eluted twice with 10 ml portione of 0.027 phosrhate tuifer

P Hede The experiment ig summarizod in sebhle 8. A
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34-70)d vurification was obtained. The yield was poor
ss indicaoted in the table but it wag later found thiat

instend of two oven twelve clutions frow the hossthate

L]

gel could be wperiorned. £11 these eiutione were o
comparztle yizld and specifie activity. 4hie zowbined
eluntes would raisce the yield by & fector ol 5 1o G

4 difference to be mentloned is thot AV LECGL and

PORCHICE achieved sn almost 7-{old puriilecation up o

the ammoniws sulfate stoge and an adaitional H-fold
purification with the caleinn rhosphate ;el, whereas

we have not been sble to achicve even o five-fold
purificetion with amoniun sulrate. Uowever, the diller—
ence is coupenssted Ly a superior (6=fold) purification

with enlecium phosvhinte gel olonec.
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GIFERAL  SUMMARY A0 DISCUSHION

Ortho—iodophenol does not inhilkit COWT in
vitro. The prescnce of a corboxyl crovy in position
pore (oo in DIHRA) or ortho (2o in DIBA) to the hydroxnyl
eroup converts iodophenols into inhibitors of COVL, The
nresence of an gldelhyde group (no in Seiodovenillin) or

of the pyruvic acid residuc (as in PI7TA) eleo confers

o

inhibitory properties to the ortho-iadophenol., These
enbetituted iodoprenols act as competitive inhibitcrs of
the enzyme., JiFA is & titroting ("irreversible®)
intibitor of €O in the sense that no equiiibriun 1g
cotoblished and the ensyme is cvantitatively titrated
and nede entirely uneveilable to the substrate. sor
this reascn no inhibition constent coulé be rotabliehod
for this inhibitor. The inhibitor scens to comnete for
the amctive site normally occupied by the subsirate
(catechol) since when adreneline iz added in excess the
inhibition is reversed by 70 . The vpresence of *two
iodine ctoms is more effective than the presence of one
ag estimeted FTrom the superior inhibitory propexrties

-

of ©IHBA compared to those of S=iodovanillin and those

|
5
i
:

i a5
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of the tetroiodnderivotives of the thyroxine anslogucs
as compoarcd to those of the triiododerivatives. Uhe
alorine side chain does not support inhibition in
iodophenols s it shown by the inertness of 3,5-dilodo-
tyrosine (LIT).

Thyroxine itself could not te denonstretes to
inhibit because of its extrenc insolubility. Since it
corries the zlonine side chain it is not exnected to be
o votentiel inhibitor of much importonce in vivo. Ao o
matter of foet it cennot he o better inhiviltor thon
diindo or triicdothyronine. ‘e Luve scen that the two
iotter substences are the poorest inbyilitors descritad
in this work. “byroxine, then, in the light ol those
results cornot be congidered o noterntially eifective
inhiibitor in vivo, and the srrme is of course true for
triiodotuyronine. The lodo=- and capeeinlly the vetriai -
odéoderivatives of the thyrolornic, thyrounccetic wnd
thyronropionin acids were shown to inhibit, with «
noncompetitive couponent introduced by iodine in rosi-
tions 3 snd 5. The affinity of the LP”"LG for the
tetraiododerivatives is shown to be cof comporable moymi-
tude to that for the normal substrate., It ie inferior
however to thet for DILDLA. Tetraiodothyropyruvic acild
wee not oveilable for testing but one wmight expeet it

to et as & titroting inhibitor, zueh like DTUPA,

- ;:
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o C-methylation of DINTA could ke demonstrated.
Todophenol-O-nethyltransferase has been shown (TCHITA
end Clid 1967) to bLe au cnzyme dietinet from COLT, slovly
acting on DIHBA and tetralodothyroacetic acid Vtetrac) to
five the O-mothylatzd derivetives. 1te presence iw vivo
in eupported Ly the [inding of erall amounts of O-mathyl~
thyroxine in the urine of rats injeected with physiclogical
dnses of thyrozine~1131 (racry et 21l. 1961). The enzyme
reaunires methionine end AT or Sefne 20 the nethyl grour
donor. 1t does not recuire mefnesiun asg COUT doos. Tne
distinctness of iodophenol-O-nethyltrensferase frer CONT
end the Gemonstration that excess of U-ime does rot
reverse the inhivition demongtrate that the 1atter is duoe
to o airect sction on COY and not to C-methylation of
the inhibitor or removal of the metbyl group donor by the
Tirst enzymatic systen.

o confirmed mechanism fovr the C-methylation of
catechols exists. The role of magnesiunm ie conjecturel.
ATELROD (1950) susgests thot mepnesiuw serves to attech
the two hydroxyl groups ol the catechol to the Gt proupe

£

of the enzyme. Sl grouns are thus assigned the role of

esgentiel pgroups of the esctive site. The magneesiumn

chelating properties of tropolones would serve in expluin-

ing the inhivition in such & complex but the failure of

kojic acid, a megnesium chelating agent alsu, to inhiblt,

]
H
H
H
¥
H
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suceests thet wore subtle and unrecognized factors arc
at play here.

SINOL et ale (1059) attributed a similerly
hypothelicel role to muganesium, ‘lagnesium is assurmed
to enter a2 complex fornaotion betwesn catechol and L-inc,
vhatever the role of magneaium, there seene to he no
compelling reason to assume that chelation is the only
condition for inkiivition. ITodophencle are not known o
forn metal chelates yct they inbkibit the enzyme. he
proeressive inhibition nroduced Wy LIHPA is interesting
but 1t does not provide any elue Jor further wadere

-

stending.  In the Fiunal analyseis it must be adwitted

]

that no mechonisn seen

w

to he obvious enourh to secount

ps

for the inhibitory o¢ffecits discovercd in this work.
tinleses the enzyne ig bighly nurified sueh ocuesvions ae
spceificity, reection mechanisn gnd mechanisey of inhi-
bition cannot te answered with asny degree of reliswility.
To what extent the lover activity of SOY in
vivo in hyperthyroid snimale cen be ascribed to a direes
inhibition of the enzyme is difficult to assess. Cur
in vitro experiwvents clearly esteblished that iodinated
thyroninee are poor inhibitore of COHT. For reasous
clready discussed in detell in cection IX, thyroxine
itzelf 1s expected to be an equally poor inhibitor es

triiodothyronine. ilovever, & number of analesues hove

s rea d



been shovn to be good inhibitors of the enzyme, espe-
cizlly the tetraiododerivetives. UThe thyroacetic aclde
have been foundé in the kidneys and liver of mlce which
vere injected with large doses of radiozctive iodice

end ere bulieved to be thoe true metnbelic products of

the endogenous hormones andé not wmeraly the result ol
unphysiological doses of thyroxine or triiodothyronine
(Pi%7-RIVLRS andg WAYA 1g80), Wetraiodothyroacetic

acidé (tetrze) has been identificd in the plasne of
hepatectomized Goge alter Injection of thyroxine (¢LOCL
et al. 1657). fThyropyruvic geids have nod been detectcd
out as nointed out by PIVT-HIVIIS and TALA (1859) they
mey be intermediates in the netabolic oethway o1 thyroid
hormones to thyroscetic acids. fThe oxidative demiinatior
of thyroxine and triiodothyronine to the corresponding
scetic acid derivatives has been described. TOMITA and
LARDY (1960) demonstirated that an extract of ret rauney
mitochondria converts thyrowine snd triiodothyronine to
the corresponding scetic acid analogues. TALAROTO (1oh9)
obtoined evidence for the presence of a thyroxine-o(-
ketoglutarate transaminase in ret kidney homogenate which
converted thyroxine to tetraiodothyroacetic acid. These
experiments were continued and verified for various rat
tissues (YANAMOTO et al. 1960z; 1960b) oné extended to

include triiodothyronine vhich was chovn to be convaxyted
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to $,3',5-triicdothyroacetic acid by rat kidney mito-
chondria (YAIAIOTO et al. 1960c)s BAVANO and DANOWERI
(1962) described the conversion of triiodothyronine to
triiodothyroacetic scid by an extract prepared by re-—
peated freczing and thawing of rat iney ritochiondris.
sore recently MALATO et al. (196%) dewonstratoed tho
presence in extrects of sonically treated rat kioey
mitochondrie of two engymes catalyzing the deauination
of thyroxine to meinly tetraiodothyroscetic ecidé. Guc
ol these cngynes is en oxidase, the otiwr ic & trang-
swmincse requiring ketoglutarate and pyridosal nhicephate
for occtivity. It appeers then cuite posville thet
direed inhiltion of COMT in vivo can oceur, il not by
thyroxine itsell, Ly its metobolic products such ag
tetraiodothyroacetic acid, VITT-RIVERG end Willh (1959)
enphaesize that from the cuantititotive peint of vicw
the oxidotive demmination of the thyroid hormones is
not as important as deiodinction and phenolic conjusation
in vive. UYhis would mean that tetrac . under physiolo~
gical or even nmyperthyrold conditions viowld hce wresent
in muech too low concentretion to produce iukibition ol
GUVR.  Hawever, teltirailcdothyropyruvic celd could con-
ceivably act 2s fn irreversitle inhibitor. It 10 wfort~
anate that this compound was not availsble to un o e

-~

tested. The experiuents of THIVAULY (1942z) nay irdicose

[ cueid
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precisely that. Uhe found thet one hour of preincuvation
with thyroxine wes needed in order to demonstrate on
sugnentetion of the inhibitory effcet of zdrenalive on

b rabbit intestine. She ascribed this lar period (THIPALLY

1950) to & reauircment Cor *aective thyrorine® whieh could

[

3 he obtained by preincubation of thyroxine wiih iy testinal
tiesue (cf. section IV). It is not inconceiveble trat
this "active thyroxine" might te a thyroxine analosue
such ag tetrac or tetraiodothyropyruvic acid. This
mechanism could nosgibly explain the potentisating effecte
vl thyroxine in vitro. In vive the gituation becomes morce
comvnlicate.. It is not ¥nown vhether the lower levels of
COITY in the hyperthyroid state are due to diréct inhibi-
tion, reduced protein synthesis or both. ¥Froblems such
as nembrane permenbility should also be kept in nind,

Our finding that one injection of thyroxine coes not
result in lower COHT activity is in keeping with the dota
and conclusiong derived from the experiments in vitro
gstablishing that iodothyronines (alanine side choin

present) are poor inhibitors of the enzywe. A scecond

injection of thyroxine resulted in eignificant tut not
drastic diminution in activity. This tire intervol mey
be required for the sccunulation of metabolites in
enounts eufficient to inhibit the enzyme to a significint

extent. It muet he emphesized & this point that the

e
5
5
B
3
&
¥
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relotively high inhibition constants egtablished for the
thyroxine analogues as conpered to the amovnts of circu-
lating thyroxine do not necessarily spea against suck
on inhibition. In normal serws the concentration of
thyroxine ic about 157I. (PITR-RIVINS snd TAVL 19507 .
towever the intracclluliar concentration of thyroxiane

is not Jmowvm snd the evidence (reviewed hy FINT-TIV.LG
and TATA 1953) is that it increcases considerably in

the hyperthyroid state. fhe best rezson houever Lor
believing trat cuch direct inhibition iw soesible, 1u
cerived from the irhibitior cheracteristics of 3,0=
¢iicco~d-hydroxy-phenylpyruvic acid (UIhz4) end those
enticipated, by analoyys of the tctraiodothyrbyyxuvic
ceid. LIPFA has been shown to te a titrating inkivnitor
of COMT in vitro. %he degree of inhibition coes not
denend on en instantancously achieved equilibridn

whose consiant, among others, would determine ite effcct-
iveneze in vive. The inhibition is wregressive ond
results ultimetely in thé quantitativq,inhibition of

the enzyme as long o5 sulficient amounts of the inhibitor
cre prescent. DAKALQ et #l. (195%a) Cemonstruted the
presence in ret kidney witochondrin of s transaninesc
convertine 3,5-¢iiodotyrosine to BII®a. DALY =nd
LI5sI040Y (1962) demonstrated the presence of J-iodo-

d-hydroxyphenylpyruvie acid eand DINTA An rebt thyrold
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Clendse DINPA is then o physiologicelly occuring subf-

tonce resulting from the trensswinction of dilodotyrosine.

he latter is known to be arn intermediste in thyrexine

v

biosyntheeis wad 314 hag eolso teen clalmed 1o be @
metobolite of thyromine Ly memy investigotors. A shade
of doubt is cast on the latter cleim by PITW-IVLEIS and
w474 (1959) on the basis that chromatograpric identific-

ation of diiodotyrosine is not unambisuouns,

VURTHAY et ale (1963) confirm the results of

b

PIORI0 and LDUC (1960) that large doscs of thyroxine
injected into rots cause o significent decrease in COMY
activity. 7They claim however that part, at least, of

the hyperresponsiveness to adrennline in the hynerthy-

o

roid state is due to & decreased capacity of the heart
to inactivate catecholamines by binding.

in conclusion, we do not consider that our
results provide the entire answer as to the mecheanism
underlying the potentistion of the aections of adrenalinc
by thyroxine. llowever, by tockling the problem at the
enzyme level we have shown that direct inhibition of
COMT by physiologically occuring analogues of thyroxine
is vposaible end moy account, at least partislly, for
the observed potentiation phenomena.

A swmmary of the original contributions of this

vorl followes,.

x4
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SUIFARY O ORIGINAL  CORIRIBUYLIONG

In the one-ring systen (iodophenole) we discoverad
o number of new inhibitors of CCIY. These
inhibitors are substituted ortho wono- or
diiodophenols. The additional substituent ro-
quired for imhibition could be & cerbozyl or
aldehyde group or the nyruvic acid regidue,

The pyridine ring earrying the iodonhenol func-
tion cezn also be an inhibitor as is thé ¢one
with 3,5-diiodo-4-hydroxypyridine. (LIHP )

The kineties of the inhibition was studicd ond the
inhibition constants were calculnted. ALl inhi-
bitors except two were shown to he oi the compe-
titive tyme. DIHP, the poorest inhibitor of =1l
is of the noncompetitive type.  DIUCL waws shown
o be = titrating inhibitor.

DIEPA wes studicd in some detail. Its inhibitien

could be reversed by excess substrate (adrenaling)

ut not S-dme. Thiz indicated thed the Inlitition

was 1ot due to deneturation of the enmzyne Lbut to

competition for the site normally iavolved in the
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activation of adrenaline. Anclysis sccording to
ACHIIRIAY andé O0TTRE (1049) showed that DIHPA is %
irrevercible or pscudoirreversible inhibitor.
have showm that the alanine sloe chain does not
support inhibition of ilodophenols in the one-ring
gyeten.

the two-ring system we dizcovered that & lorge
nurber of thyrorine analorues ned as inhkdiitoer:

of COIW,

tors vos studied snd their inhibition constunts

were derived. f%he 3,5-diicdoderivatives, excoent
Giiodothyronine, were shown to be noncoavetitive é
inhivitors. In these snclogues the prescence of

the wlonine side chain suppreseed this noncon-

petitive inhibition introducing o competitive

conponent. In the tri - snd tetraiododerivatives,
the proximity of the hydroxyl group snd the iodine
otom(e) introduced & commetitive component in :

agreenent with the experinments with the one-ring;

systern, The strength of inhibition was augmented @
with increasing rumber of iodine atoms as is %
indicated by the inhitition constants. é
was shown that in the two-ring systen the oleniuc ;

glide chain did not supvort inhibition in conjunction

2
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vith the 3',4'-iodophernolic funciion. fGhis is
in agreement with the resulte obtedined with

the one-ring systen. 7The importent conclusion

wos drawn that thyroxine itself, since i carrics

ot
o
o
]

2lemine side chaoin, carmot be o notentniolly
vzluanle inhibitor in vivo.

T+ was shown thaet the fichaclis constant for adre-
neline is a function of the concentration of
Sepnies It was further possilble to derive the
substrate constant ils for adrennline by @
graphicel wethod. 'his is equal to O.5x154?,

e Minetic study of the inhluition of Curs by
4-isthyltrorvolone as given Ty DELLIAU end BURTA
(1961) waw corrected. The inhibition was showu
to be strictly competitive with or without
preincubation ond not noncoumpetitive os was
cloimed., The inhibition constant for 4-wotinil-
tropolone was éerived and was shovn not to Le
gignificantly alfected by preincubotion.

fhe volidity of the proposed nmechanisu for the

inhibition of CUHYT by tropolones (LVILIAN ond

TuRA 1963) was guestioned, :ojic weid, a magne-

siwm chelating aegent was shoun not to et es

inhibitor of CCIT. fhi

"

finding ¢haellawres the
clnin thet tropoloncs act by virtue of their

masnesiun cheloting provertics.
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ADDENDUM

Key structures of substances used in the experiments

HO@OCH2CHNHZCOOH —_—
I

H ODCOO H 3,5-diiodo-l-hydroxybenzoic acid (DIHBA)
I

OH

I .
O COOH 3,5-diiodosalicylic acid (DISA)
1 _

I
HO <:>C H2C OCOOH  3,5-dilodo-h-hydroxyphenylpyruvic
I .

acid (DIHPA)

H O C H O 5-iodovanillin

4 -methyltropolone
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