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AB'ftVRACf

fhe purpose of this investigation was to o stain 

a highly purified preparation of aconit use and to 

study the properties of tfce purified enzyme. The 

describes

(I) fhe method of purification
24 

(II) 'to activation of aconitaee by #'e and

(III) fhe effect of pH on the ea^«e activity 

(IT) 4 study of the £inetiaa of til© enzyme 

(?) 2 do effect of fiuorocitric uoid on the

eouyine activity

(VI) fhe effect of other inhibit -i - on the e 

activity.

fhe results n.ay be briefly ea imariaed ae follows; 

A preparation or &ooniti**se with a hi^hor spe 

activity than previuueiy reported a&s bees obtained. 

^h© preparation wae stable* ^lagtroohoretic anaLye 

ehowed that the uconit&ee protein formed 75-80^ of the



total protein present. I'he result*; obtained daring the 

fractiotmfciofl were consistent, with the idea that aconitaee 

activity IB associated with a single epeoiefe of protein

molecule. The final enzyme preparation possessed little
2* 

activity in the ubsenae of fe and a red uc ing agent*

i?he activity could bo increased lQ-tQ±.& by the presence

of thee@ -u^bstancee. Ike results indicate that the
2* active for® of the enuyioa ie an en^me-fe «a«tiTatgr eoai-

Tom a study of the affects of pU on the reactions 

catalysed by aconite e am of the reaction Jcin|ietice f it 

Has concluded th&t the sea o catalytic centre of the 

aoonita^e protein le ^oncerued in oil the reactions*

Aconituec was inhibited in a competitive fashion 

by ' natural 1 fluorocitric acid, whilst synthetic iluoro 

citric tic id inhibited it competitively and Irreversibly* 

v«h@rea8 £«chloromercariben£oate inhibited auonitaee in 

the presence of .abetr^te, o-phenanthroline, <d:^** 

dipyridyl and v@rs©nc inhibited only in the absence of 

substrate* Cy? t,i ie and uk.ide did not inhibit the 

enzyme .
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3» R & f A C £

rhroughout this dissertation, the aubatratee of 

aeonita&e are referred to &e aoids* fhis is done not 
oni^ because it is more convenient to write the 

structural formulae in the acid form, but also because 
at the pH values used, the substrates are not completely 
ionifiad* Howerer, the substrates were added to the 
test systems as neutral eodium ealte. DI»«i so citric 
aoid *as used througho«$ t but the concentrations of this 
acid are expressed in terms of the ^-etereoicomer.

i1 he wori is presented in the order which seemed 
most suitable and not in the order in whiah it was 
carried out. At* a result, it ^111 be found in eome 

inatuncee that the experiments designed to determine 
certain conditions are reported after thoaa conditions
have been used. for example, in Chapter II the relation

2+•hip between the en^me activity and the Fe concentra­ 
tion wae determined in phosphate buffer at pH 7.7, 
although the pH optimum of the en^rue in thie buffer ia 
reported in Chapter III*



?he reaction rates were determined at 50 daring 

the early part of the »or& when the formation of citric 

acid »a© estimated* &z the formation of ois*acgoaitio 

acid was estimated In a dac&man @p@ctrophotometer which

wag not fitted with a constant temperature device, the
oreactions were studied at & room temperature of

This temperature wae maintuiaed for the later

A paper dealing with the purifloution of aoooitaee
has been accepted by the Board of Editors for publication
in the Biochemical Journal.

2he tables and figare8 have been included on

separate pages* A particular table or figure

foliowe the page on which reference to it has been made*



(a) Historical 

(to) properti«8 of



HISTQKICAL

Ox id at ion o f c 1 tr ic ae id
fhanberg (19111 and £atelli & Stern (1910) 

discovered an enzyme in animal tlaauas which was capable 
of oxidieing citric acid. Later woric by Thunberg US29) 
showed that this on-ymt was widely distributed, occurring 
in moulde, yeasts, cue amber eeeJ. and bacteria ae well as 
in animal tissues* Bernhelm (19^8) prap&red BO!ations 
of the eruytuG from acetone powders of liver and showed 
that whereat the en^aiei w^s capable of oxidiaing citric 
acid in the presence, of mothylena blue, as indicated oy 
the redaction of thie tionipoaiia auaer anaerobic cociviltione, 
it could not directly oxidise citric acid in the presence 
of gaseoae oxygen. Me nanied the enzyme c-itric detvdraee 
or citric deh^drogenaee. Bernheih, aid not identiiV the 

products of the oxidation of citric acid.

She earl^ inTteti/ators suggested that the oxida­ 

tion of eltrio *>cid m*y involve oxidation of the



group to produce acetone dioar boxy lie acid. Batterworth 

& ^aitcer (19^9) suggested taut thie reaction occurred in 

^a p erg i HUB aiger and jfocudomonas pyocyanea, but fchle 

idea hae been questioned by Beffaer (19 jfc). U<jagee&er 

U^;>4) and MfUler U9J5) bhowed that this reaction did not 

occ*r iu .-.niraal tic&ues*

A eignlfioant advaau@ in the elucidation ai the 

giecaanie® of citric acia oxidation was made by Wagner- 

Jauregg oc hauen (1936). fhe^? founU that 0.^ £»ole of 

oxygen was used and one mole of 00 ̂  wa^ produced per mole 

of citric aoid oxldi&ed by the citric dehydrogenize of 

oucumbor geeda. furthermore, iaooitric aciJ %ai: 

oxiiiaed at leaet as rapidly as citric acia* l!hese 

wor^ertj failed to identify the product® of the oxidation. 

It wa@ fcartiue A 4jaoop (1937J *D<i M&rtiue 

showed that the oxidation of citric acid gave rise to 

<*~Ketoglutaric acid which they identified by isolation, 

fhiB result was obtained using a citric dehydr -ogenaao 

preparation from liver. ^Crebe & Johnson (1937) t'oond 

taut the atuue reaction occurred in maee le. 

of aconitaae

j?he aieane by which citric bcid was converted to 

oC**cetoglutaric aoia wae not immediately obvious. 

r«here«e the £e tonic oxygen of oc-^@to^iatar ic ucid was



in the oc position, citric acii contained a ,0-oxygen 

atom, eo that the direct oxidation of citric acid seemed 

improbable. Uhe demonetration of wartias 4 .-Cnoop U937) 

of a new enzyme which catalysed the idterconvereion of 

citric, cia-aeonitic and i^oeitrlc acide enabled the 

mechanism of the reaction to be made clear. Citric acid 

was t'iratiy converted to ieocitric acii which wae then 

oxidised to cC -JeetogltttMric acid.

£reaeuh (19>7^ showed that, under anaerobic condi- 

tione, suapen&iorie of plg©oo breast aiaacle were able to 

convert both cia-aoooitic aoiJ and ieocitric to citric 

acid and also . that added citric &cid disappeared from 

the medium. He proposed the name aconite e for the 

©n-yaiete) reeponelble for theee react loot . 

eridenee for tue &bove reactions wae rovided by 

{193^)« He showed that enzyme preparations from a 

numoer of different sources wore able to convert both 

cia-aoonitic and ieooitric acide to citric acid, ^hile 

j-ieocitric acid was formed from both a is-aeonitic and 

cltrio acids* it was uoncluded that D-iegottrio acid 

was concerned in the reaction «& on the addition of 

ayntuetic i>i4-jLeocitric acid, about halt' of the Isocitrio 

remained unchanged ae the L-



Dhie wor^ established that citric deh^arogenase 

, in fact, a mixture of tvj en^mes. Aoonitase was 
responsible for the convert ion of citric acid to ifeocitric 

aoid. which was then oxidised to oC~K0to,:lutarie acid by 
mean, of a second en-.yiae now £no*n as i£Qf citric dehj^rogen- 
ase. Aoonitase can be defined as tne enaiyme retponisibie 
for catalysing the eqaiiibriuiB betv©en citric, cie- 
aconitiu an,1 ieocitric acid, as ehown below:

OH 
\

BOQC.OHp.^.COOH *___ HOOC .CH*C.COOH __^ HOOO.CH(OH)«Cil.CDOIi 
I __9 \ ^_ I 
OHg.CQQB CK2 *COOH CH2«

citric acid cia-aconitic aoid isocitric aoid

Charao ter i aat ion of ucon itaee

In so far at the reaction involves a reversible 
W drat ion of a double bon,, aconitiu; @ is anal ago ua to 
i'maarasc. umrtias (1937) originally tnoa^ht that the 
two enzymes x,&y be identical, despite the fact that tae 
configuTiition of the double bond of tne PttbBtratee differ 
in the tAo caees* in the case of c i._•« aeon i tic acia it 
is ois and in the oate of fumaric acid it ie trans* 

experimental evidence soon cafue to li$ht to &how that the 
two eo&jrmes were distinct. wacobsohn * Tapadinhas (1 CJ40)



found that extracts of the leaves of the medlar hydrate 
-aoonitlc acid, but not fumaric acid and Jacob; ohn 
M* (J-94UJ snowed that whereas riuoride inhibited 

aconitaea, it dil not inhibit fomarasae. On the other 
hand* iodoaeetate had little effect on auooitaee, but 
rapidly inhibited futmaraee* jrebs & ^ggieaton (I944J 
found that the aconltaaa activity of aqaeo^ 
extruete fell rapidly an storage, whilst the 
activity reniained ancimnged. The moat conu Lutive 
evidence that aconitaee and fumaraee are distinct euxymes 
oofiieg from the woric of *»aetfty (1952). H© showed that 
a cryetalline, ©leotrophoretloally hOffiog€)n©oue prepara­ 
tion of fuffiarase did not attack oi8*aconitlo aaid aT©n 
when the enzyme wae used in high oonoentrations* 
the postulutod "aoonitases"

Jaeobaohn 4 Scares (1940) and Jacob@ohn et al. 
(1940) have proposed that two different aconit&ees are 
responsible for the conversion of cle-aeonitic acid to 
citric and igocitrlo acide* They claimed that an 
oc-aconitaee converted jcJLe-aconitic acid to ifeocltric acid 
(leooitrie acid being an oc-hyuroxy acid) and a /^ - 
aconitaee converted ois-aeon 1tic acid to citric acid 
(citric acid boia£ a/?-hy;irox^ ucid). l?he evidence



6

supporting thit view was baaed on the findings that the 

relative r&tes of the two reactions varied in different 

animal and plant tissues, However, these authors were 

not able to separate the two activities, nor were they 

able to ehow &ny differential inhibition of the two 

reactions. Buchan&n & &&fins«n (1949) i'oand that the 

ratio of the two activities lid not alter daring the 

course of trie purification of ueonitasQ and /riedrleh- 

jfrea^a <* Martlae (19^1) concluded, as a result of a 

mathematical treatment of the reaction Kinetic 8, that 

otjly one enzyme was concerned in the establishment of 

the euailibriujw. Ogeton (1951) has also advanced

arguments in favour of trio idea that cia- 

«*eid can be converted to both ieocitrio aoid 

and citric aoid by a single enzyme* inhere is little 

evidence in favour of aoonitase being two en^ymee. but 

final proof th&t aconitaeo 1@ & single enzyme mast await 

isolation of the en^^mj as an electrophoj etioally 

homogeneous protein. This question will be discussed 

in thoee sectlonB dealing with this aspect of 

activity. 

role of aopitaae

4oonitase -or:,,^ an essential lin£ in the oanin of 

enzymes catalysing the reactions of tne



Iricartooxylic ^ci<l wycle (AXebe, 1943)• *i& this cycle 

is so well £aown, all the reaction*: v 111 not toe elaborated 

here. The discussion will be confined to chute resparis- 

ible for the f oration and initial r^tabolierc of citric 

acid, a& it U theae reactions wnich are concerned with 

tue role, played by aoonitaee iu cellular ^et^buliem.

It ha@ now b&en established that the c,/ole com; i,encee 

\vith the candenBation of ox&laoetio aoid and euetyl- 

coen^yi&e A to form citric aold f bat iarlng the yeare 

from 1937, modifioatlou^ of the aycle have been postulated. 

Originally it %ae believed that pyruTio aoid was the 

compound which condensed with ox^laoctio aoid, but later 

indioated that an amefined derivative of pyruvlc

^no.ri as "active acetate", wat concerned* Lynen 

& Reiahert (IS^l) and uynen et al« (1951) showed tri^t 

tue "active acetate"1 wae actually acet^l-coeniyme A. 

jireba (1943^ arbitrarily ohoee citrio 4iuld as the product 

of the convieaa&uion, although he mad© It cle&r that 

uxa-cjaonitic aei. u ui - well be the proa act formed. 

In vitro experiments did not offer a eolation of the 

problem. .-jrebs tensed to the view timt the reaction 

citric acid —» ois~aaoniti<s aoid should occupy a place 

in the normal metabolism of muacle, r&ttor thaa be 

confined to a side reaction as voula be tbe caee if



cJLs-aeonitic acid were formed*

the isotopiu experiments of wood et al. (1941) 

of .v&ne & slot in (1941) suggested that cjs-aconitio acid, 

rather than citric acid, was formed ae a result of the 

condensation reaction. These workers found that oxala* 

cetic acid, which contained i^otopic carbon in the carboxy1 

group adjacent to the methylene group, gave rise to 

oG»,vctoglutaric acid whiwh contained the i;:otopia carbon 

on!,/ in the cujboxyl group adjacent to tuo cur bony 1 

group. It was reasoned that if citric ucic, wh.-^ch is 

u symmetrical molecule, were the direct product of the 

condensation, the leotopic carbon should have been found 

In both carboxyi groups* Ogston (1946/ pointe jut 

that it is possible for a symmetrical nolecule to act in 

,n asymmetric luBhion if the linkage of the substrate 

to the enzyme involves a three point attack eut. In 

fact, a three point attao'runent is necessary wherever a 

single optical antlpode is farmed en^ymicaily from an 

inactive precursor. Under these conditions 0 the enzyme 

can distinguish identical grou e of a eysametrioal 

moieoule so that the asymmetric occurrence of an 

isotope in a proJuct oo^ld not be ttucen as conclueive 

evidence against ite arising froa, a ^vm^wtrical precursor.



i'he hypothesis or ogtton (1946) wan confirmed experiment­ 

ally by Potter A Heidelberger U949J- Xhese worker* 

isolated labelled citric aoid formed by a rat liver 

homogenate fr J ) ox til ace tic aoid, pyruvio aoid and ^

and converted it eu^yaicail^ to oc-^et^tutario aoid. 

fhey foond th&t all the ^G wes present in the oarboxyl 

groap of oc*jcetoglutaric &cid adjacent to the c^rboiiyi 

group. i'hls mea^t tri^t the citric acid was labelled in 

only on© of tae two * identical 1 carboxyl groups and timt 

tne enzymes r«apon@ible for the further oxidation of 

citric ^cid attached the molecule in an aeyoiaiotrio 

fi&hion. The worK of st«rn a Oclnoa (1949) *&& Oohoa
•;

e_t al« (IS^lJ proved that citric aoid wae tae proa act of 

tae condentiation reaction* these wor^eri obtained a 

preparation of the en^rine reapooaible for the condensa­ 

tion reuotlon w!iich k wa& free from tvconitu e and showed 

that citric acid vy»e the product formed. ?he 

ftas named the oondeneing enzyme*

Although tae hypathe^ie of ^rebs (1S45* 

accepted ae the t^eane whereby pyravate wa@ oxidised in 

vitro t ontil reoently there wae doabt a& to whether the 

Tricar boxy lie a.cid cycle functioned in vivo. Orten 

A Smith (193^^ found that the Intraveno ie infection



iuto dogs or rate of certain iBttt fcruitee, cine fly malle, 

1'omariu and e.^oinic acid^, greatly increased t!ie 

arinaTjr citric »cicl viiJcii they believad w<-.i: formed in 

tue kidney. r.neee experiments wore confirmed by ;lreb8, 

i«j.vin A Jo&neon (1936) an* ao^epfc*-! by thaae authors as 

prr>of for tne oeo trrenca of fctae tricar oox.v-J i^- . - id C^cie 

in the livinr org^ai r3m. However, Arteneson (1940)

^ t&« citric acid exoretad ^e a rasult or tue 

of ,a*aie acid was aot due to tfao fora.ation of 

citric acid i'r-xa mailc ttCid, b xi rather to tb© inhibition 

by mniic acid 01 t^^ normal breakdown of citric* acid 

farmed in the j£idaoy. .^tsra {19^2) found tfcat fiaoro- 

citric acid caaued t*i« accumulation of citric uoid in 

v i vo . Aiii let jfcter*j <ib Wilson (1^^ s 'lowed tnat i'luoro-

citric *«c L<1 inhibited aoonitase . DixeBe uxper i0ieiit& 

proviiea positive ovideace in favour of tiie idea tnat 

ttxa tricar boxy lie .*Cid Cycle fanclioris ^in v i vo .

She si^nif iosrjt function of .^cot. tta^e in cellular 

bjiipm in to coovort ^itrie acid to i^Qcitrlc «-.cia 

ti 1.2 oxidised IQ oc-^ctoglat^ric ^oid. ac~£etogiat 

arii; acij is then oxJdistd still further b^ the other 

reactions 01' tiie Tricurb-jxyLic

j) 1 o tr 1. 0 U'D ^ 0 1; 0 f fa.CQ li i t &£ e

kconitio.ee ie widely dletri bated in nature.
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enzyme has been found in all animal tieaues ex«,mioed, 

high <jor.u:ontrawtcn: beln^ fo'.nd in znuscln, £i£nay and 

profctute. It hati ,leo been reported to occur in a 

nu.fib*r of pia.ut ti&euea, y»astp &&d bacteria. ''or 

references . ee tiao review by Ochoa

of A-j

In ordlor t>g complete the survey of the Known facts 

ooncernir-,r acooltsse, m urief report of tiie properties 

of t:;e enz^ru© i« ^ivr>r:i at tfils eta^^* iiu^ these 

properties, with tm except ion of tlie wor^i concerning 

ti't« eqaili.bri urn data, ^'111 be dli^caesed i'- more detail 
in the sippronriat* sections of ttils F;-TJC. 

3ttA.bil.iV. of d

The inetiibility ?f aoonltdfse inesueoos eolation 
has 'D^sn reported by .-, number of luveeti^Atore (Kreoe 

•,^-;iestiOD t I?44; OcV.of*. t 1-948; 3u,>tL»!R:.u- <S> ABf .itu:en f 

MGd ; .-eter» a> sHisor*, 195?) anfl v--rlott8 etternptfi have 

been m^de :o 3t^; ; ii i^e th? eri^ytf-*-- . On the other iuina , 

the enjt^me Is et^bls in i'roy.eu tiseuoe (Buch,-ui^n - 

Aofiaeen, i^4 ( ; ) . It HEK also bean found that 

of eoi.ition-.- of the en^yne a«ainrt water uod salt

Clout ler ll^i) ehowed t>mt ^e and cytteine
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t*i*ture contained 90.9,- Ji«rU uoifi, k.SO^ eie-aconitie 

.;,cid and 6.20/» j^uocitric *oid. 2fce corresponding v iue 

for A^Qc itric acid ta t 36° W^L fo.-ud oy ugg^

to be 6.6?». rriaurlch- /reeicu & ^

or the^r :ui*thematictii c Uututione that 

the equilibrium v^iaoe %ere 88>» citric ..via, J>/* iii£~ 

aeon t tic ,.cid i id /^ it>p>itric- ecid. Although the 

©iiaiiibriuHi vuiaee obtained by various workers dii'fer 

to some exteot, it is ^ioai ttiut the eqaiiibrioia lies

in fitvour* of citric tcid*

^ r^eic& * -urtiua d^l] ahowe-^i taut the 

isa of trif indivia^l re.^.^tion^ responsible for tan 

.'lriffle-nt of tue e^uilibrituo vary greatly. i'iie r&tes 

wui^n yiB-acouitlo acid is converted to i^ocitric

and citric acid *.re tomewhat similar, but ttic r&te 

of tile reaction citric acid —^ cis-uconltic uoi^ it? 

6lo*er tii^n tuat or tue retc.ti.on iso«jitric ac 

w.jnitic- fciaid. The result ie tuut ^t-tting "* 

cie*^conitic waiJ. iaocitrlu tcid reacties u 

v< lay of 33,. and orii^ tuen falls to the e^u 

v--i»ie. hheo i^ocitr ikj ...^iu ie a,..ea a^ tii© 

material, cis-ttcoQitic acid t'^auhe^ a maKimom va (.^o of



Affect of gH on aconitaae activity

Jucobeohn (1941* round that the optimum pH 

of aconita.se activity wae in the neutral region. 

Johnson (19J9/ reported that the aconita^e of crude 

tltsie extracts showed a sharp maxima at pH 7*4* 

whereas with Kidney slices » the pH optimum wae 7»9» 

Michael is? constant e of aeon i tags

Hauler (195CU found that the Miehaelis constant 

of acjonit&fce for citric acid wa$ 1.1 x 10** II and for 

ieocitric acid was 4 x 10*^ M. ffae Wicaaelie constant 

of aconitase for cig-aconitJo acid wae not determined. 

Inhibition of aeonitate

Krebe 4 Kggieeton (1944) reported that aconitaae

inhibited by Qu ion, , HgCl^, HCM and bsodiom g 

ide in relatively low coocentrationa* Higher concentra* 

tion^ of NaCi, pyro phosphate and alloxan ,-itiO inhibited 

the en^yrn®. Dic<an^ii3 A Cloatier (1931) showed that 

i-ioonitaae w^e Inhibited by dilate .^olutlone of o-

tarolioe and 2:2 > *dipyridyl and tnat th® Qii'^tm coald be
*re- activated by the eabsecjuent additions of

Two coaipetitive inhibitors of aconitaee have been 

fuond. Bernheiufi (1928) aiid Saffran & i'r^do (1949/ found 

that the inhibition of toconi.ti.ef: by tran«>aconitio acid
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primarily competitive aad t.i0 preliminary results

of i'etera A ailaon (19^2) indicated that fi ^rocitric

ucid inhibited the ens6yjz*e ic a ooi&jjetitive faehion*
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SJS& PIJHmCAHOH Of ACOHITASg

Although aconitase has been cnown for eome 

sixteen years, it has not been isolated in the pure 

state. Oohoa (1948) was able to concentrate the enzyme 

by ammonium sulphate fractionation, but there was no 

increase in the speoifio activity and no further attempts 

were made to purify it* Buehanan & Anfineen (1949) 

obtained a 23- fold purification of aconitaee by low 

temperature eth&nol and aximonium eulphat© fractionution* 

^lectrophoretic analysis avowed taut the preparation 

consisted of "three non-homogeneoue components' 1 and the 

purity of the eruyme was estimated to be JO/**

The purification of uuonitu^e has been greatly 

hampered by its apparent instability* .jrebe & .ggleeton 

(i944) found that glyceroi Btabili^ed crude enzyme 

extracts, but Buohunun 4 Anfinsen (1949^ reported that



18

glycerol was without effect in stabilising purified 

preparations. They also found that whilst cysteine 

stabilised the crude enzyme, It etrongly inhibited the 

purified ena&yme. Citric or oii-acoQitic acid were found 

to be the most effect ire etabilifters of aconitase.

^n important finding for the further study of the 

purification of aconitase WUB naad© by i)icicraan * Clout ier 

(1930). they found that crude solutione of mconitaee 

could be both stabilised and activated by the addition
2+of Fe and eyeteine* further work (Bidcraan & Clout ier,

showed that these agents were til so effective in 

et .bili^iag and activating more highly purified solutions 

of the enzyme. fe^ wa@ the only cation which gave 

consistent activation of aconitaae* ^ecorbic acid was 

as effective as cy^teine a® a reducing agent, whilst 

glutathione wae only one half as effective*

4n attempt was made to purify the emsyme further 

in the light of the findings of Dio&i&an A Clout ier 

(1950.

Citric acid estimation

The method of ucher, Sharman & Vlckery (1956) 

as modified by Buffa 4 Peters (1949) wae uged* , amplee



ranging in volume from 1*0 to 5*0 ml. ana containing up 

to 200 jig* of citric acid were ueed; within this runge 

the colour given by the method was proportional to the 

amount of citric aoid present. 

Protein estimation

the protein concentration of aeon it at© solutions 

was determined according to iialofcar (1947) by measure­ 

ment of the absorption in the bec&nan spectrophotometer 

at a wavelength of 230 rau after the appropriate dilution 

with 0.1 H MaOH* Under theee conditions, a solution 

containing 1 mg. of protein/mi, was found to have an 

absorption of 1*3* 

Activation of

A suitable sajiiple of the enzyme solution was 

measured into a teat tube and placed in an iue-bath* 

non-neutralised ferrous ammonium sulphate and neutralised 

cysteine were added, so that on dilution of the solution 

with cold water to 10 ml*, the final concentration of 

fe2f was 5 x 10~* M and that of cysteine wae 1Q~* M* 

the mixture wae then neutralised with ft NaOH to pH 7*4 

ueiag a glass electrode and incubated in the ice- bath 

for 1 hr* before the aconite e activity wae» determined* 

except where otherwise stated, the various enzyme
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fractions were treated in this fasaion before an activity 

determination was carried out* 

ACon itase act ivity d®ter.minat ion

$o a series of teat tubes 4.4 or 4*3 mi * of water 

were added* 0*5 ml. of a solution containing 20 jamoles 

of £ia~aeonitie acid at pH 7.4 was then added and the 

teat tubes placed in a water-bath at JO * After an 

equilibration period of 5 rain., the reaction was started 

by the addition of O.I or 0.2 ml. of enzyme eolation. 

£he re&ction wag stopped after 1[> mln. by the addition of 

G«5 ml, of $0> (w/v) triohloroaoetic acid. If a visible 

precipitate formed it was filtered off through a Mo* 30 

iUuitm&n filter paper, otherwise the citriu add estima­ 

tion was carried out on the aoiuified solution without 

further treatment. It was found that small ^itiounte, of 

protein did not interfere with the estimation. Under 

the&e conditions the amount of citric acid formed from 

ois-aoonitlo aold was proportional to the amount of 

enzyme added* The activity determinations were carried 

out at two enzyme levels to ensure that the substrate 

concentration was not limiting* 

Definition of a unit of aconitase activity

One anit of aconitb&e activity was taicen to be the
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amount of enstyme which formed one jirnole of citric acid
o from gig-aeon it io acid in 13 min. at pH 7»4 *»d 30

absence of buffer. 

Specif io

Unite of aconitaae activity/mg. of protein was ta*c©n 

to be the specific activity* 

Other enayme activity detertBinationa

is oc Uric iehydrogenaae activity was determined by 
the method of Ochoa (19511. One unit was defined ae a 
change of Log. I 0/I of 0*01/mii3» ^ttiiBarasf® activity was 

determined by the method or Kac&er (19^0)* One unit 
was defined as a change of log* 1 0/I of 0.001/min. 

heagente

Cis-Aconitio anhydride (m«p« 77° ^ w»s prepared froai 

tracs-aconitic acid by the method of ^ulachowaJci & MaeloweJci 

(1928)« Sodium cls-aconitate was formed by neutralising 
the anhydride to pH 7*4 with H NuOH. friohioromethyl 

p&raconic aoid wag prepared by the method of /ittig ou Miller 
(1869) a&d oonvertea to L»iBOcitric iacton® by the 

method of &rebi 4 Kggle@ton (1944)* ^odiuja ieo citrate 

wae formed by hydrolysis of the iactone with :iaQH as 

described by -re be & Bgglaaton (1944)* ^ tm grateful 

to !«r« K*W« iifaKelln for pr enuring these two acids.



Absolute ethanol obtained commarcially was used 

throughout. I*-Cysteine hydrochloride used in the 

later worfc was a &oehe product which was free from iron. 

the ammonium sulphate was B*i>*H« ;£p«oial titrate and the 

2:2«-dipyridyl wan a B.P«H. 3pot rest Keagent. All 

other reagents were

R&3UUS 

Activation of aconitaee

Uh© worJc of ^iotonan & Clout ier
of ttcouitae© by f'e * and oy* teine

repeated usiog their partially purified enayrae prepara­ 

tion* ihe retulte wore in good agreement with those 

obtained by these authors. However, the activating 

effect of cystelne is >pcu to criticism. It wae found 

that the preparation of oysteine which gave similar results

to thoee of Dioicman & Uloutier contained appreciable
2+- affloonta or iron* Nevertheless, the importance of j?e

and a^^teine as activators of aconitaao was confirmed* 

Jfhe ey&teine used in the later experiments was completely 

free from iron* 

Inaotivation of aoonitase

It was apparent that the presence of ions, ruoh as 

phosphate « which are capable of forming insoluble complexes



with ^e*, would ie&d to inaetivatlon of the system as a 
whole. in order i-o tost tai& experimentally et*mplce of 
the same enzyme preparation were activated and pre- 
iofcub&ted at JO0 with O.OJ M phosphate buffer IpM ?»4) 
for various periods oi* time. £ubatrute w&a then adaed 

the reaction allowed to rooeed* in the control
, water replaced trie buffer* Jfig. 1 shows that 

phosphate o&u&ey rapid inactiv^tion of the activated 
whea ^ubt^trate ie absent* when nno, phate and

are added aimuitaoeoasly, the enzyme activity 
ia greater than tiiat obt< iuod in the absence of phoaph&ta* 
fhie incre.jfled enzyme activity wa@ shown to be due to the 
influence of the ions present in solution on the pli optimum 
of the ea*yffie (see chapter ill). The enzyme activity 
was not increased by uhe eiamitan *OU8 addition of exoeae 
#• * 15 3t 10*5 |^) an& substratfe, following pre-inaabation 
for various perioda of time in the presence of phosphate* 
?he above finding is in ^ on trust to the re@tU.ta of 
i^icKman & Cloutler (IS^D for they found that phosphate 
did not decrease the activity of an activated enzyme 
preparation* A& similar results were obtained with 
veroaal acetate, borute and glyoerophosphate buffere at 
pH 7«4. buffera were not used during the coarse of enftyme
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purification nor for the determination of en*ym« activity. 

A cheoJc of the pH of the ay at em before and after incuba­ 

tion showed that although there was a email alteration of the 

pH in the absence of buffer, the results were reproducible* 

reparation of aconitase toy the method of i3 achaean Jk

As j?e and oysteine had not been used by Buchanan 

* Anfinsen (1949) for activation of their aoonitase 

fractions, it was possible that their final preparation 

wae, in fact, of higher specific activity than that 

reported. In order to determine whether or not thin was 

the case, noon it use was prepared according to the method 

of these workers* A study was then made of the activity
n

of various fractions in the presence and absence of fe 

and cyst&lne* iuohanau -* Anfinsen curried out their

tests at 5^°; in the present woric the tests were made
o at JO and the activities were multiplied by 1.5, the

temperature coefficient of the reaction found for 38a/50°*

Une results of table 1 clearly show that in the
2+ 

absence of Fe and cyeteins, the specific activities

of the intermediate fractions are much lower than those

claimed by Buchanan 4 Anfineen. It was only in the

presence of tneee two agonte thut similar activities
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29-3 

175*000 
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45.000 
45

105,000 
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1.07 
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1.74 

2-35
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could be obtained* & comparison of the activities of
the activated and non-activated fractions shows that the

2+ degree of activation by Fe and oyeteine increases as
purification proceeds, indieating that the co-factore of 
the enzyme are removed to eome extent by the fractiona- 
tion procedure. It will also be noted that the relative 
purification of the enzyme in each etep differs markedly 
from that obtained by JJuehanan & Aniineen. Moreover, 
it was found that the addition of ammonium sulphate to 
60/* saturation did not increase the epecifio activity of 
the enzyme.

As the method of Buchanan & An fin6on (1949) gave 
only a relatively email increase In the purity of 
aconita.se, an effort %ae made to obtain a more highly 
purified preparation of the enzyme* the procedure 
utilised by these authors was developed further and 
some modifications of the initial fractionalion steps 
were made* In view of the fact that maximum enzyme 
activity was obtained only after the addition of J*e^* 
and cysteine, the various fractions were incubated with 
these agents before the activities were determined.



of laOLAJlOM of AUOHI'Mafc frou; Fife

It will be appreciated that the attempts to purify 
aoonitase further involved the trial of many purification 
procedures* fha results of all these procedures are not 
described in detail as many brought a bo at little or no 
increase in the purity of the enzyme, but brief mention 
of their use is made* The final method adopted for the 
enzyme purification wae as follows: 

Extract. I on of tissue

Immediately after the death of the animal, the 
hearts were removed, out into strips of about i inoh 
thickness, freed from fat and connective tissue and 
placed in ice. At the laboratory, the hearts were 
minced through a coarse mincar and stored at -15°.

these conditions, pig heart could be stored for 
monthi without loss of enzyme activity. One leg* 

of frozen heart was allowed to taaw at room temperature 
ana then homogenized in 200 $» lote for 2 a in, in a 
pre-coolwd .aring blendor v, itii Goo ml. of 0.004 ^ citrate 
buffer (pH 4*7) and 130 ml. of chloroform. Chloroform 
reduced the haemoglobin content of the extract without 
denut oration of the enzyme and increased its specif io 

activity. fhe homogenate was centrifu^ed at -1° for



15 fl&la* at 1,000 g* the clear red-amber supernatant 

(pH 5.7) was poored off and filtered through a fluted 

filter paper (Whatman Ho* 531)* Below pH >0 marked 

ICES of enzyme activity occurred* 

1st • ethaool fract iotmtion
For convenience, the euperaatant wae divided into 

two equal amounts and fractionated simultaneously* From 

this stage o awards*, all operations were carried oat in 

tag coldroom* the supernatant was brought to 0° in a

dry ice-ethanol bath and 90/^ ethanol wae added with 

mechanical stirring at tne rate of 2*>0 to JOG oil*/nr«, 

to a concentration of 15^* (90/o etnunoi ^ae used 

turju^hout the fractional ion/ * freezing of the tolution 

at thie stage i@ad@ to loue of an&yme activity* Hyflo 

iiupor-Cei wat added to the tola. ion (^ g*/l*) and 

riltrutiou wae carried Out on a Buohner funnel under 

slight pressure (uhatman i4o. 3 C rilt«r paper)* fo the 

ciear red* amber filtrate, saturated %Q&±\W chloride 

2$ mi./lQO ml* of filtrates wae added* Jne ethunol

ccnoetitration of the eolation &&& bruught to 45, , the 

tempers tare being lowered to -10°. xhe ruixture was 

allowed to etuii. uvernighl as corttuct of tue enzyme with 

eth**aol for thi@ porioa aid not have any h&«.r^ful effect*



2ua«
°preeipittite was ceutrifuged off at -10 and

stared at the same temperature whiiat another Kg. of pig 

waa treated ia the s&m« faehioa* 'fhe two precip- 

were combined aad di»80lY0d in 600 ml. of Ice-cold 

A email amount of irasoltible matter was tfentri-

foged off to jr-ie^d a aloar deep red«u.iib@r solution*

brougiit to U° and cahaBol add^d to a 

of !OA (the eth&noi already present was

negiectedi, the temperature o..inr; lowered to -4°- A 

small amount of a white precipitate was uentrifuged off 

at -4°. the pi! of the gaperoatant which waa about 5*6, 

adjusted to pH 6*8 with 3^ sodium carbonate eolation 

add ad to a co&oont ration of ?/" ^^ilvt the

Lumperature «aa lowered to -10°. the precipitate was 

oentrl^ugod off at -10° and dieeolved in 100 mi. of ioe- 

cold water . 

^rniaon i qja >iui pU^t e f r ac I i ona t ion

i'he uqaeoua solatia.) was diluted t«5 tim^e with 

0*125 ** titrate buffer (pH j.8;. ^uMiouiom auiphate 

(36*? g*/100 ml. of ^olutionjl was added .lowly, the 

temperature being lowered to -6°. 2he ^ellovt coloured 

preoipitate wae centrifugcd off at -6° for 10 iiiin* at 

3,000 g* i'o the supernatant, uirtmoniuffl auiphnte



(9*2 g«/10Q ml. of supernatant) was added slowly and the 

temperature lowered to -10°* fhe precipitate was 

uentrifuged off at -10° for 15 min. at 5,000 g. and 

dissolved in 90 ml* of 0.004 M citrate buffer (pH 5.?) *Q 

give a deep umber eolation* 1'his solution waa dialysed 

overnight with stirring against the same buffer* There 

was no lose of enzyme activity, but dialysis against water 

and salt solutions caused large losses of en^yate activity. 

frafctionatioa

1'he dlalyaed solution in £0 to ?$ ml. lots wae
o heated in a .vuter-u&th for It) oilci. at §0 and cooled

rapidly in un lee-bath* fhe white flocuulent precipitate 

was centrifuged off at 0° and discarded*

ithanol fraotionation at gH 6*0.
o The supernatant was cooled to 0 and ethanol was

added to a concentration of 20/fc t the temparature being
olowerea to -5 • A anriall amount of precipitate was

centrlfuged off at -5 and discarded. the supernatant 

was adjusted to pH 8*0 with a saturated solution of 

sodium bicarbonate and ethanol was added to a concentra­ 

tion of 5°/*>. the temperature being lowered to -12°. 

During the fraetionatlon at alia, line pB values, care waa 

ti»jcen to prevent COi? from distilling over from the dry



iee-etaanol bath into the protein solution* £he reddle!* 
coloured precipitate was c©ntrifuged off from a cloudy 
supernatant (due to the presence of sodium bicarbonate J 
at -12° and dissolved in 20 ml. of 0.004 M citrate buffer

sulphate fictional ion at pH 6«3
A saturated solution of tMwaouiusi sulphate was 

ueutraliaed «ith strong &»/imoaia t -o that on dilution of 
1 in 5, the pH was 8«5* After adjustment of the pH of 
the protein solution «ith a^muui^, the atiuaoniuffl sulphate 
solution ^ae added dropwiee until the saturation was 0.65 

temperature waa gradually lowered to -10°. the
precipitate was centrifuged off at -10°, dissolved in 
10 ml. of 0.004 M citrate buffer (pH ^.?; and dialled

the sam^ buffer overnight ^t 0°. the final 
solution was amber in colour.

attempts to purify the etuyme further were 
unsuccessful* Although the en^jum constituted the 
major portion of the final solution, it could not be 
induced to crystalline* ?he slow addition of ethanol 
always gave rise to an amorphous product. attempts 
were also made to crystalline the en^me from ammonium 

sulphate solutions by the addition of an amount just
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insufficient to cause precipitation, followed by adjust*

ment of the pH. Within the pH range 5-7 to S.5. both in
2+ the presence and absence of J?e and ayntein®, the

enzyme precipitated only in small amounts and in an 
amorphous form*

A brief account of the procedures which were tried 

without success daring the course of the purification 

follows below* Large aaoants of calciam phosphate gel 

were required to adsorb tie enayme from eolation between 

pH 5.6 and 6*6 and no differential adsorption or elation 

could be obtained* .1 though the enzyme could be stirred 

with nj»butanol for }0 Kin* at room temperature, this 

treatment did not alter the precipitation pattern after 

further etu&nol fr&ctionation* Mo protein was precipit­ 

ated by the nucleic precipitanta manganese sulphate and 

protoniine sulphate* ^ra&^ionation with acetone precip­ 

itated the enzyme between Jo and 50^ acetone concentra­ 

tion, but 0tar&@d ioee of activity ocuoj-rtid evuti though 

the fractionation was carried out between -5° and -10°. 

Xhia finding ie in contrast to that of Buchanaa 4 

Anfinsen (1949K but is consistent witn the fact that 

acetone powders of pig heart are devoid of aoonitase 

activity. The enzyme w&e not precipitated by sodium



chloride or uounonitun acetate* ^thano! fractionation in 

the presence of sine was ineffective, presumably because 

the %ine reacted with the oitrate present.

In fable 2 is given a summary of the yields and 

degrees of purification of aconitase during the fractiona- 

tion procedure. This procedure brings about a 24- fold 

increase in the purity of aconitase f with an overall 

recovery of about 1^* She final product has a specific 

activity of about E&5 when the test is carried out in the 

absence of buffer* if the teat ie carried out in 0.05 M 

phosphate buffer (pH 7»4). the specific activity ie 

increased to 35&* Att mentioned previously, this increase 

is due to the fact that the pH optimum of aconitase is 

dependent upon the ions present in solution (see Chapter 

111)* It was calculated that at 38° the specific 

activity is &bout 500 which compares to the v&iue of 

233 claimed by Buohanan A ,anfinsen (1949) for their final 

preparation*

roperties of aconltaee

The enzyme in dilute citrate buffer at pH 3*7 

retained its activity for many weeice when stored in the 

frozen state and was unaffected by repeated freezing and 

thawing* It was not found necessary to add jfe and
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st< bili«.ing fegeote, although in the absence 

of both or either of theee agents the ert*yme activity was 

markedly reduced. Details of the activation of aconitase 

will be reported in Chapter II. fhe final enzyme prepara­ 

tion could also be freefce-drled without loss of activity, 

but it was ioond more convenient to Swap it in the frozen 
st&te. tfi. Z shows that aoonlta&e As stable to heat

until a temperature of 51° la attained, after which there 

Is a sharp loss of activity. ., characteristic feature 

ox the enzyme wai* its wide range of precipitation. 

Aconit&s© activity was found in every fraction obtained 

with all solvent© and suits aged over the pH range from 

to 6.5.

tr ophor e t io ...aqal^B 1«
» 

Thfe eleetrophoretic pattern of the final aeonita&e
preparation Id illustrated in fig. 3* ^ wa8 not possible 

to curry uat eiectrophoretic analyses under conditions 
fthore the enzyme wae on the aola aide of its isoeieotrie 

point. All tne components migrated to the anode when the 

eiecU'OphoreeiE wae carried out at pH 8.6, but at pH 5»7 
uti iutist two of the minor components etili migrated to the 

anode whilst the main component migrated to the cathode* 

pH v&lues bt low ^.0 could not be u^ed because of the 
denattiration of the enzyme.
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DESCENDING BOUNDARY ASCENDING BOUNDARY

Sleetrophoretic patterns of the 

^reparation jbl/ttinod after fr&ctionuti yn ae 

described in tau text. Verori^JL buffer, pH 8.6; 

iooiu strength O.i; tempt rat are 1°; 

10 ffiilliaauperee; pi'oteio coucentrution

t irae Io6
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Idont if iotit ion of the main eleu tropfaore tic ..component

In order to determine whether or not the main 

component was respooplblc; for aconites* tufciTity, a 

second ©leetrophoretic run was carried out after dialysis 

of a 1, solution of the protein against veronal buffer at 

pU 8.6 (>i * 0.075) ^nioa contained sodium citrate ()i • 

0.025). - »iroil'*r electrophoretic pattern to that shown 

in fig. 3 *aa obtained. '!ni.ysnic analysis otr the main 

component after ae, uatioti Bhuwed timt this component wae 

respond iblo for the aoonitafct' activity, whilst tha other 

components w?re devoid of uoti^it^. Both fraotiona were

dialysod overnight against 0.004 ^ citrate buffer (pH 5*7)
2* and activated nith fe and oysteine before the

activity vaa determined* Unfortiiiu.teiy , the enzyme lo@t 

activity daring the dialysis ai;d electro choresis. The 

value obtained for the upecifio ^etivity of the eleotro* 

phoretic&lly hoaoi^fleoae protein was approxirik&tely half 

that of trie originul solution. The l^ol&ted main 

component wae also capable of converting both cie- 

aoooitio rioid and iaooitrle aoid to u itrio acid.

The main component woe oomp*etel$ free from the 

amber ooioured pigment «hich was aesociated with the

during the 8t*igOb of poi'if icatioo* *he mobility
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or tao amber coloured protein was so^c^hat similar to tliat 

of aconitaae, eo that eieotropiiareeie had to be continued 

for a long period to effect separation* It may tie calcul­ 

ated that the purity of aeonitase in this preparation is 

If th@ main component aonsieta entirely of 

, the fact that a 24-fold porifioatiori yields 

aa an&yrae preparation with a purity of 73-80*$ appear® to 

india&te that aconituae r6pra&@nt& a large proportion of 

the total protoin of heart tauecle. It is, of course, 

possible th&t ths isolated (.-ornponent is not homogeneous 

in the aitraeentrifiige, but this point has not yet been 

investigated. 

hates of citric uoid ..fprittat ion from o is* aeon i .tip, and

^oids by ._aoonita8c ^fraotions in the presenae
24and abgence of fe .. _and .

Although the activation or tioonita^e is dealt with 

in Jhapter II, the results of thie a&pect of the ,ictiva~ 

lion are given here j*s; tiicy are intimately concerned 

with tue purification procedure.

Daring the purification, variout- fractious were 

tested Tor she ability to convert both itiOcitrAo acid 

and o ie- aeon i tic acid to citrio acia. i'able j shows that 

the ratio of the two activities remains constant within



UABL3S 
3* 

C
om

parison of 
tae R

ates 
of C

itric 
acid 

form
ation 

from
 
Ieo

citric 
acid

m
d 

cis-A
co

n
itic 

acid 
by A

ctivated 
and S

on-activated 
r

(F
ractions w

ere 

fractio
n

r actions
of A

conitase.

obtained and 
activated 

as described 
in the tex

t

S
pecific A

ctiv
ities

N
on-activated 

A
ctivated 

(a) 
(b) 

R
atio 

(e) 
(d) 

R
atio

C
iB

-acoo- jlso
-cit- 

a:b 
ois-acoa- 

T
rie acid rT

c acid 
T

flc 
acid

iS
xtraet

1
st. 

ethanol p
p

t.

2nd. 
ethanol 

ppt.

Aoim
onium

 sulpnate 
p

p
t.

D
iulysed am

m
onium

 
sulphate p

p
t.

S
upernatant after 
heating at 

50°

7-0

315072.5

7.0

6.7

4.35
17-5
32-5

45-5

4-7

4-2

i.6
l

1.78
1.54

l«59

1.49

l.6o

11.4

4996

151

H
2

174

iso
cit- 

c:d 
rio

 
acid

7.2

31569785

113

i-59
1.58
1.71

1-56

1.67

1-54

)R
atio 

of A
ctiv

ities 
of 
activ

ate! )oizym
e

non-act ivatel )

pis-aeon 
iso

citric 
itic

 
acid 

acid

1.63

1.6

1-9

2.1

2026

1. 66

1. 8

1. 7

2. 1

1827



42

2+ 
the limit B of experimental error. fhe addition of ?•

acid cyeteine increased the two activities equally so that 

there was no alteration in the ratio* ?h« activating 

effect of $9 and aysteine during the early stages of the

purification was small and remained reasonably constant.
2+ 

After di&lysie the activation was greatly enhanced. Fe

and cysteine can, therefore, replace completely the

co- fact ore. i'he addition of 2;2 f ~dipyrldyl 

to the dialysis medium caused the formation of 

ferrous tridipyridyl inside the dialysis sac and this

complex slowly diifus^d out into the medium* It is an
2* 

interesting fact that not oni., doeg 1*6 activate

aconitase t but that loss of enzyme aotivity coincides with
2+ 

of fe . It would thus appear lively that F* is

the met a with which the en&yro* is aseociated in vivo .
2+ 

The results ul&o suggest that the Fa is bound to the

enzyme sufficiently strongly to reeist splitting as a 

result of ethanol and ammonium sulphate rraotionatlon, 

but the linkage is readily broken by dinl^sia* 

^ests for the presence of other enzymes in the final 

aoonitase ^reparation

the final ac on it ate preparation contained 196 units 

of ieo citric dehydrogenaso aotivity per mg« of protein
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and 1100 unite of f urn or a fee activity per nag* of protein* 

2eete for the presence of lactic dehydroge&ase were 

negative* It ie possible that two of the three minor 

components of the eloctrophoretio pattern are due to the 

presence of ieofcitric dehydrogenase and fumaraee.

DISCUSSION 

2he inactivating effect of phosphate on aconitase
»

in the absence of eubetrate can at least partially explain 
the instability of the eru-yme as previously reported, for 

the tissues were extracted with phosphate buffer* It 
would aeec. that the apparent instability of the enzyme 
was related to the loss of GO-factors, rather than to the 
denat oration of the apoen^yae. the final aconitaee 

preparation was* stable, but both it and trie fr etione
obtained during the purification required the addition of

2+ Fe and c/cteine for maxim out activity.

2he aeaay fi^ureis of Johneon (19 39' for the aeon it* 
a@e activity of various animal orgaru are also open to 
criticism we the organ? were extracted with phosphate 
buffer. /roi^ the reeaits obtained here, it would appear 

that the values obtained would der.nl on the time that 

elapsed between the extiaction and the teet of enzyme 

activity at weii as the aiiuant of aabetrate present in
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the extract.

the possible mechanism for the inuetivation of 

aeonitase by phosph- te in the absence of substrate mill 

be discussed in Chapter III*

The fact that the relative rates of the reactions 

cie-aconitio acid — *• citric acid and isocitrio acid 

citric acid are the same throughout the fractionation 

procedure and that each reaction is activated to the same 

extent by J*e * and cyateine provides good evidence in 

favour of tne idea t<mt aconitaee is a single enzyme. 

More conclusive is the finding that an eieutrophoretlc&lly 

homogeneous protein le capable of carrying oat those 

reactions associated with aconitaee activity. These 

i in ciings are in accord with the fact that the lose of one 

en y»e activity inv<»riii&ly leads to the loss of all 

activities.

1. The activation of aconitaee by 1*0 and c^etaine has 

been confirmed* irhoEphate was shown to inactivate 

the activated enzyme rapidly in the absence of 

substrate*

2. rvconituye hae been purified 24-fold by low temperature
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ethunol and ammonium sulphate fractionation. The 

purity of the final preparation was estimated to toe

5* £n.e final accmituee preparation wae contaminated to

a small extent by iaocitric dehydrogenaee and furmaraee.

4. Aoonitaae has b«en ieoiatoci from the final prepara­ 

tion as an eleetrophoretio&ll,/ homogeneous protein* 

Dhie orotein was free of ''igment and wa@ capable of 

converting tooth ieocitric acid and ciB-aoonitio aoid 

to citric aoid*

Baring the purification, the degree of actiTation of
2* aoonltaae toy #e and oyeteine increased, eape^ially

after dialysis*
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CHAPtKR II

of

en*ym®8 exert their catalytic off cots only 

in the presence of & metal or low moleoalar weight 

compounds* dome lovv i&oleettl&r *e ight uo^ouade, 

the photsphopyridine nucleotides and gome metals,

eonsidored to form complexes with the enxyme and are 

classified. &s coen^ymes or proetaetiu groups* Other 

lov, uwieaaiui- weigat ^ompoanda, aach a^ cystolno and 

gluC&tUione, .^otivaUo certain en^/mea by reaction, 

rather t&un by co/Dination. One *ay in which this can 

a.ppen it> for t He tie oo^ooancU to reduce difsuip 

iin.^agcc on t tie eorfaoe of tiiotf? enzyme e v.hioh 

froe -^H groapQ for uativity. Thte, they differ from 

l-rofttuctic groups and uoeu^ywe^ in not tujciog p^rt in 

t, ..« ucta. 1 maciiani&m of ci.t iyeis , .j i are better 

classified afi uativatore. >iatathione IL ea
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for the activity of giycor^ld0hyde-3-^0€u/a&,te d u hydrogen - 

aee a« shown by i£r ime*^ 4 Racier (1S52 > and jx&c&er &

52i, out it ie rirraiy bo,*nd to th* en^me and 

purt in the reaction* ?hu& it must be clas 

in this in&tanoe as a rostaetic group rather th.n 

an uutiv&tor. -a will be teou later, it ivoald Beam aa 

u puoiber 01 pro@tht.tic groups i auction by aiiitiog

te with the en^/u^ fchroagh the active c..j i tre(s) 

included in this gr^.p are some i ot,l t^ei^^og.

appear to be linked to the enzyme at a site 

other than .mere the substrate ia utt^hud aua ^wt SB 

ig of electron,, or ione. Ooeu;.v,M,e, are more 

ditsouiuted than the prosthetic groaps*

(1941^ proposed the thesis t^at anj subatatice 

oc^ure in traot»e in the oeil and whiwa is

in tracer in the dit?t of man -r in the media for tue
an 

growth o/ micro-org^niemB, auet be/eeaentiui part of

en^iri- ay 8 torn. Uhie theory f^aa bu©ed on tue 

finding that a no^bor 01 troce , ...bataiic'. 6 u^a been 

f o *nd to exert t aeir affect a either ..s proethotio 

gro.ipe or uoen<.yaie8 of eo^raoe* It, therefor©, gave a 

oa&l baeie for tne explanation of hos, tr-^c 

. exert cue:* rofoond biologic.,1 effou-te. 

i amounts of tae^e ^ubst,*nce8 required were



conaisteat with the f&ut that th© concentration of 

particular enzyme B In the ceil is low. Thie hypo thesis 

hue been strengthened &s a reeult of further research 

over the intervening gears'* It hae aleo come to light 

that many ©naymet have a specific requirement for a 

particular coen^yme or prosthetic groupji, and this has 

led to a classification of en^mee according to the 

structure of these compounds. The fact that different 

enzymes require the eaeie co-factor, although they have 

mutually exclusive specificities, indicates that the 

protein moiety is not only specific, but also determines 

the nature of the catalysis*

although it is l*Jc©ly tuat the explanation of the 

requirement of an organism for trace mettile ia or will 

be fo.-aid to oe due to their role in en^me systems, it 

is uot ouiy the trace metals that eerve ae proethetic 

d or tictivators. Of the no-called bulic metals 

., Ca, Mg and Pej, all with the possible exception 

oi i»a are capable of activating en<-,;.. es. Other mettle 

guch as V ar;d Hb hav® uleo been found in .nim^l am 

plant tiseaee, but at the present time it is not tin own 

whether or not they participate in en^ymiu re^tior^. 

exact function of the net .1 in &uch en..y;.«
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not clear* In cert in cages, the o 

of the i^et^llo enzyme ie manifeeted to Lome 

extent In the aiet^i itself, but the add it, ion of the upo- 

together with the mati~i greutly enhances the

rate* In sack oa&oi?, it ie considered that 

trie f auction of tats apoan^iae i@ to enhance the inaarent

properties of the .r.ot^l. ^n exumple of thi& typ^ of
*

reaction i~ found with 'uac a x id u live decarboxyl&wioa of

oc- its to^iut ̂ rio tot id. oc-.fcetoglut{»ric car boxy i
Z* 

reqairee , n for activity, but iialnitii^ (iS53^

th&t tile eame re&ution occurs in the : reeeiice of
£4 uod in the absence of the apoen^yme, although the

reaction rate is slower in the febsonce of tae

V.iii* cannot be tue i'unction of the u.pOQo^/me in the
24*

of all iBet&lloeruyii€£* Although -n ie e&eeotial for 

the activity of c iib;oio auhydru^e, .oil in & Mann (1£4CU 

^jtiOtoed that inorg^.i^io Line uulte, yi^pie and complex

organic ^ino composed t. were devoid of catuiytio activity
2+ 

2he function of the ^n here might be to anito the

und subetrato in a uo- ordination uo&p4.ex ae

by Du,itu (^j^Lt, ratuer than to increase the

ability of ^*n to cut&lycc tne reaction . It is, of

e that i-n does



activity, but it ie so lov* that it cannot toe measured. 

Smith (19^1> fo-na that the addition of * peptid- 

capable of hydrolf,cing L-ieuo;,lglycin© to

gtri&iog changes in the ^bsorpuion spectrum of 
the me tui. nen I**leui;^lglyuine was uddispa to in v 
ub^orpkion changes were ^ic o observed* fhe^e rind ings 
l<jd Jmith to postulate trio formation of &n enzyme-

aubiitratie coaapiex wnich invoivei uc-ordinution
2+ of iin . He propose! ta^t after the formation of the

*:Ub£:trute oo ,. lex, the decreaeo in the ^ctivuti

ol hydrol^sie was produced by attrition of the
«,+ electrons by Mn . nilo th@ protein ceutroe oriented

triti c ..tBtr^te to that the net effect w&& an ole 

uer ration of the .entitive bond* Jh€ hydro X 
then considered to be due to the catalytic effect of 
H* and Oil" ions.

In the absence of further information, it ^oald 
. , o,, reuaonitbit to ^^^orut that u r^tal unitee with the 
apoea&yi&e to form an act ire complex ^hicn ie then in 
e s aiiibrlua with the free apoen</me and free 
according to the equation:

metal -f ^n^yme ^" '.T .otai-enzyme 

(inactive) (active)



tfron. guch an equation, it ie possible to determine the 

hypotactleal dissociation constant of the complex* 

2ttia has been done for many enzyme£ with a re&ait that 

it Uuwi beeo i'oond that the affinity of apoeo^y.^ee for 

varlea from ayatem to system u;>a within the same ay 

i'or different metal®* Idalyels studies hay© al,.o 

this difference in affinity. ^miih & Han-on (1949) 

round that the &.g** of ourbox/peptidaae ie not removed 

by di&lysle, whereas tae Mg'"'1" of lou^ine 

1@ readily removed by di^lyeis. .ithou 

vury ae to their tiffinity for metal ions, after 

the metal concentration required for the enzyme to chow 

its maximam activity is relatively low.

Hot all enzyme ayaterne @how an absolute metal 

specificity* '*„ number of pJioa^hutueee, phosphate 

tr .uii g f erring en%ymea and oc-^eto*aoid oar boxy lu^e 

De activated by either I'n" or &:g , ultho^h Mn 

more ai'i'eetiva th,^n ^g , whilst other metale of the 

traiigliion teriee are inactive* this Indicates that 

the ability or a .-.t i ion to activate

ie not simply related to tue properties jf the 

ion* Tne differenca between ^n 1" and Mg £ with 

reepect to mass, ionic radius, ionic potential, mobility



and rate of diffusion is considerably greater than 

between #n and the other transition metaie* It is 

probable taut n./dration and complex formation are more 

concerned with the ability or a a,etal to a^tiv^td an 

enfcyme a/stem* than are the other ohyeieal rropertiea* 

at the same time, it it possible that the properties of 

the 'naiced' metallic ion may differ greatly from those 

which it oo£s«se«e in a phygiologlcai medium where it 

ie surrounded by other moleottieg of an inorganic and 

organic nature (Lehningor, 1950J.

Hhe aotivatioa of soc»e niettd e«i-y«.ee haa been 

f jtii-ia to ba a very slow reaction* koiiaj^ed & Oreenberg 

(194t)J fo ar,i that the activation of argiuci&e v.at 

dependent on time ae well **£ otuer factor^. Under 

certain conditions, daye were required for the enzyme 

to be fully activated, .-jmitJi (l^^li al^o found a 

eimli ,r glow rate of actlration with peptiidaaee. This 

elofc rat© of activation m&y be significant ana find 

explanation in the time re• uirea for tUe formation of 

u co-oriSination compound betv.eeri the mot^l and the 

eu*y^e, bat it is noteworthy tnat none of the e^ymeg 

icnown to show a very ,; low rate of activation has been 

obtained ae un electrophoretically homo^eneoae protein*
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4 Cloutier ll^Jply ehowed that aconit^ee 

a metalloeniyoie V'hieh was dependent on the prepuce of 

jfe and a reducing agent fur maximum activity* 
vualitativi studies siioweA that tfe was capable of forii 
ing complexes with the substrates of aoonitu e under t.so
conditions of op . imam enzyme activity and the results

2+
t :iat the /e was capable oi* forming a

with the a po enzyme. ?hese uathorg suggested 
that the /e was responsible for the linkage between
the apoen-y;e and the eaba-trate in the

cui boxy lie aoid complex* It wa& aesa^ed that the
reducing agent e placed a doable role in maintain in ; the

2* 
iron as fe and in Keeping the reducing gro^>& of the
protein in the reduced etate, but no evidence wae 
presented to indicate that this was the e.se.

it has been seen that come metal iona are o^pable 
of 4*ctiv<*ting sioiae n-ymee; different theories to 

explain the function of the &et&i h^ve been cut forward, 
uut tae &ode of activation ha® net yet been doi*initej.y

^ic^aiian & Cioutier (iy^lj oxoiaio*.-d tneir 
concerning aconitaee in teririt of tae aypothesi&

by Smith (1^3^^* whilst their results v ere 
not inconsistent with this iiypotheais, tne aut -is



provided little or no direct evidence to show that
«£+ function o i' /• was to form a lime between the en

and the substrate* Ho videnee was >reeented to indic­ 
ate the role played by the reducing a^eiite in tuo activa­ 
tion of the anki^m©. Jhe high residual &.ctivit^ of the 

& oioutier aconitabe preparation in the absence
of J*s and reducing agents did not permit of a more 

detailed investigation J^ the function of these 

compounds in the aaonit&ee system* The ueanitase 

preparation obtuined by the method reported in chapter I 

provided a much setter me^^e of determining whether 

compounds functioned a& prosthetic grcupe,

activators or both* ?he preparation shoued little
2+ activity in the absence of jfe and ^ red^uiug ageut,

it showed considerable activity on Uie addition
of these substances. i'hiiss preparation was used for

2 + testing the effect of jfe and reducing agenta on
aooaitase activity. jJhe results reported in this

t*r
chapter indicate that both ?e and reducing agents act 

as prosthetic grouse of aeonitase nd iO are concerned 

in the formation of the active enzyme corner*. It ie

- t.aat tne active x'orw of the enzyme is an
2+-reducing agent co^nlex.
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Methods
£+

Auonitaae was activated by *'e and ,11 reducing

gent^ in the same fashion <tg previously described 

(page 19 ). £he enzyme solutions contained 60 >tg* of 

the final aconitase prei ^ration/ml* ?he en^».« activity 

was determined and citria ueid ©stiaated ae pravioaely

Keagepts

Ascorbic acid wau u t ocho prodact, taloglycoilate 

',' a ii.,..H. product vuiicii wa© re-diatilled bef jre use 

i giatathione was a gift from the ^letillers Jo. Ltd.. 

Liverpool* Ae determined by thiol titration, the 

glatathione was 99/* P^ure* All those ootnpound, were 

free from iron* 2he otaer reagents v.ere either A*K.» 

or fcH previously mentioned*

AotiY>tiicm of

fig. 4 tehowt; the effect of *'e * und cyst&loe on the

of aconitase* the f in .1 purified, d ialyged 

preparation po^eeeeee little activity; oysteine alone
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2+ does not increase the activity; i«'e alone brings t*bout

a 15- fold iocreaae in the activity, whilst the addition
2+ of Fe and oyeteine increases the activity 70- fold*

£he experiment a reported in Chapter I had ehown that 

oyeteine alone would activate aconitas© » reparation® * 

but later this was shown to be due to the presence of

£• in the eyeteine preparation. Uhe investigation 

of the activation of aconitase by *V alone involved

technical difficulties* On account of the email 

amount of protein present in solution, it showed little 

or no buffering oapaeity* £iie ferioue a^AoniuiB aulph*

ate solution was acidie &o that if it ^ere not partly
£4 

neutralised the pH of the J*e -er^yriKi eolation wae

below pH 3*0 with a reealt that there was denat oration 

of the etuyau;. the adjustment of the pH of this

solution to 7*4 Wfcit3 diffiatilt and at thib pH Vrdue at

tome of the Fe «m& in the colloidal etute*

therefore, it is not possible to 8t<ite that the above

repreeents an accurate estimation of the activa-
2+ 

tion of aconitaee by /e . uevertheiess, it ie clear

and oyetelne bring uboat a very .uar^ed activa* 

lon of aconita&e*

required for maxxiaajv, aotivatiOQ .of aconitaae by



.fe and cyeteine

the conditions chosen in the preYioua experiments 

for the determination of aeonitae© activity were based 

oo those of Dlocntan A Oioutler (1951). although they 

were quite arbitrary, they provided a suitable means for 

following the purification of the enxyme. But having 

obtained a highly purified preparation, it was Important 

to determine whether or not these conditions gave riee 

to maximum activation* the results of Dlc&aan &

Clout ler (195X) suggested that an Interaction between
2+ 2+ 

the upoanayme and the Fa to form a Fe -enzyme complex

according to the equation;

2+ „ 2+ 
ife + en^y^e ^'i. nfr. Jfe -enzyme

wae essential for enzyme activity. It w&@ poeeibie 

that the rate of the attainment of the equilibrium was 

alow aud that the 1 hr. >erio i of activation of tue 

ena-yaie with fe and ayatelne was not efficiently long 

for the en&ynie to be activated to the full extent* 

therefore, an Investigation was -i.u^o of the relationship 

between the ©n^ymc activity and the perio.i of incubation

It is clear from iV ble 4 that there is u initial 

rap la activation of aconltat-e by le und c,yateine v 

followed by a slower period of activation. BO that about
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fABUft 4

Sffect of Pre-lPcubatioc 2i>ae on th«

of 4g oti i t &fc e by f • and cy e t e Ipf

wae inc abated at pH 7*4 &n* ° with § x 1Q~4
24 -2 !*• and 10 M oysteino. 0.2 ml. e -r.pies,

to 12 jog. of the final aoonitaee preparation, ware 

removed *t intervale and added to teet tubes uorUaining 

0.3 ml. of cis-aconitic acid (final concentration 

4 x 10~^ M) at pH 7*4 &nd 4.3 ml. of wat^r* Keaotion 

was stopped after 13 min. ty the uddition of 0*3 [;>i *

(w/v) triohloroaoetlo aoid and the inixture analysed
o for oitrlo acid. le&p&rature JO )

of feo t i v at i , o a jo on 1 1 as e act i v i ty

citric uoid 
formed/ 15 irin. )

0 285
0-5 535
1*0 320
2 .0 320

3.0 320
4 .0 318
5-o 295
6.0 278

24*0 192
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0}Q ...in. at 0 le required for rc&ximuro activation* 
activity is retained for at least 4 hr. 9 after which 
there is a slow decrease so that at 24 hr. t the enzyme 
pOBueetoa only Go^fc of its maximum activity. I1 he we 
results indicate t ,at tue arbitrary conditions fj 
choeen for the incubation do bring about maximum 
activation of the enzyme.

there aeemed to be three possible reaaone by hi eh 

the lose of enzyme activity after 4 hr* could be 

explained* They v.ere;

(a) alteration oi the pH of the mixture during the 
incubation period at 0

(b) aocoinui&uion of the end-products of the 
oxidation of cy&teine by Fe

(u) denaturution of the enzyme in dilute solution* 
A checlL of the pH of the mixture aurln^ the incubation 
showed that tnere was no alteration over the ^4 hr. period 
Jhc- acauntuiation of the end* product® of oy&telne ox Ida*
tion u^uU not explain the loee of activity, for when the

n
etr^me watt added to a mixture of /e , uy, tcsine and wuter

o iiioh had been incubated at 0 for «-4 tir., the activity

following a JO ;ia. incubation period at 0° was maximal• 

It in unlikely that there i& any significant
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Of the and- prod uotn of the oxidation of cyateine, for 

although no epeciiil precautions were ta&an to exclude 

oxygen, the conditions were virtually anaerobic. It 

isuet be concluded that the loe 8 of en^yrr;e actirity is due 
to the denat oration of the enzyme in dilute solution. 
activation og aeon itaee by the addition of ffe* and 

cyeteine to the test medium

ilth the pre visas method of activating aoonltase
2+ with Jfe and oystelne, it was tie earned that tnere was

no dissociation of the active complex when it wae 
added to the teet medium containing eubetrate. whilst

24the concentrations of fe and cyetein® in the enzyme
during the period of activation %ere 5 x 10*'1 14

<and 10 M respectively, when the enzyme solution 

added to the test sodium the concentrations were
-4 

reduced to 10 M and £ x 10 M. Dissociation of the

complex was lively on account of the high

dilation, oo -.n investigation »a& made of the influence
2+

of the fe and t-yeteino aoncentrat ton in the test

medium on the aconitaee activity. Iri these eatoerimente,
othe activation wae carried out at 5° for codvenienoe.

It wae found that when the non-activated ac mituae 

was added to a medium containing the lower concentrations



2+ o of If* and oyet- ine and incubated for 3 miru a * 3°
before the addition of rubstr&te, the enzyme showed no

2+v/nen the concentrations of JPe and cystelne
-it: the mediuja were increased to 5 x 10 M and 10 M

respectively, the en&yme showed the same activity over 
the initial perlon of the r •action as it did when the
original method of activation was used. (The activa-

-4, 2* tion of aconitase in the presence of 5 x 10 M ]?•
and 10" M cyetaine in the teet medium will be designated

Method II. the original . etho.-i of activation, i.e.
-4the activation of the en^me in the presence of 5 *

24 -2 l*e and 10 M cystein® so that a earn-l-: of t iis
eolation is added to the teet medium, will be referred 
to n& Method IK /ig. 5 ehowe the effect of adding 
the enzyme directly to a mixture of J*e c , ayetcine and 
;u bet rate. It will be noted t^iat there ie a distinct 
l&g period of aboat 3 fflia* snd that the reaction rate
is slower than that of the control in v/hiuh the

2*wias tie- Incubated Kith Fe ana oyetelne for 3
prior to the addition of eub&trate*

It may be concluded from these results that 
dissociation of the enzyme aompiox does not occ ir on 
dilution, at least in tu© presence of subatr&te, The
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Fig 'Jhe ra-cti of *.cor, it age by the addition
trid ujstaiaa to the teet medium. 12 ,-g

,y .1_£-of ^e

the non-activated ,-i.conitaef? preparation were added to
-4test tf 

M c.?at0ino and 4

-iffi vihi-K contained
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x JLO M

10 oi.8«>copitic ac ia.
i?otai vox 5*^ . temperature . no buffer, pH 7.4. 

:" + i*n .i c^steine

tyLto a iJ'xtir© of /8 , u/6tt:in0 and 
w ith.3at ore- inu ab&tion•

o aconitaee incubated 5 '«in. with 
bexora tue addition ui"



faut that a finite time it required for maximum activa­ 

tion of the wtixyme its verified, but at }0 th© period ie

^ reduced. If it ie assumed taat the rate of
o 

activation of aoonitase is doubled for each 10 rise in

temperature, &n activation period of 3° *in» at 0° id 

equivalent to 3*7 «»in» at 30 , so the results are in 

reasou&ble agreement « 

activation of aoonitase uoder aero b ia and aimer o bio

fact that a reducing agent waa required to 

obtain .aximum activation of aconitaeo auggeeted that 

higher aiizyw® activities might \»e obtained under striatly 

fcinaerobio aonditione. Experiments showed that there 

was no increased ^c^y,-=e activity when the activation 

and teat were carried ---t under nitrogen* rhle was 

not a.lto&etii«*r BurorlRing In view of tue fact tnat the 

usual teat uondition, were estentiuily anaerobio* 

Oxygen *ae admitted to tae eoluuion only during the time 

of mixing and appareatiy the reiativei^ large amount of

was adequate to re vent oxidation of

tue J*e or

If the J>e -cy tteinQ-aconitat=e mxture was rapidly 

shaicen in air during the activation period, the



showed fio activity on the addition of the substrate*

this was due to the complete oxidation of
2+ 

cystelne In the presence of fe , with u result that the

o tV 8telne concentration fell to & level at which it was 

enable to participate in the activation of aconitase* 

It was also possible that the insoluble oyste'ine 

produced as a reealt of the oxidation of cysteine could 

have adsorbed the en^jna* thug preventing the activation 

touting place, or alternatively rendering the enzyme 

inactive as & result of the adsorption taking place 

through the active centre(s) of the en^me. 

Effect of shaJting aativated ^aoonitase rapldil^ in air

It was of interest to determine v~ aether or not 

activated aconitaae could be inactivated by oxygen 

during the choree of the reaction. I1he aeon It at i was 

activated by both methods I and II, ubstrate was tidded 

and the reaction rates determined with and without 

shaking. fig* 6 ehowe that there is a elight loss of 

enzyme activity when the test medium is rapidly siriaiC^n 

in air, following activation by method I. On the other 

hund, there ie a marked loss of activity under these 

condition,, when the activation is carried < <t by method 

II* A com >arison 01 the tv»o controir. which were not
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t showe that the initial rates are identical, but

In the case of aeon i taut activated by methoi II, there»
is a email lose of activity after 10 mln. Jhle was a 

characteristic feat ore of tais means of aotiTation.

fhr«« possible reasons to uccouat for the 

tion of aeonltaee under these conditions are;

(a) Oxidation of etsoatial *SH groups on the

formation of Fe v;hieh is 

(c) formatioi^ of eystine which IB inhibitory. 

«.s the InaotiTatlon of the ca^yac is: greater in the pres­ 

ence of larger mao ante of oysteine, (a) and (bj cannot 

explain the inhibition* the cyeteino ooncentrat ion at 

any one timo must be greater when tue enzyme ie activ­ 

ated by uiethod IX than it ie »hen the e/u-yme is actiT* 

a ted by method X, go t^iat the degree of reduction of the 

iron and enzyme au$t ue greater* The addition of 

uy@tiae to the medium in an amount les@ than that 

required for a saturated solution did not oaiee any 

inhibition* Althau^a eystine in > olur,lon did not 

inhibit uconltase, the adsorption of aoonitase by 

aa&; ended oystlne c mid explain the inhibition* j?hia 

idea 10 cone latent with the finding that the presence of
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high concentrations of cj* stelae which give rise to 

expended cyetloe && a result of oxidation, caused more 

£ur*ed inhibition of aeonitae©. The lose of activity 

in the control of the ens&yme activated by method II c»n 

aikso be explained by the formation of smaller amounts 

of cv&tine when the eolation is net sh&Jcen*
4

reeulta are of i^ortance u-e fur ^&

ayetemc for the oxidation of citric acid are

concerned. Aotlv&tioa of aoo&it&Be b> method I,

that the coti&eatratione of ife * and oy&teiau in the test

medium are minimal, i& clear i^ ^leT^rabi^ if the 

&CQait&&$ is to act &t a maximum r^tc for long periods 

of time under aerobic condition®.

of ..ftoonittt£o b reducia agents

DluJcman & Clout ier (1951) :iad shown that ascorbic 

acid wag &a effective as oysteinc in activating aoonitaa®, 

vaereas ^iatathione wae only about half SB effective* 

Ad the preliminary result® obtained with the more highly 

par if led preparation of aconitase differed from those 

of theae authcrs, the ability of reducing,',.gent« to 

activate uconitaae was re- investigated.

T^bla 5 ehowo the relative effectiveness of four 

reducing agents in activating aconitasc in the presence



Kffeot .of _jUed.ocing....ftgeqte on AoQQit&^e activity 

wae incubated with the reducing agent and
A 2*

10** M Fe for I or. at 0°. 0.25 ml. samples, 

equivalent to 1J jag. of the filial aoanitaee preparation, 

were added to media COD tain ing 1«$ ml. of 0*1 M 

phosphate buffer (pH 7*7)* $»5 »!• of cjjB-aoonitic 

aoid (final concentration 6*7 x 10*^ M) and 0*75 mi « 

of water* Reaction wae stopped after 15 miu. by 

the addition of 0*5 mi. of 5^/» (w/v) trlcahloroacetio

acid and the mixture analysed for citric aoid.
otemperature

agent 40 on it as e AC t i vl ty

. citric aoid formed)
0.01 M 0.025 M

Cysteine 178 265

Ascorbic aoid 100 114
CtlutathlOQ* 23 182

fhio^lyuollate 129 1&2
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of a fixed amount of J*e ** At a Level of 0*01 M.

brings about the greatest activation of aconit~ 

aee, whilst thioglycollate, ascorbic aold and glutathlone 

are leas effective in that order* It was surprising that 

^lut&thlone activated the highly puriiied enzyme to each 

a small extent, but later experiments showed that the 

tiotivation was increased when higher concentrations of 

glutathlone were used* In view of this result, the 

experiment was repeated v 1th the reducing agents at 

concentrations of 0*01 M and 0.025 M and both results are 

included here for comparative purposes* It ie seen that 

when the level of the reducing agents is increased to 

0.025 M, the degree of activation is increased in all 

cases* CysteiQc is still the most effective, but the 

activation by giutathioae is increased to such an extent 

toat it is ae effective as thiogly collate. Uhe higher 

concentration of ascorbic acid caused oray a assail 

increase in the en-^i t activity, &o that -t the higher

, it was iea^t effective*
2f 

of ^e _ in the activatiQn of aconitase

4s ft was mar^eai> catalytic in the oxidation of 

stein®, as first shown by Mathewe & ttul«cer (1909), it 

of interest to determine, whether or not those metals



whioh are capable of oxidising c,/etelne are aleo capable
t+ 

of activating aeon it ae®. It wais cnown that Mn and
2 + 

Ca are aleo ot»*mble of catalyt to ally oxidising cyeteine,

so these &«stal« were tested for ability to activate 

aconitase • Ho other me tale are jcnowii to oxidise

eysteiae catalylioally.
2+ 2+ 

It watt found that Cu and Mn at a concentration
*4

of 5 * 10 M di^ not bring about any activation of

acoGitaa®* Moreover, ften thir concentration of Cu 

c &d led to the usual activation aye tern containing Fe 

oysteint, the activity of the tm<yme was inhibited 

Thwse results confirm and extend thog* of jrebs 

& iggieatoo (1944). On the other hand. Mil * was with/at 

effeot. thua it wo aid aaem as though there was uo 

relationship between the ability of a metal to oxidise 

oysteine cstalytiaally and its ability to activate 

aconitaee. Heeait@ also indicated that there was a 

lito* of any correlation between the other reducing agents 

und the metals capable of oxidising them catalytlcally, 

and t,he ability of the@e systema to activate aoonitaae.

It ie worthy of note that Gu and Mn which belong to 

the same trans it iona series ae fe and vhieh therefore 

have similar properties, do not activate aeonitase.



indicates the high specificity of aoonitaee for
*)o otaer ertetale war© teeted UB activatora of 

aeonltaee, but it ie clear from the wor/c of Licioaan & 
Giaatier (1950) tiiat Fe^* is specific in this regard.
Hole of l'e<r> in _ thg^ action^o^f aconitaee

2+In order to elucidate the role clayed by J*e in
the action of aoonitaae, a quantitative atuay w^s ;
of th« effect ©f the 99 concentration oc th.e activity
of aconltaseu

obse; vationfc on th« relationship between the2* 
Fe eottceiitration and the reaction velocity in the
oreeenco of u./eteina and aecorbi^ acid, ae shown in
fi>-. 7* conform to - eimple faichaoiie-,,.^nten relation

7x i.6* to tae equation v a —— -— where v = initialKX * x 
velocity of the reaction at a standard concentration
of gubgurate, in the presence of a reducing

concentration of Jfe**, and J * hypotaeticed
constant of the fe -en yme complex formed

according to the equation
n .

results are cone latent with tue hypothe&is that
i + uombinea with aconita^e in the ratio of one JPe ion

Z*to one active centre &o form the #e -eu^yroe ooroplax which
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7* Uae effect of Fe^4 concentration on aconitciee 
activity. Aconitase was activate! in the presence of 

1Q"* M oyeteine or ascorbic acid and vurioua concentrations 

of ^e 2* at pH 7.4 for 1 hr. at 0°. 0.2J ml. samples of 

the enzyme solutions, containing 15 >j&. of the final aconit-

as® preparation, ere added to media containing 1.5 iai. of 

0.1 M phoaphate buffer (pH ?.?), 0*5 ml. ot neutralised cie

aconitic acid (final concentration 6.7 x 10"fe) and 0.75ml. 
of water* 1!ha reaction was etopped after 1^ u;in. by the
addition of 0.5 ml. of 5$M*/T ' trichloroacei;U; &eld and 
the solutions anal,/ted for citric acid* temperaturs 22°.

S « molar cone, of tf«2+ x 104 o ascorbic acid
? • ug. of citric acid formed/15 uin.x 10"^ e cysteine
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is responsible for en^ymlc activity*

7hic interpretation is velid only because it was 
known from previous experimente that the above equilib­ 
rium was established during the pre- incubation of the 
©n^yae with J*e * and the reducing agent for 1 hr. at 0°. 
A© the substrata was not added and the reaction rate was 
not determined until after the equilibrium was established,
it can be t&icen that the reaction rate was proportional

2*to the amount of the J*e -enzyme complex formed. AS
the final ouiiyme preparation was eubjected to prolonged
dialysis againet citrate buffer (pH 3*7) before use,

2* it w&fc aesoffied tiiat tnere was little or no Fe remain­
ing in the preparation* It wae on this basis that the
hypothetical dissociation constant was calculated to be

-6 -53*9 x 10 M in the presence of cysteine and 1«7 x 10 '
in the presenae of asoorbic wcid. the above assumption 

not be oorr ct in ¥iew of the fact that the enzyme
did possess slight reeiaual activity in the absence of

2* J*e and a reducing agent* On this account the value
obtained m**y not be correct and u«ay filao vary from one 
preparation to another. Hoover, it is ele&r tu&t 
a^onitase has a very high affinity for Fe .

It can alcO be seen from fig* ^ that the absolute
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of the maximum rate obtained in the presence of 

e,,Gteine ie over twice ae great at that obtained in the

presence of ascorbic aci;U If the active complex is
2+ £+

01" the typo Pe -enzyme, then whtn the Jf« concentra­

tion rise® sufficiently, the limiting concentration of 

the fe -enzyme complex obtained must be independent of 

the nature of the reducing agent. *Ut the maximum 

velocity is dependent on the nature of the reducing 

agent vhich indicatee that the reducing agent is concern* 

in the formation of the active complex. *hU point 

will be Ai&ousaed farther in a l^ter section.

ueuotion of V*. jth reducing agent»

from the colour of the en^rae solutions during
2-*- 

the motivation >eriod» it was clear that -?© h&d

reacted with aysteine, thlo^lycollate, aeoorbic acid 

and glatathione to form coloured complexes* Schubert

(193^) and karroo (195^) had sho\ n that cysteine reacts

2+ with t* at ultCuline pH valuer to form & complex of

type II) CO

S
•!•-

B--

00

II



which can combine with CO to for in a stable colourless 

complex, or with oxygen «o form an um:t«..ble blue-violet

con»pi.ex of typo (II). A biue-violot colour
2* when the en-yaio eolation containing ^e and

was «ha£e*i. but fadaa on standing. ,-„ t tuble ohorry- 

red complex formed a@ a roault of tae reaction betw 

l*e <r.aa thlogl^ collate. ^.cnuoert (1942) tiiowed that 

thie complex ,. aa al? o of u.ypt) (1). A violet complex
24i oriued between a'e ' and HSyorbic acid, but no evidence

tor tiae straoture oi% this oomplux c*-uid be round in the 

literature. nowevei , the ctr ioture of aecorbio acid

ae&m uo permit of tUe formation of a com 1--X with
2+j?'e . Ulutatiiioae and Fe gave ^ t- tat la golden

yellow iiQffipiax, but tigain no evidance eoald be fo^nd for
£+ tue a tract .0*6 of thie compiex. choreas tne ?e -c^

complex wa^ coloured only in the preydaco of oxygen, the 

other complexes were coloured in the atisena© of oxygen*

of the, aeonlt&.^ee/6 tern

i<. experiments to date nuo indicated t <<t reducing 

at) well aa fe*"* were concerned in the formation 

of the active auonltu; c cOfnpiex* fhe e^uiiibritoiQ

the en^i o t fe and cyetoiny reight be as Tollowa;
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^^^^^^^^^^^^^^^^^^^^tenzyme + oysteine ^ "n • m m... enzyme-eyeteine

2+
-(

eo that the F« (en^/.... -c^ st^ine / complex was the
oomplex in the cai e of vv&teine* If the 

affinity of the en^y^e for cyeteino v«re >>re^ter than
the affinity of ft*"* for cyeteine, it might be

tiiat high uonoentr&tione Ji oy&teitje ,-ould 
ris© to ihaxim^a formation of the ©n^yme-cyBt 

complex* t the enm© time, the en-yraic activity 
could be reduced ae & result of the equilibrium between 
the /e and cystcine bein,: rtisp.uced in fuv ur of the

24formation of the J*e (oyateln^) complex.*.
argument .ni.-ht aleo be expected to mppl^ in the cime of 
ut corbie acid. Fig* 6 ehowe that thie ie the cu^e 
with both reducing agents* It i@ uiear also tfiut the 
«3n^y0ie activity in the presence or cysteine ie greater 
tu an in the pregenae of aacorbic acid. fhe similar ity 
of the curve e i« more apparent when the an^rae activities 
are ^lotted as percentagee of the activity in the
presence of the reducing agent &t a concentration of-2 10 M &e ehovtn in fig* 9* i?heBe results ure consistent
with the idea that the activation processes are



3OO

ffl

200

h^

2

D
o

OO25 OO5 OO75
REDUCING AGENT CONCN. (M)

o-i

6. ?ha efi'eot oif iiioreatiing conccr.trut ions of 

t'.., ine and aweoi bic *,clcl on ^onit&a^ «aotivlty. 

Acoui^.iee w&s ino

or ^:, ucine or

?-;ith v.urio.*8 ctofa-entratione

acid ^

,r 1 hr. at 0 aaa pil 7.4

10"* M Fe T

'j de t e rffl i Gat lone

carried out ** doecrlbed In fig. 7*

• * aeccrtic ucid



79

I4O

I2O

goo

so

< 60 
UJ

&
40

2O

O-O25 O-O5 O-O75

REDUCING AGENT CONCN.

/lg .Us effect of iru.e.eing ,-on.te^trationt of

activity.and ^oorbio acid on

e ae ciasuribeci in fig* 8«

• • ascorbic



80

with both cysteim- and ascorbic acid, the absolute 

activity of the active complex bein dependent on the 

nature of the reducing agent.

Hole of reducing agents in the action of aconitaee 

In the hope of establishing more securely the 

hypothesis tnat the active form of aeonit&s© ie a 

complex contain ing oyatcine, i^corbie i*cid or other

, an investigation wae wade of the effect of 

concentrations of the reducing ugents on the
-A 24activity in the **reset:ce of 5 x 10 * & #e 

8teine. thio^iycollate and ascorbic acid

£he observations on the relationship between the 

concentration of aysteine, thioglycollate and ascorbic 

uvid and the reaction velocity, as k-hov n in fig* 10, 

conform to & ;,.-Uuie ichaelie-t, enten relation, i.ti. to

tne equation
Vc v * ——-— where

<C0 * c

v - initial velocity of the reaction at a standard 

concentration of eub^trate, in the presence of 
5 x 10~* M I'e 2*. 

c « concentration of the reducing agent

* hypothetic**! dissociation constant of the reducing



81

IS

10

J_
V

6
J_s

10

fig* 10. '?ae effect of ey stelae, collate" and

ascorbic aoid concentration on aoonitaee activity in
«% .

the presence of fe . Aconitaee (60 ^g* of the final
-4 2* preparation/ml.) was ineufested with 5 x 10 * M ife

and v«jrioas ooooeBtratiotUB af th@ reducing agents for 

1 hr. at 0° and pH 7*4. £b* er^yme activity was

determined as deeoribed in fig. 7*
2 3 s laoler concentration of reducing agent x 10

Y * jag« jf citrio acid forEied/15 min. x 10*3
.•

x oyateine o ascorbie ucid • inio lycollate



agent-enzyme complex, formed according to the

en&yme + reducing agent ypaa* enzyme-reducing agent

Phere was & tendency for the points obtained at low 
concentrations of the reducing agents to lie off & 
straight line; thU f&ct may hare so mo significance, 
but the experimental error was much greater with the 
lo?/ reaction r^tee* fhe results indicate that each of 
the reducing ugente combinee with aoonitatb in the ratio 
of one molecule of the reducing &gent to one active 
centre to form an eiuyme-r educing ugeut complex. 
However, thi£ complex oannot be considered in itmelf as 
an active complex in view of the previous finding that
the an/yaie is inactive in the pres&sce of a reducing

2+ agent i,lcne . Mo activities were obtained unless
til to present* .-;.. in thie interpretation is valid
bec^u^e the eastern had attained equilibrium before 

tad reaction rates were determined*
The hypotaetical dieeoci&tion oonetante cf the 

eru^ffie -reducing agent complex w@re calculated to be 
5*6 x 1G~^ > for aysteine, 1.2 x i(T-* M for ascorbic 
acid and 6*0 x 10~* M for thlogj^'collate* These 
indicate that the tiffini,^ of the enzyme for



> eysteine > thiOKlyeollate. There is no relation­ 

ship between the affinities of the en*yme for the 

red aging agents and the maximum activity of the enzyme 

in the presence of the eaine reducing agents. eysteine 

gives the greatest maximum velocity, ascorbic acid 

gives the lowest, whiU t thiagiyeollase gives an inter* 

.ediate maximum velocity value* Uhese findioga are in 

keeping with the idea that the active form of the enzyme 

ie the complex reducing agent- en^ymt-fe, the properties 

of the complex being determined by the nature of the 

reducing agent*

The plot of the reciprocal of the velocity against 

the reciprocal of the e uare of the reducing agent 

concentration gave a curve rather than a straight line*
24If the reducing agents formed a ?e (reUclog agent )g 

complex vhich combined with the @n^yme, or if the 

active form of the en«.ym<; wae en-y me- (reducing

then thie plot woull give a Btr&i^ht line* Uthoagh 
^ forms coiapitxeb of tbe above type with the reducing

it ie not *heee comploxea which are responsible 

for the activation of aeonitase.

Whan giutathione v^ae tested for ite ability to



activate aoonitase, it was eeen that very little activa­ 

tion was obtained at a concentration of 0.01 14. 

However, higher coneentratione of glutathiona gave an 

appreciable activation of the enzyme; maxim tun activation 

was obtained with giutathione at a concentration of 

0.02^ M. Having found that aconita^e oould be activated 

by .ciutathione, a study wae made of the effect of 

r lutathione conaentration on the enkiyuie activity. 

11 shows that there is no simple relationship

the concentration of glutathione and the enzyme 

activity, each ae was found with u/tteine, thioglyooll* 

ale and ascorbic aoid* the faot that *» curve is 

obtained when the reciprocal of the velocity ie plotted 

against the reaiprooal of the -latatnione concentration 

woala seen, to indicate that the meahaniem of the activa­ 

tion is different from that obtained with the other 

reduoing agents*

iilSCtJSSIOII

f\

?hc marked activation of auonitaec by Fe ^ in the 

presence of - reduoing agent and trie failure of other 

metal ions to activate, ie indicative of fe** being a 

gpeoiflc integral component of the aconitaee system.
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2+the observation^ on the relationship between the J*e

concentration and the enzyme activity are consistent
9 

with the idea that £*e * reacts with the enzyme in the
2+ 

ratio of one fe ion to one active centre of the enzyme
according to the equation

__• enzyme v " """ #* -enzyme
•

Phue the Fe -enzyme complex oan be considered as an 
retire component of the aye tern. &e the aetiTation 
of the en-yme ie increased by the presence of a reducing 
agent and influenced by the type of redauing agent, this 
c&nnot be the only reaction concerned in the activation*

?he equilibrium between the enzyme and the activat­ 
ors is not established iiamediately ; & definite time is 
repaired before the engine attains its oiaximuffl activity. 
iY hle &u5r;;.eats- tuat the free energy of the actirutloii is 
signii'ioant* fhus the interaction oacmot be entirely 
electrostatic .,u such a reaction Is inetantaneous and 
aoes not require activatioci energy.

The f o or reducing agent, tested have the ability 
oi' iacre&elag the en^yifii above that obtained with J"e 
alone, ul though they are not equally effective* £he 
function of the redacin agents could be relate, t 0 their



ability to maintain the iron ae ife . Since the
concentration, of the reduoin ' agents *ere always in

2+ excess of thmt of J*e and the oxidation-reduction
potentials are each that they fuvoo* the reduction of 
the iron, then only & eoi&li amount 01 fe must be 
present under the conditions of these experiments* 
therefore, it is unlikely that a Michaelis-beaten 
relationship between the concentration of the reducing 
agent and the en*, yaw activity ftoaid be found if this 
were the sole function of the reducing agents* 
iuoreover, if this wore the c&@@ f the oaxi&uai velocity 
of the enzyme sh.>ulj be inde^entient of the nature of the 
rsciuolng agent and this it: not so*

If the reducing agents *ere concerned in reducing 
a group on the sorfuue of the en^mo which w^s essential 
for activity and the redaction vere an equilibrium 
reaction ren^lrlng relatively high concentrations of 
the reducing agent, it might be expected that there 
vould be a Michael is-?, on ten relationship between the 
concentration of the reducing agent and the enzyme 
activity. AS the reducing agents are c^,. able of reduc­ 
ing disulphide linages, it woald ^eem ^oet iiJcely that 

the type of group concerned. However, the
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Miehaeli8*Menten relations indicate that the 

would have to be a monothioi enzyme and it is difficult 

to aee to what tixie group could hare been oxidised* 

Howeyer, if the enzyme molecules were moriothlol complexes 

which ean form din*ore in solution as a result of the 

formation of di&alphlde linkages, then the activation 

of the enzyme by reducing agents could toe concerned with 

the splitting of these linkages* two molecules of the 

reducing agent would be required to reduce each aimer and 

two actire centres, one on each molecule, would be 

exposed* the reducing agent *ould then be reacting 

with the enfcyBM in the ratio of one molecule of the 

reducing agent to one actire centre of the enzyme. 

However, it would be expected that if the same type of 

disulphide bonds were concerned that when the con^entru- 

tion oi" each re dating agent, v^hlch tv,- capable of 

motivating the enzyme, wag incre;*«*/d to & sufficiently 

high T,,luo, the maxim to enzyme activity would be 

independent of the nat ire of th© reducing agent* This 

is not ahe cfafce, eo the ^bore hypothec is? must be 

abandoned*

Before discussing another possible interpretation 

of the results obtained with the reducing agents, gome



complicating features of the reaction must be mentioned.

She four reducing agents which were capable of activating
2* 

aconitase are also capable of forming completes with

and these complexes exist under th$ conditions used for 

tae activation oi tie enzyme* It might seem as though 

it A*8 the oocQpiexee which activated the enzyme, r .ther 

tn n the free oomponenttj* ti& the reeuite obtained are 

consistent with the idea that one molecule of the 

reducing agent reacts with each active centre of the 

enzyme, this cannot be the ease* At least with oyeteine 

and thiogiyoollate, the complex formed with tfe ie of
, the type c'e (h3) 2 , ao the results would indicate that

two ffloiooulee of the reaacing agent were reacting with 

each active centre of the enzyme* ihe game arguiuent 

applies if the /• -reducing agent complexes v ere 

concerned in re ucing the en^me. Moreover, if the 

function of these complexes were simply to reduce the

t it woula be expected that other atatala of the
2* 2* 

game transition aeriee ®«g* Co t i«!n etc* uould

replace l*«

Xhe fact that the reducing agents, oyeteine, 

thiogly collate and ascorbic acid, react with aconita^e 

in the ratio of one molecule of the re ucing agent to
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one active centre cttn aleo be interpreted to mean that 

the reaction;

enzyme 4 reducing agent ^aar engine-reducing agent

oo Cure and that the enzyme -reducing agent complex is at 

least parti ally responsible far aconitaee activity. 

It ownnot be wholly responsible a& the enzyme shows no 

activity id the presence of a reducing agent and
24a bee use of fe . at&tistical analysis of the results 

ootiiinyd witb oystein* and aaoorbia **uid as activators 

of acouitaee showed that the ft&ximurn enzyme velocities 

the iiypothetioal dissociation uonettiuts of the

aomplexee were aignif ioatitly different* i'he 

^ of oyateina to activate the eo^yme was about 

ae gr@at as that of aaocrfeie aaid, although the 

affinity of the au&ym® for aecorbie ^cid was greater 

than it was for cysteine* itii thio^lyeoilate v the 

oiuxiniLLn enxyrne veloci«y was found to b© intermediate 

between the Telocitiee obtained with aysteine and 

ascorbio aald, whilst tue dieaoalation conetant of the 

enjtyme-thlogly collate coapl^x was greater than either 

the en^yme*oyat@iae or the an ̂ ynte- as corbie acid uomplax

i'hie suggeate that different forms of aoonitase, each
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with distinct properties, are catalyticaliy active.

She results with glutathione somewhat complicate 

the matter* 'I? here is no direct relationship between 

the enzyme activity and the concentration of glutathione* 

Below a certain concentration, its ability to activate 

the enayme is sharply reduced. It is interesting to

compare this result with those obtained by ^ubowit«
2* v 1935 ) oa the reaction between J*e and glutathione,

although the relationship between the two results is not 

clear* He found that it was possible to form a CO 

complex of ferrous glutathione only in the presence of 

high concentrations of glutathione and concluded that

this was due to the high dissoc lability of the ferrous
Z+ 

glutathione complex* foith a I*e concentration of
-3

2 x 10 M, he found that the concentration of glutathione

required to form the CO complex of ferrous glutathione
-1 2+ 

was 10 M* On thie basis, a Fe concentration of
-4

3 x 10 M would require a glutathione concentration of
-2 

<_* x 10 M which is the concentration found to be

required for the maximum activation of aconitase.

It has been established that ^e is a specific

activator of aconitase and forms a dissociable complex 

with the enzyme, also that this metal alone is not



sufficient to bring about maximum activation of the 

en&yoe* B*duaing agents are also required, in fact, trie 

degree of activation oi' the oi^yme by J'e c is dependent 

on the nature of the reducing agent present* It has 

aieo been established that cysteine, thioglycollate and 

kscorbie acid form dissociable complexes with the enzyme* 

fhe dissociation constant of each complex differs and 

bears no relationship to the maximum velocity of the
enzyme* tfrons these facts, it seems as though the

2+ motivation of aeonitase by J*e and a reducing agent can
best be explained by considering the active form of the'••> 
Qn^yme to be a J*e -enzyme-reducing agent complex* the

re trait s with glmtatiiione 10 not completely fit In with

this hypothesis* 01utathione does activate the enzyme,
2* bat if a 3Pe -eDLyma-glu^^thione complex ie required for

v.ctivit.,, the glatatnione do®@ not dieeociate in the 

a am a f&ehion as do the other reducing agents* Therefore, 

&t present the mechanism of tue activation of aconitaee 

by giatathione moat be regarded a& being distinct from 
that with the other reducing agents*

It may be only Tortaitoas taat all the organic 

found to activate uconitate are reauoing 

Other types of ozgt*nic compound have not been
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tested for their ability to activate the engine, but 

they may well do eo* In view of this uncertainty, it 

n.uv be better to consider the active form of the aeon it-
a*

ase complex ue being fe *en&yi»e*A where A is a gr up of

activators in which the reducing agent e are included*

It ie possible that the essential feature of an aetirator

is its ability to form a certain type of complex with
2+

fe *

1?he point arises at to whether a single or two 

different sited on the enzyme surface are concerned in
rj

the reaction^ between the enzyme and the Fe and the 

activators* At this stage it ie not possible to say 

which ie the cttee, nor It it possible to state the exact 

function of the fe and the activator. rhey a^y be

concerned in linking the substrates to aconita@@ ( fining 

the degrees of freedom of the en^yma molecule or both* 

However, as #e reacts with two molecules of the activ­

ators, at least in trie case of c/eteine and thioglycoil-
2* ate, and the enzyme reacts with one l*e ion and one

moleoule of the activator, it ooee eeem plaueibla tnat
2+ 

the form of the active enzyme co i i ox is

activator* furthermore. Bince the eubstr&tes of

are alto capable of forming complexes with jfe
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it is tempting to suggest that the remaining two free
2> Vuienclee ox the i?e ar@ concerned in eabijtr&te

If this were tlie case, it it not go difficult to 

reconcile the fact that compounds of such different 

structure &e eystein© and ascorbic .cid can function as 

activators of aconitase* On the other hand, if /e* 

dona were concerned with linking the exbetrate to the 

enzyme, there would GO, in effect, competition between 

trie activators of the en^^me and the substrates.

Although farther information ha@ been obtained 

concerning the relationship between Fe and the 

activators and the aconitaae activity f it is clear that 

the roblora of the mode oi* action of aconita^© is far 

from being solved. &ore light may be tiirown on the 

problem by determination of the Mich^ lis constants 

and maximuffl velocities of aoonita^e or its three 

> abetrateo in the presence of different activators, also

determination of whether or not ^'e can form a 

mixed complex with each of the activators and the 

ox the enzyme«

1. It was shown that the final purified aconita&e

preparation poseeeeed little activity* It was not
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activated toy aysteine alone; the addition of 

increased tne activity l^-fola, whilst the addition
2+of tfe and oyeteine gave a 7Q~^ld increase in

activity. 

2. Dhe optima*!-; conditions required for maximum

motivation ri - maximum activity of aconit&se were

datertuinect.
2* 2* 

3* Aoonitube was not activated by Un and Ca was

inhibitory*

4* A Mioiiae lie-Lenten relationship was shown to exist

between tiu* concentration of Js*e^* and the en&ym®
ii+ 

activity* It was concluded that a ?e -eruyme

complex wa& partly responeibl© for aconitace 

5* 4 Hion&elia-'venten relationship watg alao found to 

exist between the enzyme activity and the 

tion of the re^ucina agents oyeteine, thloglyeollate 

and usoorbio acid* It was concluded that these 

compounds form an enayu.e-reduolng agent uompiex 

thick i« partly responsible for enzyme activity* 

Only higher concentratione of glatathione uppreciably 

activated aconitiiee; there wa@ no ichaelie- nten 

re^atlonehip between the concentration of 

euici the enzyme activity.
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6* ffce con cine ion was drawn that the act ire form of 
aconitaee is either an enzyme- j*e 2*-reduc log agent
or an en^yme-fe *aotiT&tor complex



CHAPTER 1X1

IftfLOBlQt of BUFF >KS on the

pH vH'glttlil Of



III

of BIOTAS on the pH
Q Ff IMtftl Of ASP* I 

IB2KOJDUC2IOI

(1941) found that the pH optimum of 
tioonitaee in the presence of phosphate buffer wae in 
the neutral region. A more extensive study of the 
influence of pH on aconita^e activity wae made by 
Johnson (19J9). He claimed that the pH~activlty 
curve showed a sharp maximum at pH 7*4t but this vulue 
must be regarded as approximate* The oH values 
chosen for testing the aoonitaee activity were widely 
spaced and no mention was made of the buffers :*aed to 
cover the extensive pH r&nge*

AS this wae the only information concerning the 
effect of pH on aconitas© activity and was gained from 
etudiee with crude aconitaee preparations, a more 
detailed inveetigation wae made of the effect of pH



and the type of buffer on the enssyme activity.

De termination of aconitage activity
24Aconitase was activated with J*e and cysteine 

by the met ho a previously described (page 19)* i'he

enzyme solution contained 60 >ig« of the final aconitase
•A 2.+preparatlon/ifil. in the reeetic© of 5 x 10 M J*e and

-2 10 M cysteine. The veronai acetate, buffer was
prepared according to Miohaelis (1951), whilst the 
other buffers were 0.1 M. 0.13 &!• sample t- of the 
enzyme solution «®re added la media oontsinin 2*5 ml* 
of the appropriate buffer, 0*5 ra i» of ciB-aconitic aoid 
or ii?ooitrio acid (final concentration 4 x 10"* M) and 
1.65 ml. of water. Uhe reaction was Btopped after 15 
min. at J0° by the addition of 0*5 ml. of 50^ (w/v) 
trichloroacetio acid when citric acid was determined, 
or 0.5 ml. of 10^ (w/v) raetapho^phoric acid wium oia- 
aconitic acid was estimated. 

Be term inat i on of c i trie an i c i s-awonltic acids
Citric acid wae eetimated by the method previously 

described (page 18 ) t whilet oig-aconitic acid was 
estimated by the method of DiCiCman
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aiorpholin© was mindly supplied by Prof. A. 

Albert* Veronal, glyceropho phoric acid, glyeyl- 

-giycine, boric ani metaphoephoric ac.i»i were B.D.H. 

Laboratory Keagents. The ot':*er reagents were A.K.
V

RSSUWS

During th© purification of ciconitb.se, the various 

fraction, obtained were tested for uconitaee activity 

in a system arileh did not include a buffer and the pH 

cnoaen for the test wae an arbitrary y«*lue« Ae it is 

prefer bie to ^tudy en^ymie reactions in a system in 

vhich the pE is stabilised by the presence of a buffer, 

the enzyme activity was determined firstly in the 

presence of different buffers at ,. H 7*4* 

Acoaitaee .activity in the presence of different buffers 

at pH 7*4

It was seen in Chapter I that the inactivating 

effect 01 varioue buffera oould be eliminated if the 

€j£K.yme were add«a to the buffer-substrate mixture. 

I'heee activity tests were carried out in that fashion. 

JPig. 12 shows the effect of six different buffers at 

pH 7*4 °° tne activity of aconitaee as compared to the 

activity when the reactiont were c^rrieu out in the ^ be
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of buffer* /or comparative purposes trie reactione 

Jsocitric acid —* citric acid and oJLs~?*conltic acid

—^ citric acid were studied. It is clear that the 

composition of the buffer has a profound influence on theee 

reaction^. In the reaction c1s-aeonitic acid —> citric 

acid, the en^me activity in glycyl-glycine is decreased 

ae compared to the activity in the absence of buffer; 

veronai acetate and I-ethyi morpholuu have no effect, 

ffiilisb oorute, phosphate and /iycoropiiotipaate increase 

the activity. In tue reaction ieocitric acid ——»> 

citric acii. the activity is ^pproxir^teiy the aacif in 

phosphate ani glycerophosphate, and in the absence of 

baffer, waorsae the &ctivit,, i lower in borate, glyc^l

-fUyuine, I-ethyl morphoiine and veronal acetate. The 

conee^uence is that the ratio of the rate., of the two 

reactiont> varies according to the buffer ueed*

There seemed to be two possible explanations for 

the above results; that the various buffer- have 

different abilities to activate arid inactivate the two 

r eat ions, or that the pii optimum or optima of the 

reactions are influenced by the ion£ present in eolation. 

AB the latter explanation seeme* more ILioly, the pH 

optimum oi" the en-/^e in ciit&i t/eing both reuction^ wae 

determined in the presence or different buffers.
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Influence of t buffers on the .p_H o-ptimaca of

It can be e^oc from f ige * Ij db 14 that the pfi 

optimum pi' aconituee if influenced by tho buffer in 

tthich the reaction i^ carried oat. rh© following \>h 

optima *ere found for both the re&ctions; gl,yoeiophG8- 

phate, 7*5 • phosphate * /«7» H-ethyl moi-pholinc, &.1 

ana veronal acetate 5*6* ^ae abeoiate rutee of each 

reaction svere approximately the game at the pH optimum 

for eaca buffer, so that the ratio of the ratea of the 

reaction^ cis-aconilic acid — * citric ucid to jLao- 

citric aoid —— >• oitric acid WEB ab^ut 1.8 in eaoh uaee. 

Uhis compares with yalaee ran»;iog from 1.6 to 3-5 

were obtained preTioaiily with these buffers at pl£

It ?^aa not possible to determine the actiTit.^ of 

aconituse over a wide rang© of pH in the absence of

buffer on account of the poor buffering capacity of above
the/ aeonitaee aubBtrate^ at higher pE values. (The 

approximate pIC valuer of these acids are reported in 

Uubl© 6. It was of interest to determine them us to 

the aauhor'fc ^.nowledge no values have been reported in the 

literature). rowever, the activity of the enzyme wae 

determined for the reaction cis-aconitic aoid — ̂  citric 

acid at cue lower pE values* In figs. 13 & 14 it ^ 

seen that over the pH range which could be atadied, the



O
o 

m
€»

 
tJ

** 
jr
 

o 
fr

t3
 

*t
 

S3
- 

*
 

O
 

CC
 

t3 tr P «t

ct »1 »-»
» 

O g i c *-
•

c
t

l>
 

O
 
*

i 
• 

ii
OQ

 
*o

 
a

H-
 

tar
 

o
*q

 
O

C
 

1C
 

O
*

d»
 

*d
 

«S
»i 

cr
 

H
c 

& 
**

««
 

ct
 

®
or

 
® 

»f 
o CG

CD t O D H
- ct »^
-

f. O
 

»•*
• i C >*
 

fr 
et

 
C 

»1

P
.

»-
^ s ct }y
 

O »-
y c& *.t

«

e 
<w

 
c 

* 
o D

 
>

-
t-

 
V

^
«t

 
»

f» 05 9
 

W
• 

H
i

H
> 0}
 

f. 
3g

 
C

t

C
t h* •4 f* ct
 

H>
 

01

et
 

&
 

ct 9
* 

3
V*

N 
*—

O
 

D
 

O
 

® p
,

GT
 

8£ es

o • o

c H
,

fS O D et O ts

O

JJ
G 

C
IT

R
IC

 A
C

ID
 

FO
R

M
E

D
 

IN
 

15
 M

IN
U

TE
S

§~ 
o 

g 
6 

Q 
Q 

0 
O 

O 
O 

O

V
 

in o> 6 o M
 

ui 0 b 0 in «
 

O

O



It ct

F [o I ct
 

*1
 

H
- 

O c »-* p.

it a B r. CO c
t c- ct-

o II T ct C K
 t C C c »-*
• I c *•*
• 

C
f *•* G *-"
•

M
 It O
 

O
"

O £3 flj c
t

H
-

O »«•* i-> ce t-
t rr
 

o

»•* «-*
 

s> c c
f

O K
l

GT ft- /• V
- ct <& O 3 £* >-

—
i

O H
i

JJ
G 

C
IT

R
IC

 A
CI

D 
FO

R
M

ED
 I

N 
15

 M
IN

U
TE

S
10

 
u

 
£

 
cn

 
Cf

8 
8 

8 
8 

8

S U
l

U
l



105

'2<*3lt£ 6

p^.Yuiuee of Citric. cie-Aoooitic uni ieoCitric AC Ida

(0*04 *; solutions of the acids were titrated with 0.675 
liaOH at <iO°. iatlrring was by means of a rapid stream

S 2* JijoOitriQ acid was the BJ*- ieomer. ?he 
in bracket B are those obt^inco for citric acid by 
uas tinge & fan ily^e U922) at ^

40 id pJC^ P&2 P&

Citric 3-2 4«7 5-6
(3-1) U*75) <5»4>

£i£-Aconitic 2.1 4*1 6.2
iaoCitrio 3^1 4«4 5«2
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enzyme had not reached ite maximum activity. If the 

line obtained ie produced to the level of the optimal 

enzyme activity in the other buffers , it can be estim­ 

ated tout the pH optimum in the absence of buffer is 

ubout pH 6*0.

As the pH optimaii of the reactions cia-aconi~ io 

acid — . •» citric acia and ieooitric acid — •* oitric

Wat the name in the presence of a particular buffer 

a altered to the eaaae extent in different buffers, 

it was 01" interest to determine if thi,: were also the 

caee for the reaction JBocitric; ucid _^ oj^e-^conitio 

e&cid« I'tte pfl-autlvity curve* obtained with phosphate 

utid verunti.1 feeet&te buffers, &e ehov.n in fi^. 15. 

indicate tuat tiiifc it inJt^d the ct^ee. 

In.acti.vation of ttconitaae by baff

Fig. 16 iliastratee the rapia in ctivation of 

aconitaee that uccora when the enzyme it incubated in 

the absence of v^ubetrate for various periods of time 

sith different buffers. The pH of each buffer wae 

each that the aconita&e activity was maximal. 

r^te of inactivation differs for e&ch buffer and 

at^peara to be a function of the pH value*



o
Ul

2
9 
o

i
0
o

3OO

2OO

IOO

5.5

lO?

6-O 6.5 7.O 7.5 
PH

8-O 8.5 9.O 9.5

J*ig. i'j« Effect of buffers on the pH optimum of

Conditions title e&aie as t&oae described

in fig. 13 except that the reaction wag stopped by 

the addition ot 0«5 ml. of 10/& (W/T) met ̂ phosphoric 

ueid.

o * phosphate )
) ieocitric ^ 

x - reronsd acetate ) id
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* iG« Inautivatioi) of acooitase by to off erf in t he

absence of substrate . -iConituee uutivat^d with jf 

ana e^steioe was .no abated at 'jj° i'oi various periods 

of tiae in the .j'0eori«f of 0,05 M buffer- CJB- 

4..cOQit/ic: &yid wtic added fcnd the reaction ^topped

a*toi 15 tt5n. aoiutiQLiii were anai^ttsci Tor citric so

X -
o *

QLiii were

(pii 7-5) 
(pU 7»7*

^i aorpiioline ( p.l ii 
» veronal aceL^te ( H 6.6)
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DISCUSSIOII

These tenuity explain not only the different 

activities which were found in various buff ere at pH 

7-4. but also the apparent activation of aconitase lay 

phosphate buffer at uH 7.4, &e reported io Chapter I. 

fhe increases in eu^y&e activity are not da© to the 

activation of the enzyme, but to the fact that the pH 

value chosen was closer to the optim-m vulu® in some 

buff ere th^n it ?:aa in others. 1?he alteration of the 

optimum pH of on en-./me ie not u new phenomenon, but 

it it unusual to find that it la shifted to each an 

extent, t *4 afc8ey (1953^ &&* reported similar ©ffecte of 

ion., on the pH optima^ of fumaraee*

Michaella A Davidsohn (1911) pointed out that the 

pK-aotivit,, curve of succ'ii^rae* cjould be explained by 

aEeujaing that the enzyme wae an ampholyte eo that the 

two halves of the pii-activity oarve corresponded to the 

dissociation 01 the aciaic and basic _,roapings on the 

aurfa^e of the enzyme. They suggested tlaat the enzyme 

ehowed rntucimuHi activity when it existed in the- isoionie 

form so that wiion the pH was altered in eitrier aireotion, 

the £ijno^t of enzyme- available for combination with the 

substrate wae reduced. iJhus, the eni,ymic activity wae
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decreased. iCuhn (1925) showed that the fuut underly­ 

ing the pH-activity ourve of saceharage was the Tari at ion
X

with pH of the rate of breakdown of the enzyme-substrate 

complex into enzyme and products* rh© theories of 

Kiohaeiis were therefore rejected.

There i& no reason to suppose that the influence 

of pH on nil enzymes is due to the same factors* 

Before any attempt is made to explain the reasons for 

a particular pH-activity curve, it is necessary to 

determine both the pH-Miohaeli, oon&tant and oH- 

raaxiisuHj velocity curves (see Dixon* 1S63>» In the 

final analysis, it is also Qecesstiry to consider the 

effects of pH on the stability of the en&ynie, the 

ioriieation of the substrate and the st^te of aggregation 

of the enzyme iholecuiee. 4© the ye f .tors have not 

been investigated, no atteiapt will be made to explain 

trie uii- ctivlty ourTee obtained t»ith aoooit^be, or the 

effect of ioiu on the position of the pH optlmoa* 

However, some points, as- far &s the oreeent requite 

are eoucerned, might b@ mentioned.

It is interesting that the buffers which depend on 

anions for their buffering capacity shift the pH optimum 

to the aoid side of the pH optimum obtained in the ubeenoe
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of buffer* Cationio buffers, on the other hand, ehift 

the pi optimum to the alkaline aide. It is also note* 

worthy that the pH opt imam in ©aoh buffer lies at the 

end of the al c, line range of the buffer, so that it was 

not possible to foi^ovt the &IK line branch of the pll- 

activity curve to an appreciable extent*

It ie significant that the pH optimum of aeonitaae 

in catalysing the three reactions iaooitrio acid —* 

citric acid, iaocitrle acid —» oia-aconitie acid and 

oiB-aoonitic acid —* citric aciol ie tha same. Thie 

*ould eeeift to ini ioate that not only was tiie same en&yme 

responsible for catalysing these reaction^ , but .leo 

that the properties of tae active centrale) were Bimilar 

It miiht b© EUPposed from these resuits that the same 

catalytic ccntre(a) was concerned in carrying out all 

the reactions aeaocia'.ed with aconitae& activity*

iJhe inactivation of auonitaee by bui'fere in the 

absence of substrate U lively to be a non-ionic reac­ 

tion on ace JUGt of the relative!,/ slow rate of the 

inactivation* In the cage of the inhetiv -tiori by 

phosphate, it coul.1 be due to the interaction or the

free F«^* with tiie ph^phat© eo c*a to upbet the 0
2* 

riuaa between the free enzycB®, free 99 am the s

enzyme complex. The attainment of the new equilibrium



would b® & slow process. She ionic reaction
2* phosphate and the free I1 ® would conceivably be rapid,

but the rate at which the ?e wae removed from the enzyme 

w-uld be elow, as this reaction ie the reverse of the 

activation process* However, shit theory w uld not hold 

in the oaee of ..-ethyl morpholin© ae thia buffer does not 

form co-ordination compounds with J*« . ^s the rate 

of inactivution inore&eeg vUtn a riee in the yii. It

more li^ly that the inact ivation of the enzyme

ie not concerned specifically with f« *, bat v*ith a

noiriber of groups on the enzyme

Uhe ability of the tabs t rates of the ©naym© to 

prevent the in&ctivation whion occors in these buffers 

suet be du© to th© fact that the enzyme has a greater 

affinity for trie substrates than it iruu- for the buffer 

lorn* Nevertheless, aoo^rdin^ to the theory of en^me 

action poetaiated by Miahaetif <& »ent<n |i913^» there is 

always a email * .mount of en^yne which ie not combined 

with substrate. therefore, it is likely that the 

gdbtitrate protects the ecuyme to u large extent, but 

not co&pleteiy •

SUMMARY

i. It hug been &hown tiiat th© pE jptimaiii of aeon it use



is influenced by the ione present iu t;olu ion.

2. The oH optimum of aconltaae in catalysing the 

reactions ieocitric acid —* citric acid, ieo- 

citric acid-—» oia-aconitic acid and cis-aconitio 

aoiti •—-f citric ucid is the same in the presence of 

a particular buffer and altered to the eame extent 

in different buffers*

5* Dho inactiration of aconitase by buffers in the 

absence of substrate has been shown.

4. Juti signifiaaooe of thege findings hat; b^en
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IV

of ACOHITASS

Since the discovery of aconitase by Martins & 

(i93?)* At a&e been generally accepted that citric

is transformed into igocitrio acid via cis- 

aconitlc acid* However, Parting & Lynen (195°) an<* 

Fresica & i&artiaR (1951) claimed that there 

a direct conversion or citric acid to ieocitrio 

acid as they did not observe a 1. tent period at the 

ytart of the reaction* Further, as a res alt or the 

mathematical treatment of the reaction velocities, 

jfriedrioh-^reska & uartius (195^^ supposed that after 

combination of the g^betrate with the en^yi«e, t,aere 

ia forced an intermediate compleK which can decompose 

into e oacy a o * o. i s~ « c o n i t i c acid, ensuyme-i^o citric acid 

or en^yme-oitriw acid. They regarded cie-aoonitic 

acid ae being oni^ t> by-prod iiot of the
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reaction. JJheee authors ' i^o et-died tue six initial 
reaction velocities associated with aconitaee activity 
and claimed that the difference in the rates couli account 
for the transient accumulation of ieocitric acid above 
the equilibrium vtilue that occurs when the reaction is 
started with cie-aconitio acid. On uo^uun^ of the 
6-reement between their experifflentnl findings and 
mathematical predictions, they contsiu ed that a single 
enzyme could catalyse the conversion of ©aoh of the 
tfjjree acide to the other two*

The mathematical treatment v.hich >Tiedrioh-/r©8i£a 
•A Martiue (195^^ applied to their reeaite Mae been 
t-trongly criticised by -laceer (1932). ^Crebe & Hol-ach 
(1952) re-investigatod th« problem of the lag period in 
the conversion of citric acid to iaocitric ^cid and 
showed that it did occJT.

Ae all the oievi^ue etadies on the linetics of 
tconitai?e had been made with crade or partially purified 
preparations of the •n^yme f the previous woric was repeated 
wita a more highly purified enzyme preparation. The 
(jaeetion of the la*? veriod wae invcatig^ted, also the 
relative rates of the react lone: o taiyeai by aeonitase. 
2he Mlc laelie tonetante of aconit*ge for citric.
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ci«*aconitic and isocitrie acUe were determined.

Setimation of ois-aeonitie acid

oig-Aconitic acid was ©etiniated in the first place 
by the method of DiciCinan (1952J which waa based on the 
reduction of pota®8iura permanganate by a compound contain­ 

ing a double bond, in the oreaenoe of met a phosphoric 
Aeid. the reeuite indicated that there was an Initial 
rapid formation of els-aeon i tic acid from j.gocitrio acid 
which w&8 followed by a slower produotion of cj^e-acoaitic 
acid. Moreover, there was no relationship between the 
<**oofit of tsn^yai© added and the formation of ojLe-aoonitio 

acia daring the initial ttages of the reaction. 
Invest igatioa showed that the addition of the en^me to 
a mixture of buffer, iaooitrie acid and metaphosphoric 
acid (which *a§ ueed to atop the reaction) gave rise to 
a compound which was capable of re duo ing the potaaeiuin 
permanganate an3 «.-o oa&imated ae cie-aconitie acid* 

fhe amount of this compound which formed rose with 
increasing mo-nt£ of enzyme, although the increase was 
not linear. If thit bian^t vaiue were subtractect from 
the subsequent estimations, a linear rate was obtained



which wae proportional to the «moont of enzyme added.

A similar phenomenon was encountered when the 

formation of cie-aoonitlc aw la true detern,inc*d in & 

Bedouin epeetrophotometer at a wavelength of ^40 n»ji by 

the method of Racier (1S<!>G)« Ait ho-.^n none of the 

corn onente of the system gave ferij? appreciable absorption 

alone, on adding the enzyme there wae a rapid Increase 

in the extinction coefficient. ith Isocitric acid as 

the substrate, this rapid Increase In the extinction 

coefficient continued over a period of 1 nin. after 

which the reaction rate became linear* >'%• 1? ehowe 

what happens on adding the en^fr.c to a ^ixt'ore of 

buffer and citric acid* the concentration of citric 

acid used fur curves 1, 2 and J affects both the poiot 

«here tae rapia inczeaee in the absorption ceasee and 

the time for that point to be reached, but the subsequent 

linear rate*- of the reactions are the ea^ne* ^ith lower 

con^entratione of citric ucld, a smaller increuee in 

the extinction coefficient ie obtmlnel before the 

reaction ratee becone lineiur.

the en^/::te need in theee experiments had been 

activated with £*e^* am cyeteine. As the concentra­ 

tion of the enzyme was small, it eeeused more xlKcly that
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the ru*.-ici increase in the absorption *&.;-. due to the
2+

interaction of the ?e with the substrates rather than

to the interaction of tae substrates with the en&ym*. 
On adding Jfe 4 and o^steine to both citric and i go citric 
acids in the same concentration in which they were 
present ia the en^yuie solution, identic *i xapia increases 
in the extinction ooeffieiente were obtained. At the 
point waere the reaction beca « linear in the >resence 
of the enzyme, the non-enk-ymic reaction ceased. If t;iese 
Taiuee were « attracted from those obtained in tue 
presence of the yni-yme t the ratet? were linear from the 
start of the reaction. In view of this finding, it 
wua important to dietinguiieh the non-en^ymic from the 
en^-ymic reaction rate. i'he metho • of Hacicer (1950) 
w&& used for ioiXovving the prod act ion of cie~aconitic 
acid in the experiments rep i tea in taie chapter and 
oni./ the dn&.ymie reaction r^.tee hav«r been plotted in 
the gruphs. 

-atimtition of citric an.i iaooitric _aoid»

Citric aciJ v»t*s e-atiiuated t^y tae inethoa previoueiy 
described (page Id}* jLeocitric acid wae estimated by 
t >e iiiethod of cuoa (i-^l;. At the final aconitase 
preparation contained isocitric dehydrogenaee t a
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non-act ivated solution was used as the souroe of tnis 

en&y&e* The aconituse activity of this eolation was go 

. mall that there was no detectable difference in the 

reaction rate vnen it wue added to & medium containing 

the activated 

Activation of

Aconitaee wae activated , ith Fe and cyftteine

by the metho i previously desvribed (pa^©19 )• 

The tsn^yme eolutionL. contained ~$Z /i,?. of the final

preparation/mi, in the presence of 5 * 10*^ M
i\ n

Jfe ttfla 10

e II was prepared by the method of 

& ^aeller (1949) and had a parity of 48jfc. Uhe other 

reagents were the same ae preTiour-ly ituted.

Relative

1?he relative r&tes of the six reaction* catalysed 

by aconitase ar© uhown in fi P^« 18 and a diagrammatic 

representation of these ratee ie ehown in fig. 19* 

7hetje reeulta agree reaeonabiy «eil with those obtained 

by tfriedriob-freaica A i.urtiue (i-95A), with the exception
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Fig. 18. i'he relative rates of the refections catalysed by 

aoonlt&Ee. The reaction mixture contained 0.05 M 

phosphate buffer (pH 7.7), to etrser with either cia-

aeonitle acid (5 x 10**M), Jhsooltrlc acid (5 x .0"' *i)
•2 

or citric eeid (5 x 10 JM • fotal voiurae 5*0 ml*.

temr.ertitare 22 • ueactione c & 6 were stopped at 3 

uiin. interval^ by the addition of 0.3 i:i» OT 3. HC1.

tolu^iona were aeatralieed by the addition of 0*3 

. of N a»f?.H before i.iiqujte were ta&<.m for the

of Hooitrio aci'. Keuctiong 5*4 were 

stopped at ^ "*in. intervtilg by the addition of 0*5 ml* 

of 5°^ triohloroucetic ^uil and samp if. a wore tinal^'scd 

for citrio ucid. The formation of cis-aconitjc aoid

determined directly in the Beciman 8p9Ctrophoto«,eter, 

beio^ t^acea at 1 min. interYals. A eolation

O.i /A sole of oia-Rconitic acid/ml, gave an 

extinction coefficient of C.4.00. Tae r.ount of enzyme 

eolation used in each test ie <riven in braojcets.

1. JLfcouitric acid —> ois-aoooitio acid (0.1 ml.)

2. cie-aconitic aoid —» ieocitrio acid (0.1 asl.) 

3* £ij8-dconitic acid —> citrio aoid (0*4 r;l.) 

4« iSia^i^^i0 »ci4 ——> citrio ooid (0.4 ml.) 

5* oltrij acid ——» Gle-aoonitic acid (0.2 ml.) 

6* citric aoid ——» ieocitrio ucid (Q. fj ml.)
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CIS-ACONITIC 
ACID

ISOCITRIC ACD

f i;:-- . 19- relative ratee

by aconit&se* A diagr&j;.iBatlc r^:;re&<sntut ion 
experimental conditions wt re as deg-c* ibad in
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of tne reaction citric acid — ""* ijBOcitric acid. rhe
rate of thu reaction was fOu.ua to be ono- third of that 
reported by these authors* It win toe noted that the 
rates in the cue© of the reactions jUsooitric ucid — * 
citric ,oid and citric acid — » i sod trie ^cid are 
linear only after 5 «>in« It wae t&eee rates *v.nlch 
uere taicen to be the initial rates of the re act lone as 
quoted in Tig. 19, although strictly •peaking they are 
not initial rates. when the linos represent ing the 
ratec of these react ion e are produced buc awards they cut 
the time axis which indic^es tru«t there is an initial 
latent period* ?ha£ t the conversions muet occur via 
an intermediate substance which le aost liicciy o.i.8« 
aconltic ttcid, aa DO other Intermediate tubet^nce is

Detenaiaation of the lag phaee

Jfig. c-J illustrates the lag period of the reaction 
citric acid - — » isocitrlc tcid i« more detail* The 
forJi^atlon of j.80citrlc ^oid wae studied by measuring 
the redaction of coen^y^e IX in the presence of ieo- 
citric dehydrogenase. the pH in t:ii:- instance was 7*2 
rather than 7*7« ^& re tit on for thie alteration v» 
that it wae not possible to atu y the redaction of
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fir.. <~Q. Tims carves for the formation of jlgpcitrlo 

c,cid i'roa gis-acofiitic and citric ;«,eidF* The e^ 

contained 0.05 M phosphate buffer {pH ?*<:), 1.8

E of Co II, $ >M;. of

activat^a ucor,itw.ee preparation, l ; r jag. of tae non- 

activated aconite e preparation (i^ocitr lc dehydrogen- 

&xe), together with JRgcitric acid (5 r> 10*5 ^j §

ticid (5 x 10*^ i ) or citric- *,cid (5 x

Of ; ! nCl , 0.1^5

y Q 10* Mj* total volume 5^ si., to:ri>teratore 22 .

o « isocitric ,iCid; e 2 citric acid; x = cie-ctcoa itio
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II by jUocitrio dehyirogeaase in the presence of 

phosphate buffer t»t pH 7.7 on account of the precipita­ 

tion of manganese* i'he oxidation of ieocitric acid wae 

the f&frtMt reaction, *o this way a valid aeane of 

estimating the rate at which iaocitric acid wae forced 

I'rora citric and oig»aconitic acids* It a. n be seen 

that tuere ie oo lag period io the conversion of oie- 

acoQitio aoid to i^oo trie «*uid where ̂ r- the ia« eriod 

is marked with oitrio acid ae the dabetrate, in fuct. 

there wa& no meas arable ai&oarit of iaooitrio acid formed 

until 6 fflin* t.fter the start of the reaction* these 

findings are in agreement with those of Xreb:. & Hol^aeh

effect of the simultaneous adciitioa i of | ieocitrio aoid and 

citric actil on the rate of formation of cie-acooitic acid

In an anieavoar to determine i nether or not the 

same enzyme centre(e) wae concerned in the formation 

of cis- aeon i tic «old frow both citrio and igocitrio 

acidt, the rate of cie-acoriitic acid formation ^ae 

determined in the yreeence of each aoid eparutely and 

in the presence of both uoide* so that the results 

aliouia not be complicated by the different affinities 

of the enzyme for the two acid.-, they were addeA in a
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concentration ten times greater taan their

constant e. (The #etu&i i-aiuhaeiig constant values ere

reported in the f ollov in*? sections.

the reeolte >f fable 7 show that the rate of the 

conversion of ieo-citric acid to cij-aoonitic aei is- 

influenced by the presence uf citric ;Acid, in fact, the 

rate In the presence of both acid? is eqaui to half 

the combined ratee obtained with each acici separately. 

This result would seem to indicate that the same 

centre(a) IB concerned in the two reactions. 

•Determination of iv':i.chaeli8 congtaote.

The wucmaelit: coa&tants of auonitaae for citric
— z

was found to be ^.6*x 10 M; for uie-aconUic

. L.Z x 10"^ M and for B-^socitric acid, 4.8 x 

M at pH 7.7 and 22° in the presence of 0.05 M 

phosphate buffer. KacKer (195^ t'o^nd that the

&ichaelie constants of £.oonitag© i'or citric acid was
.< -A

1.1 x 10 te ani for j-isocitrio acid, 4 x 10 M at

pH 7.4 and 25°. Hac .ier (1950i did not meaa'-re the 

: ichaelie conetant of ticonitaee for cjU-^oonitic acid. 

That:, the uff^nity of uconituse for cia-aconititf acid 

is four time^ greater than for j^o citric acid and thirty 

times greater uii -n for citric «
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of Citric _Aold nthQ H^te at the

1 ii o Citric Act id to e i ««• Agon it i c .Ac id

(Ifhe roactions were carried oat is tfce presence of 

0,05 M phoe^hate temffer (yH 7»7K 5 MS* o^ the aconitase 

preparation, 3.6 x 10" 2 M oitric aeld and/or 4«8 a 10*^ M 

acid. fotai volume, }.0 mJl., temperature 22°.)

Sabettjrate. ^^"*^***^**^ ( A^'/aiio*" x

citric acid 15

i so citric acid 45

citric acid * isoeltrio moid 29
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j?ne *. iehattlie constant of aconltase for cie- 

aoonitic acici wae determined from the Reaction ois- 

aconitiu acid — -* citric ucid. It would have been of 

interest to determine the valuy also from the reaction 

oia-aconitic acid — »•»• iso citric acid, for if they were 

tue same it *o-id have been strong evidence in favoor 

of the idea that both reactions are oataiyted at the 

e an* e centre! B) of the same en^ynie. Unfortunately, 

the r^te of i so citric ^oid f orrr^t ion c aid not be 

studied at pll 7-7 with isocitrie deaydro.-^enase aM

II in tine presence of pho&phate buffer for 

previoi£ :'ly mentioned. Attempts iere ffltiiie to 

determine the amount of lyoitric acid present in 

t-anjples of the reaction mixtdre after various periods 

of time, but reliable reBu.it*' could not be obi; ined on 

account of the email £&Q tints of Icocitr lo aci ; formed 

from lov conoentrat lone of cis-acotiitlc acid.

Aconitaee HUB been considered as tin unusual en*vf 

in LQ far as it hae three sabetratee. However, ae 

pointed v>at b^ Ogston (1951), tnere is no reason why 

it ehouij not be uooeidered in a broad sense ae b* ing



similar to ftuaaraee* The reaction cjutalyeed by 

fumaraee can be written ae follows:

129

OOQH.CH*OH.CQOH

umaric acid

COOH.CH(OH).CHg.'COOH 

malic acid

GOOH.CH2 . JH(OH I.OOOH

acid

Uaeoreticaily , tauter can be added in two ways* (AS

acid ie , the muet be linked to

the substrate so that the wuter moleoalet e«n approach 
from one direction only, otherwise, D-mulic acid w raid 
also be formed* Jhe e&me reason in' applies in the eaee 

of scanlt&se ae only jD»igooitrio acid ie formed. Ogston 
(1951) lifts proposed that the lineage of cie-aconitio 
acid to the enzyme inroivop a three point attachment in 

order to explain this fact). On account of fomaric 
acid bein^ a symmetrical molecule , the sarae com»ound ie 

irrespective of the way in which the water



Molecules are added aoroee the double borui of 

6old. *i.conitaae con be considered a& cat slu 

eeBenti&ll,y the same reaction which cto be written in 

a eimil&r

CCJOH.CH-C.CCOH 
I

ci8-&conitlc acid

CQOH.CH(OHJ.CH.UGQH
I 
CH2 .CODE

acid

± H2°

*COOH

citric acid

is an ass/Eisjetr icui moieuuie, the 

product^ formed ue a ru^uit ai the addition of a water 

molecule acio&e the doable bond can b< dietingaii:hed«

acid formed as a result of the co no en eat ion

reaction between acet^ i-coen^yme A sudd oxalacetic acid 

is further metabolised b^ conversion to c ie- aeon i tic 

acid and JEO citric acii ae ehown by Jxebe & Holi.ach 

and confirmed here* AK the reaction is

written
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citric acid •—» cj.g-aooiQitic acid «•*•» lap citric acid

there h&e been a tendency to tuini: o ' the conversion of 

citric aci& to isocltric acM a® two gepar&te reactions 

possibly o&tulysed by two flietinct ensiy&ee* However, 

if the reaction la thvtt/tit of, not as written above, 

but &s written previously, there 1;: no difficulty in 

tiiinxin of ai;onit^a@ as a eingia enzyme ^hiuii does not 

have an absolute speoiiflcity. A1 iiut ie t whilst it can 

distinguish between cltriu and ieocitric acida 

indicated by the marked difference in the 

,onstant€ t it can convert both acid® to uie-aconitic 

acid whic;h in a seoae can be con&idered u& an end-product* 

,a aconitase is & catalyst, iue reverse re^ctione must 

*1 o occur fc»nd so citj ic ^cid can be converted to .igo- 

citric acid* 1?hie reaction mu.sgt be then considered as 

being due to the ©stablislmiint of n evjuiiibrium, rather 

tnuo & direct conversion ai one acid «o the other.

if toe above concept is correct, two conditions 

must hold; citric acid muet be converted to ieocitric 

acid via cis-feconitic acid oau the some catalytic 

eentre(s) mugt be concerned in &ii the reactions 

catalysed by aconit&se* With regard to the first 

point t the results of .^rebg db lluliiach (1^52) and those



reported here indicate that citric acid ie converted to 

^iaocitrlc acid via cia-aconitic ucid. 2aue the inter­ 

mediate complex of ?riedrich-fres£a & ftarti*t (19^1) 

can be considered as being nothing more than the complex 

formed between aconita*® and cie-aconitic acid* No 

experimental evidence has been previously presented to 

indicate that only one catalytic centre of the enu^e 

is concerned with all the reactions. The resiute 

obtained here can be interpreted to show that thits is 

tne cage* It was found that citric .,cid was converted 

to ciB'-aCQPitic acid at a rate which can be &rbitr&ril»y 

called 1, toiiiiBt 1 so citric &cia wae converted to oia«
m

aconi&ic acia at u rate of 3. If t^o different centres 

v.ere concerned in these reaction, it v,ou.ld be expected 

that the simultaneous addition of both ieocitria and 

citric acids wottld give a rate greater than 3. theoret­ 

ically 4, ae a re gait, of 8aru;aation» li on I./ one 

centre ^ere concerned, the rate should be equal to haif 

the combined rate of each re&ction* That i&, there 

*jaid be an euual cliauce of either acid reacting *ath 

the enzyme* fhe re^lte showed taut the latter u; 

, ctutilly what happens for the rate in the presence of 

both eubstratee is 2. mother < o^ibie expluoation 

aauet **l«»o be borne in mind* If two centres were



concerned and the reaction t^ing uiaee at 

inhibited §Q> by the other substrate, the reaction rate 

in the presence of both t ubetratee vould be £• ilGiaever 

other evidence, particularly the pll-activity curves 

obtained for three of the reaction® in different 

buffers favour* the idea of one centre.

Frledrich*/re&&a & Martins (1951) explained the

transient accumulation of ieocitric acid above ther "r "•* f
equilibrium valua when the reaction waB started with 
oig~aeonitic acid ua being due to the difference in the 
initial reaction rate@* ?iie same r&aeoning was applied 
to explain the transient &acadulation of cie»aconitio 
acid ft&@n the reaction ^^d started with isocitric acid. 

Ae the rateg f^una here are eeeenti&li^ the e^.ue **s 
thoee of iriedriuu~£re&£a & MturtiuB, thi& explanation 

tenable. jU.theugh these uuthore claimed that 

e wae no lag period with the rea^tioau citria acid 
laocitric uoid and itfocitrin acid —>• citric acid t 

the validity of the argument is not effected at oniv 

the four true initial reaction ratee are concerned, 
^he rutee of the re^ctione citric acid —^ iaocitrio 

acid and isocitric acid —^ citric ^cid are consistent 

with the idea that they are the EU.U of two reactions



154

i.e. the earn of the reaction® citric vuia ——*• 

aconitiu acid and ols-aconitiu aoid «•—-» i so citric acid 

and Yioe versa.

Martins A Leonhardt (194}} found that a is-aeonitic 

acid was converted to both iepcitrio aoid and uitrio 

acid at e H 0^1 rates, inner eas jfYiadrioh-Jflresita A Mar tine

foand that c is-aeon i tic acid was converted to 

ieocitrio acid at almost 1*3 !>im0s the rate at uhieh it 

ftae converted to citric acid* The resultt. obtained 

here agree Kith those of i-artiuc: A je/[onhardt (1945). 

The fact that oi*>aconitic acii la converter to both 

isocitrlo and citric acida at an equal rate raises an 

interesting point. ugtaoii (19^1) analysed the aconitaee 

reactions theoretic^iiy and conciaied tiaat when cis- 

aconitie acid ft^c linked to the enzyme, the water 

moledules of the medium have a& e^ual chance of react­ 

ing to x'orm either citric or ieocitrio acid. He quotes 

tae reaaits of -iartiae db -beonhardt (i943) ifl tapport of 

this idea* .laoeer (^9^2) has also coooiuded from a 

mathematical treatment of the reactions catalysed by 

uconita£e that the water molecules a.-proaoh from uoiu^ion*

At present tnere ie no experimental evidence that 

the water molecuiee concerned in the reaction approach
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the enzyme from the medium* It ie uUo poeeible that 

they c >ald react «,ith cie-aoonit ic acid by prior adsorp­ 

tion on the ensfcym© surface. under these oirovuf stances, 

it ail^ht be expected t^iat the etuiy-r^ would haT6 an 

orientating influence on the water molecules BO that 

citric acid weald be formed in preference to 1 go citric 

acid or vie e igraa. But th© finding that the rates 

t.re equal is inconsistent with this idea. On the 

otherh&nd, if the water .-uoleculee approached oia- 

&conitie ucid linked to the en^me from the medium, it 

anight also be expected that the acid itself be In, an 

aaysaiaetriu molecuie would influence the wa^ in v>nieh the 

water mo leouies would be addea ucroes the doable bond* 

2he only w^y in -Ahich the finding that c i s- aeon i tic acid 

is converted to "both citriu aaJ ia_o citric aci«L &t an 

eiiti' 1 iate jau be explained, la t.^t tae effect of the 

ea*yaie on o ig- aeon i tic acid ie to elimio^te tiae normal 

directional influence of ojUss-aaonitie acid on the v ater 

molecules afproachiag from solution.

SUwMAKY

2+1, It waa shown that fe a^d cyateiu^ retct with

citric an6 iso citric tclde io such & w^,, ae to
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estimate as oia-aconitio ,-cid. 
2. Ihe relative rates of the reactions catalysed by

aconit&cc have been determined* 
3* A definite lag perio I was eh own to occur in the

eoflver&loa of citric acid to ieocitric acid.
4. the rate of formation of cis-aconitic ocid from 

citric acid plus laocitric aoid waa shown to be 
equal to half the eun of the rate, of cie-aconitic 
acid formation from each acid separately*

5. i?he Mlohaelle conetairts of aconitaee for citric, 
oia-aoonltic and ieocitric acids were determined*

6. Some aspects of aconitaee action have been discussed.
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of ACOHl^g by

Before the metabolic effects of fiuorogitrio aeid 

are eisouased, it ie necessary to m&Jte brief mention of 

fluoroacetic moid. It is from the latter acid that 

flttoroQttric acid is s^ntheeieed in tue animal body by 

a mechualem olaaelfied by ^@t@re (19321 ae lethal 

t/ntheeis. 'Uimt is, whilst flaoroaoetio aoid 10 not 

itself toxic, it i® converted into fluorooitrio aeid 

which ie extremely toxic*

the toxicity of fluoro oetic aeid and the accompany­ 

ing physiolo/icai effeats are oov well <oaowQ* ^or a 

oompreneoaive review of thi@ ^e.eet. see Cetera (1^52) • 

i1 iie fir tit indieation@ of the bioctiemical lesions which 

c)uld aocoant for the phyaloiogiaal effeote oame from 

the woric of Bartlett & Barron (1947^- Xhe^e workers
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found that fJUoroacetio auid strongly inhibited the 
oxidation of acetic acid in Titro and that the oxidation 
of pyruvio acid was also inhibited with the accumulation 
of acetic acid. fhay advanced the hypothesis that 
fiaoroacetio acid competitively inhibit! the oxidation 
of acetic acid and it wae to this failure of acetic aoid 
oxidation that the toxio ei'fects were due.

inters U94B> and Liebeoq & Peters U949) found 
that flaoro^cetic acid also inhibited the in Titro 
oxidation of fumaric aoid without the accumulation of 
acetic aoid* £&ey concluded that the hypothesis of 
tfia tlett 4 ilarroa (1947) aould not compieteljr account 
for the action of this inhibitor* It was also shown 
that, as a result of the inhibition of the oxidation of 
r^.oric acid, citriu ufc'id uccoiriulated. whereas non- 
pol&oned tissues reatiily oxidised citric acid. the 
authors tested the effect of fluoroucetic aoid on a 
number of isolated an^ymes of the tricarboxylie Acid 
Qole and found that none was inhibited* from these 
findings, it wae concluded that fluoroaoetlo aoid was 
not the inhibitor, but wus transformed into another 
substanos which was inhibitory* They suggested that 
fluoroucetic acid oould undergo activation in a similar
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to acetic acid and after activation condense with 

ox al ace tic acid to lorra a fluorotricurboxylio acid; the 

fluorotricftrboxylic aoid could th«»n inhibit or "Jam" the 

rrioarboxylie ^cid Cycle at th© oitric acid stage. The 

same conclusion was reached by Martiu.e (194.$i). £his 

hypothesis was consistent with that of Bartlett & Barren 

(194?) for it might be expected that there would be an 

initial competition between fluoroacetic acid and acetic 

acid for the enzyme responsible for the activation, but 

it was not to this that the toxic effects were due* 

In the absence of oxalacetic acid, acetic acid rather 

than citric aoid would accumulate* 

Isolation of a fluorotricarboxyliu &oid

Klliott & ^alniteiy (19^0) presented evidence which
r 

they interpreted as balng eupport for the formation of a

fiuorocitric acid, but tiieir methods have been strongly 

criticised by Deters e£ al* (1953»^» More conclusive 

evidence was present^! by Buff a ^1t &1 * (195D» they 

succeeded in isolating trie rboxylic acid fractions from 

icidoey tissue poisoned with fluoroacetic acid which 

contained fluorine and which were potent inhibitors of 

citric acid oxidation* Later 'etere et al* (1S5^) &«* 

et al. (1953*^ isolated the active principle in



a crystalline form and showed that it wae a monofluoro- 

triottr boxy lie acid. at the time, it was not certain 

whether the inhibitor was fluorocitric or fluorojlsocitric 

acid* The possibility that it was* f luor o-c ia- aeon it io 

acid wag eliminated as the molecule did not contain a 

double bond. J^irther wont by Betere et al* (195}b) 

showed taat synthetic fluoroeitrie acid had the same 

infra red absorption spectrum as did the en stymie ally 

syntheciaed compound* therefore, the Inhibitory 

substance was actually fluorocitric acid* 

Site of action of fluorooitric acid

the hypotheeis of Liebecq & Peters (1949) that
was

fluoroacetio acid/activated and condensed with oxalacetic 

acid to form a f1uorotricarboxylio acid which inhibited 

the Tricarboxylie ^cid Cycle at the citric acid stage 

ftaa strengthened by the worfc of Buffp & Fetere (1949)« 

fhey found that in vivo fluoroacetic aei^ gave rise to 

large accumulations of citric acid in many animal tissues. 

'j?h«ae results were confirmed by Hotter A Busch (IS50), 

Lindenbaum et al* {195^ ^»^ Handel et al. (1951)* 

the earae time, there was no accumulation of Q^-xeto: 

ttric acid 80 it ^a@ concluded that either iaocitric 

dehydrogenaee or aconita&e must be inhibited* the
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experiment* of i-o tepeich ert ai. U952) showed that the 

oxidation of leocltrlo e*old $*a& not Inhibited and 

therefore tn^t the accumulation of citric acid wae not 

duo to the inhibition of 1socitric dehydrogenaae. 

aeonitaee mast be the enzyme which la inhibited.

Originally, Buff a <*> fftera (1949) concluded that 

&conita&e «rae not affooted for they found that the tri­ 

car boxylio aoid fraction*? which contained fluorine did 

not inhibit eolubie acoaitaee* Moreover, the auonitate 

activity of poisoned heurt tissue was &£ high ae that 

of normal heart tleeue* However, t<ie iuter worJc of 

Iiotepeloh et^ &1. (1932) ehowed that the reactione oitriu 

ucid ——» 1 go citric weld, i»o citric acid .——^ oltrle 

ccid, cie->aeonitic acid '""• "» citric acid and cia- 

aconitic -cid ——^ 1 BO citric acid were inhibited* i?he 

reactiou citrio aoid ——+ ieouitrio acid was inhibited 

to the same degree ae the reverse reaction, whilet the 

trfvj reactions starting with oia»aconitlc acid >^re ieee 

sensitive to the inhibitor* Ih© previous failures to 

demonstrate the inhibition were da© to the uee of too 

high & concentration of vUbetro'-e and too low a oonoentra- 

lion of inhibitor SQ that the formation of the enzyme- 

inhibitor ooui : -iQX was prevented. r'eter * ilson (1932)



found that the reactions citric aoid —— » oie-aaonitie 
acid and ieo citric &aid —— » ci e- aeon i tic acid were also 
inhibited. In this preliminary woric, the inhibition 
appeared to be competitive, the affinity of the fiaoro- 
citric acid for aconitasse being twenty times grafter than 
the affinity of citric act* for the en&yme.

1?he above studies of the inhibition of aconitase by 
flaorocitrio acid were carried out with crude aconitaee 
extracts and impure eolation a of the inhibitor and the 
interpretation of the results was rendered somewhat 
difficult by the instability or the enzyme* A& the 
inhibitor had been civstalii^ed at the time thle work 

began, a ear ply of synthetic flaorouitric c^cid was
and a etubie highly purified solution of 

aoonita^e had been obtained, the wor& of . etere 4 Wilson 
(1S52) *&e re-eacaiuiaed and extended*

uK IMS KT *ii»

Format ion of fti*aconi tic acid

foriTiatioa of cia*aoQDitic &eid from citric and 
isoeitrio acide was followed by the method of hacker 
(1930}* in plotting the graphs, the point at fchich the 

non-enzyffiic reaction ceased v^ae taicc n as the ^ero point
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(aee page 117) •

Apt 1 .rat t 1 oa of aeon it age

In all inetaricee, acanitase was activated with 3*e 

and eyeteine as previously described (page 19 )«

Solutions contained between 30 and 50 jag. oi; the final
•A 

aeonitaae preparation/ml. in the presence of $ x. iQ
2+ .9 

W Pe and 10 M cyetelne.

io acid eynthGEieed ^t>. y^io^il^ will be 

referred to ae natural flaorocitrlo acid* Samples were 

prepared by tfee Ki«thod ©f i'etere et al « (1953& ^* 

Specimens of synthetic fluorooiti io acid haa been 

prepared by I»r. D. ;.A»Kiyett (1955K Both were supplied 

by ?rofeeeor ?eters and had been standard ie@d on Sidney 

particles by fetera 4 Wa&elin*

5 1 ab i 1 1 nation o f ac o n it aae d ar in^ pr e - ino uba 1 1 on in t he 

presence of phosphate

2hy nee of phosphate buffer in the previous 

experiments for the determination of ^ccmt,^:e actiyity 

had not oaueed co.nolioatione ae none involved pre- 

incubation of toe eok.ym« witn baffer* iiowever, as it
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was desired to repeat some of the experiments of Peter* 

& Wilson (1952) in *hieh acsunitase had been pre-incubated 

with fluoiocitric acid for 15 IT,in. in the presence of 

phosphate prior to the addition of substrate, it was 

necessary to find a means of preventing or reccing the 

phoepnate ioaetivutiun of the enzyme in the absence of 

substrate. Th© experiments scald hare been oarried oat 

in the absence of buffer, but it seemed preferable to 

use a buffer to maintain a constant pH.

It was found that when the ueonitaee activity of & 

CHCij-citrio «cid buffer extract of heart muscle ».aa 

destroyed by tho addition of Uwl to pfi 4*0, the addition 

of this extract to the aconitaee system during the pre- 

inc ib.ttion with phoephate buffer prevented the in^ctiva- 

tion of the fin^yme* It was not ole-r from th© initial 

experiments whether the function of the crude extract 

wae to etiA-bill^e the enzyme during the pro-incubation 

#ith phorphftte or to motivate the en yme directly. 

Further experiments eiiowed that the addition of the 

extract .ftor th© pre-intubation did not affect the 

eu^yme activity. On the other hand, when th© extract 

was added to the ayatem prior to the pra-inoab&tion with 

phosphate, there was little or no loss of enzyme activity
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the extract w&s oap&bJU of preventing the inaetiva- 
tion of &conita*i« by phoaphuta lu the ^ta^nce of euogtrat
ratiaer th**n baing capable of activating tfcu? an^yuie to a

2t greater extent th&n that obtained with i'e and c^gtelcia*
Acoriitaee. could ulro be stabilised to an appreciable 

extent by the adiitiyu of e.i)«ll ^moiicte of ^utoAtrate to 
the aysteai during the fTe-irtcubutiori of the <&n*y/:«t! with 
photfphtxte. /ig» 21 Kii;t-8 the aiar^ed lose of enzyme 
activity that oaoura Soring the pra-iiK-abatiou and that 
email increutsiur; amooutu of ieocitric acid re-ij.oe the 
lose of activity. in the ^resenee of 0«5 >«nolc of 
iaocitric acid/3>^I., about 7'^J^ of tha en^yma activity 
rtim&ined after 15 >in. pra-incubation &8 compared vvith 
the noii-inuub&tsd enzyme* It will be seen later 
(£&bla lu) that us tha iaeubution period ie increased, 
greater 10-ees of 0c2.yiaic activity occ r» i'heee reeaite 
provide farther evidence in f^vo r of th« idaa that 

inhiblte aconit^se irreversibly.

fioid (0.^ JUG oi©/5ml*} was cho^an for 
&conita8e during the ^re-iooabation period 

in the presence of phofiphute. Aita^orh the loss of 
enzyme activity wae greater than when the inactivated 

cruel a aconitase extract wa@ a@ed» this method had tha
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fig* 21* fhe stabilisation of aconitaee b;? iaocitric aoid 
during incubation in the presence of phosphate* 5 J*#* ®* 
the final aeonitase preparation, activated b^ Fe^ and 
cysteine, were incubated with 0*03 ^ phosphate buffer 
(pH 7*7) for 15 rain, in the presence of various asounte 
Of iaocitric aoid* following the inaabation period, 
l6 >imol@a of isooitric aoid were added and the reaction 
rate determined. Total volume 3-0 ^1*» temperature 
1. Ho pre-incubation 2

ith
0.25 Aimole of 
citric acid

. t>re-inoabation without juaooitric acid

ore-incubation with 0*5 & 
1*0 umoie of iaooitrio aoid
re-incubation ^ith 0.1 

>ioiOic of isocitric
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-d vantage of not introducing uoKnown components into the 

syetorn*

Studies with Synthetic ffluorofcitrii; Vcid

rin Investigation of the inhibition of aconitai;© toy 

synthetic fluorocitric acid w&e m^de firstly as relatively 

larger ^nounte of this compound were available* It was 

hoped that the Knowledge gained would permit of a full 

investigation of tae effect of natural fiuorocitrio 

acid on aconitaao with the emailer amounts avail ble• 

J?he reaction iaocitric acid ——^ cie-aconitlc acid was 

studied in fno@t instances because of the ease with which 

it co.Aid fee followed*

Inhibition of aeanita^e fay fluorooitric acid with 

pre-incubation

table 8 ahowe that when the eti^iue is pre~incaD^ted 

with low concentration, of synthetic iluorocitric acid 

for 13 min. prior to the addition of substrate, marked 

inhibitione &rc obtained; a 3-fold increaea in the 

concentration o» fluorooitric acid increase® the percetit- 

age inhibition to only & small extent* In order to 

deter./in>~ the type of inhibition, tvO different concentr 4- 

tions of eabstrawe were added following pre*incubation
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8

Inhibition of Aconitaee by ao the tic /iuoroci trio aoid

(Fluoroeitrie acid waa pre- incubated with 5 >ig. of the
2-f final aconite* preparation, activated by Fe and

, in the presence of 0.05 ** phosphate buffer 
(pH 7*7) ^sua& 0»5 ^ufioie of jLegoitric acid for 15 tain. 
16 /iinoieti of isocltric aeld were ad^ed and the reaction 
rate wae determined in a iiecKm:.n epectrophotomater ~t a
wavelength of ^4, m^» ^ot_i volume 3*-:

J%temperature

jjuorooitric acid

concentration Inhibition 

( * 10~5 M) (|b)

i*2 61
2.4

3»0 T3 
6.0 79
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of the ansyrae with the inhibitor. I?he results of fig* 

£.2. inaiciit© that the inhibition appear, to be Irrevers­ 

ible f'-i-r tha degree of inhibition fcas iode^eu»ent of th« 

substrate concentration. At* 2 tniu. tue inhibition was 

B5/^ when £ /uncles of 1 go citric uoid v»er« aaded and 79f° 
when l6 ^ol*® QI* iaocitrlc acid mere aad&cu

-decuute oi' tue Bn^llonount ot eui-^me used in taeee 

teste ($-5/M§* oi' protein/3 ml*), the- molar ratio of 

iluorocitric acii to •nju^iLt aust have b**en high. It 
was, therefore, coefcib^e that the ilaorocitrlc acid could 
be acting as a non-specific denataring agent* Ae a 

oUejK on this point, the above experiments v,ere carried 
ou.t in the preaenc© of oryi&t&lli.ae bovine serum albumin 

at a concentration one :kous&nd tbhv, that of the enzyme* 

<£ the retultt ,,ere not altered by the preeenue of a 
large excess of inactive protein the possibility that 
the inhibition of aconitase by fiuoi oci^rio u,cid was noo- 

gpeolflc wao rendered much leei, lively. Jh- po&sibiiity 

that the .inhibition was cluu to an impurity in the 1'iuoro* 

citrio aoii it aleo unlikely* identical re&altB v»v*re 
obtained with a preparation which had been fractionated 
by precipitation us a b^riun salt.
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TIME-MIN.
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j?ig. 22. Inhibition of ai-onitaee by synthetic floorooitrlc
«

aoid. 5 jig. of the final uoonitaae preparation, ttctiv-
ated by /e and oy^teine were incubated with fluoro-

-Scitric &eid U.4 x 10 ^ k; for 1^) » in. in the presence
of 0.05 M phosphate buffer (pH ?•?) &n& °*5 juaole of 

isoQitrlc acid. substrate v,,, then added and the reac­ 
tion rates determined ae described in the text* fotal 
roluae 3.0 ml., temperature 22°. 
x * reaction rate in the presence of 16 jimoles of

ieooitrio
• « reaction rate in the presence of 2 pinoles of 

JBQcitrio acid
control ...... fiuorooitric
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Inhibition of aconitaec by fluorocltric acid v, ithoytt
• 8

pr •/•.fa c uba tip a

It we a found that the inhibition was very much 

dependent on the substrate concentration when the enzyme 

w&s not pre-ineubated with fluoroeltrio acid. Table S 

ahows a ooffip&riaon of the inhibitions obtained with and 

without pre- incubation* It oan be seen that pre- 

incubation maices little difference to the inhibition 

when 2 >uaolee of lap ci trie acid are added, but when 

16 yumoiea of iaocitrio acid are add© J , there ie an 

appreciable difference. fhe&e findings were not coueia 

tent with the idea t;itxt fiuorocitric acid w;. ^ an 

irreversible inhibitor of aconit&se for if tnat were 

the case, the inhibition wo U be independent of the 

eubetrate ooneentratlon* On the other hand, if the 

inhibition were competitive pre- incubation of the 

enzyme and inhibitor ehoul:* not increase the inhibition* 

ACGoning to the theory of Miohaelie de Menten (1913U 

the equilibria between the enzyme and euoetraie and 

bat^een trie enzyme and inhibitor should be set up 

immediately*

inhibition of feoonitaee by fluorooitrio acid

A fflore detailed inveetigtit iun W&B made of the effect
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he ffect of of Aconit *ae with synthetic

jPlaorocitrio Aui_i...pn trie Inhibition of the Re act ion

ieoCitric >cid to cia-Aoaitic

• Of the final aeonitaae preparation, activated with
2+ and eysteine, v,as re- incubated with 2*4 x 10 ^ M

fluorocitrio acid for 13 mio. in the tjreaenoe of 0*05 M 
phosphate buffer i'H 7*7} and 0*5 jomole of isocitric ..cid. 
rh© indicated amaonts of igocltrio aoici were then ad ied and 
the initial reaction rateg determined as described in 
table 8* When pre- incubation wa@ not carried out, J 
of the final eruyme preparation ^ere added directly to 
media oontainiog buffer and substrate* ^otal volume 
5*0 ml*, temperature 22 )

Substrate 
concentration

Kate . x 1C5 )

oontrol fluorooit.
Inhibition

Fre- incubation

2

16

Ho pr«- incubation
2

16

23

H4
52 
36

20
25

32

34

8
8
15
15

10
ll
^7
30

65

66

53
58

50
56
16
12
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of the substrate concentration on the inhibition of 
aconitase by fluorocitric acid without pre-incubation. 
.ifig. 25 shows that when the r< suite are plotted accord­ 
ing to the method of Lineweaver d ^urJc (1934), & graph 
characteristic of corr.petitlve inhibition is obtained. 
It was noted that after a time the reaction rates in the 
presence of fluorocltrio aoid fell off. 2he time at
hioh they fell off was shorter in tii** preeanoe of lower 

substrate concentrations* I1 hie could not be explained 
ae being due to the conversion of cie-acionitic acid to 
citric acid for the control rates, "hioh were faster 
than those with the inhibitor present, were linear at 
this time. The rates used in tde plot were those 
obtained before the change.

from the above results it must be concluded that 
tfcere is at le&et an initial eOffif;9ti^ion between ieo- 
citrio acid and flaorocltric aoid for tbe active 
oentreie) of the en-yr^e. ierertiiel^te, it was difficult 
to reconcile thie finding i ith th-,t of the effect of 
prs-inc ib&tion. ^n investigation waL therefore aiade of 
the conditions affecting the inhibit ion and the reversal 
of the inhibition.

fable 10 shows that tne time of pre-incubation of
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J*ig* 2}« Competitive inhibition of aconitase by synthetic 

iluorocitric acid. ?h» graph le plotted according to 

the method of Lineweaver & Barn (1954)* .iconit,;,e 

activity was determined in tiio preeeno© of 0.05 M

phosphate buffer (pH 7.7) using 5 jag. of the final
2* preparation activated Igy fe and cysteine.

o volome }«0 ml., tern per uturo <12 .

3 » molar concentration of ijsocitrio acid x 10^

? • change of log.Io/j per .uln. x 10

o * aontrol x « fliaorocitrio aoid (2.4 x 10*5



155

TABLE 10

of ?e~:30abi&ti

....fluorofcitrip ,,40 id ...on the Inhibition of the

jleaotion i so Oi trio ^cid to c i s-Aoonitio

(condition oi the pre~ incabation were the same ae those 

of 2wble 9« Following the pre- incubation period, g 

jOiiioies of is oc i trio aoid were added and the reaction rate 

determined for <- rain* l6 ^uglet; of i go citric itcid were 

then adaed and th@ second reaction rate determined. 

?oti>l volume 3.0 ffll*, temperature

j?re- H^te 
incubation 2 umoles 16 
time ^^ 
(min.) Control ^.oit« Inhibi- Control F. oit. Inhibi

tion.^)

0 50 22 56 79 54

10 42 17 59 57 37 35
20 31 12 61 42 28 33
50 24 8 67 30 23 23
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the enzyme and fldorocitric uoid does not significantly 
•ffeot the inhibition v.hen * joraoiee of j^eitrio acid 
ar© added. moreover, when the ieocitric acid concentra­ 
tion Is increased, th© degree of reversal is independent 
of the pre-incubation time* Theeo results also enow 
that the inhibition can be reversed to some extent by 
higher substrate concentrations. #ig« ^4 eho^e the 
effect of adding 15 jomoies of iapoitric acid immediately 
&£ comparei to adding the same amount after the reaction 
has been started with Z jumoieso A la re inhibition ia 
obtained with ^ ^umolee ar..s on the addition of 15 jamoieg, 
the inhibition ie revereed, but not to the extent that 
the reaction rate ie the earae as that obtained on adding 
15 jn&ole8 at the start.

fhe above results suggest tuat daring & pre* 
incubation period or during the reaction with low 
eubatrate concentrations, a secondary reaction occurs 
between the enzyme and 1'luorocitric aolJ eo that the 
reversal of the inhibition ie rendered more difficult. 
The same reaction may occur with higher concentrations 
of eabctrate. but the time required ie greater* Because 
of the time factor, further Investigation of this point 
wae not possible• -hen the reaction is .allowed to
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TIME -MINI.

fig* <4« Increased inhibition of aeonitafce by synthetic 
i'luorocitric aoi« && a result of starting the reaction 
with & lo coooentratioQ of i^o citric acid* .one, it; lone 
were &8 described in fig* r-3- the concentration of 
fiuorocltrio acid was ^.4 x 10*5 ^.

0
•

control ) 13 of ieocitric acid added
f 1 nor uoi trio acid) at the start of the reaction

^ s control ) 2 jimoles of Igocitrio acid added 
x • riuorocitric acid) at the start of the reaction,

followed by 15 jtuaolet: of isooitric
ac id •

Arrows indicate th« tiff.e at ^vhich the eu&etrate was adaed* 
in braa^ets show the degree of inhibition.
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proceed for a longer period of time, it is complicated 
by the conversion of oia-aconitio acid to citric acid. 
Kevereal of the inhibition of aeon itase ..fo ..giuorocitrlp 
acid

AS seen in fig. 24 the inhibition of aconitat e by 
fluorocitric acid could be reversed to eome extent on 
the addition of higher concentrations of substrate. It 
was of interest to determine whether or not the inhibition 
coala be completely reversed* ?!*?• ^5 8hows that a 
I'urthar increase in the aubatrate concentration reduces 
the inhibition still further, but at this level of 
inhibitor it was not practical to add larger amounts of 
. ubetrate. It can be seen t&at in t i@ control tune 
the final rate ia decreased because of the dilution of 
the solution. *vhen the concentration of fiuorooitric 
acid wae reduced to one quarter of the concentration, 
that ie to 0*6 x 10"** M, tne inhibition could be 
completely reversed ae shown in fig* 26. i'he initial 
inhibition in thiv c&ae wae email, being oni^ 20^ a& 
compared with 60^ v^ith ^.4 x 10*^ M fluorocitric acid. 
It cannot be concluded from this result that the inhibi­ 
tion of aoonltaae by higher concentrations of fluorocitric 
acid vvould be reversed completely if the tubatrata
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Fig* 25• Inhibition ;£ aconitaae by synthetic fluoro- 

citric uoid **nd rovt»r8:U of the inhibition by increas­ 

ing concentrations of j. ocitric fcid« Conditions were 

the 6fa.me a? thoe< of fig. r3«

o » oontrol • = i'laorou itrlo acid {2.4 x 1G"5 n) 

^rrows indicate t'h« time at \--hich eubtitrute wae added. 

, iguree in bracKots ehow the Degree of inhibition.
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indicate tHe at whion ^ wae added*

figures in b;ac£ftts ehow thc> --iegroe of inhibition.
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concentration coul® be increased to a e efficiently high 

level. It is possible that lower concentrations of the 

inhibitor uo not bring aboat the same irreversible effects

oonetant of tne aoonltaee-f laoroc itrlo aoid

It was aeen in fig* £J that when aconitaae was not 

pre-incubated with fiaorocitric aoid, there was a true 

competitive Inhibition between the inhibitor and the 

e^fc>eirate for tne active centre!ej of the enzyme* -Torn 

thie gr^ph it waa calculated that the .vicmaelie constant

for iaocltria acid wae 4*4 x 10"^ M and the 

apparent „ iuhaelie constant (^} in the presence of 

fluorocltrio acid was l6 x 10*^ M. From the equation

s I J * not ^^ dissociation conettuit of the aconitaee-

floor ocitrio acid complex i^) wag calculated to be
r

8.4 x 10* M. fhae the en^me hae a very high affinity 

for fluorocitrie acid*

The earn® oompetitive inhibition was obtained with

citric acidl ae pubstrate. In thifc ease the diesocla-
-6 

tion constant was found to be 12 x 10 #, bat the

differeric© ooald easily be ace /ante 1 for by experimental 

error*
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ratio or ieo citric acid to fiuorocitric acid 

for J0> inhibition was approximately 40 to 1, 

whereae the ratio of citric acid to fluorocitrio acid 

waa approximately 400 to 1. Tfcue the inhibition in 

the presence of a fixed aaoont of citric acid is greater 

tik*n in the presence of the same amount of iaooitrio 

acid. It also follows that the inhibition cjuld be 
aaore readiljr r«Tersed Dy isooitric ^oid than it coutd be 

by citrio ucid. ?he ability of those two acide to 

reverse tua inhibition is approximately proportional to 

their Michaelie oonetantg.

3t ud les .with natural Fluoroo i tr io Aoid

The natural flaorocitric aoid was tested under 
the same conditions aa those used in the Initial 

experiments with the synthetic material, wuereup.>n it

found that this co: .pound was r@ry ^uoh lees toxic*
-5 used at a concentration of J*a x 10 ' v, only a

small inhibition wa@ obtained in the urf ,ence of 

2 arnolee of isocitric acid. i'hie wae surprising in 

Tiew of t&e marked toxic ity of thie compound in TJTO 

and the marked inhiiJ&iona obtained y.fith the synthetic, 

consistent witto the earlier findings of deters
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21 J£i* {*953 b )» However, it wae possible that the 

natural fiuorocitric aoia oo*ld inhibit aconitase in a 

competitive fashion if the substrate to inhibitor ratio 

were reduced. ^etere A ttils on (1952) had concluded 

taat thie was to aein^ relatively impure preparations 

of fiuorooitric *cid, but it could not be assumed that 

thie wae the case with the crystalline fiuorocitric acid. 

As the arnoants of fluorooltrie acid aVcii,,bi( were 

limited, it *«s not pocgible to use high concentrations, 

@o the 8Q,b$trate uoncrantr; tion was reduced. fhie was 

not ideal aa it meaijt that the reaction rates were 

considerably redact d with a corresponding reduction in 

aocorac/* But, nevertheless, ander these conditions the 

inhibition of aconitase could be shown* 

Inhibition and reyereal of the inhibit iou of aconitase 

by f 1 uor o c i t r i c ao id

i'ig. 2? illustrates the initial inhibition of
f **4 aconitaiio by 1.6 x 10 M flaorocitric acid and the

overcomiri ; of this inhibition by increaeed

amounts of eubatrfcte. Similar results *ere obtained
-5 

using the inhibitor at a eooc©ntration of }.2 x 10 If*

j?re-i«cubation of the enzyme with fiuorocitric ,cid prior 

to the addition of aubetrate f&ay incre&ee the i
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100|Lig 
Fluorocitrate

567 
Time (min.)

Fig* 27» Inhibition of aecnita«e ly natural fluorocitric 

acid and reversal of tUe inhibition by increasing 

concentrations of ieocitric acid* Condition® were

the same ae those of fig* 

o * control x * fluorooitrio ucid (1.6 x 1Q~4 M) 

Arrows indicate the time at which substrate was added. 

/igures in brac*t«tj= show the degree of inhibition.



inhibition. r nly one cooK.«ri fcon wae mud<. and this did 
ahofc that pre-incubation increased the initial inhibition. 
However, definite coneitteiona cannot fee drawn from thie 
single experiment, besides which the comparison was osade 
with low concentrations of the inhibitor where the degree 
of inhibition was email* 

Competitive inhibition of aoonitfose by fiaorooitrio gold
Although it was olear iYoin the above results thut 

flaoroeitric sic id wa£: a competitive inhibitor of aeon it- 
&&e, it tte of internet to determine the dissociation 
CODettint of the aconituae-fluorocitric aoid oomplex for 
comparison with the Taiue obtained usin, the synthetic 
muteri-a. fig* c.3 confirms the fuat that the inhibi­ 
tion ia competitive. By im&nH of the equation aged 
previously (pagolSl), the dissociation constant of tue 
enzyme-inhibitor coiu ;;lejc was oaluulated to be b»7 x 10 
Ihis value is ten timee gre. ter tiian that obtained v-ith 
the eynthetle fluorocitric ^cid and ie consistent with 
the lower order of inhibition obtained with natural 

fluorooltric acid. 

Apparent irreversible inhibition uf aconltuse<53faiUiiiMiii»»ii»ii iinilin li I"" • "• i»ii'"iii" "Mm in '!'•""• i i 111 i i i ii»nii i •••••••I i ""in ii HIM

jt^eter^ (1952) ehowed that tiie sensitivity of the 

isolated aconitase to natural flaorocitric acid
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« 28. Competitive inhibition of a by natural

fluorooitrio acid. fha graph is plotted according to

the oiethoa of kineweaver •• #uric (1934)* ^eonitase

activity was determined in the presence of 0*05 M

phosph&te buffer (pH 7*7) using 5 jag. of the final

aoonitaae preparation activated by Fe * and cyeteine.

Total v01ome 3.0 ral. t temperature 22°.

S * molar concentration of ieocitric aoid x 1^00

V « change of lo > *O/T PQf lt> eeu* x 10

0 * control e ^ fluorooitrio uold (3.^. x 10""5 u}
4r *W f
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very much less than that of the aeonitase present in 

the Jcidoey particle8* Moreover, whereas the inhibition 

of aconitaee of the Sidney particles was apparently 

irreversible, that with the isolated aonitase was 

apparently reversible* The result® ae far as the 

isolated aeonitase is concerned have been confirmed 

here. Peters (1952) has proposed that this difference 

is due to two factors, firstly to the concentration of 

the fluorocitric acid v Ithin the .idney particles and 

secondly to an exaggeration of the inhibition due to the 

intervention of structural factors* The result is that 

tue concentration of fluorocitric within the particles 

is relatively high whereas tue concentration of citric 

acid is relatively low* i'hue the inhibitor behaves us 

though it were irreversible.

It w&e also po;tible that the fluorocitric acid 

isolated from the kidney particu^s wafc not the inhibitory 

t ubetanoe, but was converted to the inhibitory Euoet 

when incubated with the Sidney particle test eystem* 

This idea was consistent with a findin* of Peters 

(personal eonnmnieation) that the disappearance of 

citric aoid wae not inhibited immediately by fluoro- 

citrio acid and that the inhibition was a parently
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irreversible. It was realised that this reeult uoUd 

ttlso tee explained ae being due to permeability factors. 

I?here was no doubt, however, that taere was an initial 

competition between citric aoid and fiuorocitric acid 

because the inhibition of citric acid dieacpear&noe was 

dependent ou the initial concentration of citric acid. 

In order to determine whether or not this wue the 

eaee, fluoroeitric acid was incubated by Peters & 
$&£elin with the kidney p^rtiolee under tiie usual test 

conditions* After -aid inactivation of the aeonitae*;, 

the bUpernat&nt was tested for the presence of an 

irreversible inhibitor in the astern oig-aooaitio acid

——^ citric t,cid. fhie system was usoi on account of 

the hi* h absorption of the extract at <-40 m)i v^iich did 

noc permit of the study of the reaction Isooitrio aoid 

oia*aconltic aoid* Mo evi lance ..as found for the 

noe of an Irrevereibie Inhibitor, but it must be 

pointed oat th&t the technical difficulties were

•reat on *ccjuut. of ths relatively large amo^nte of 

citric acid whi^h were present in the extract containing 

fluorocitric acid* Citric aold n&d to b« r.dded during 

ths incubation eo that the fcidney particles did not 

become inactivated*
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of fluorooitric koid QM a crude preparation of 
aconitaae

i'he effect of natural i'luorocitric aoid on the

e of a crude he ait extract and of an extract of 
particles was tented. In both oasee only email 

inhibitions were obtained With 3.2 x 10*5 M fluorocitric 
acid when the enzyme and inhibitor were incubated for 
13 miB* before the addition of 16 jraolea of ieooitrio 
aoid* 2hU8 no irreversible inhibition could be shown 
with crude enayme preparations* On the cnher hand, 
large inhibitions were obtained with synthetic fluoro- 
oitrio acid under the eaiae conditions*

A/j

the outeet, it IE clear that the inhibitory 
aotion of the synthetic fluorocitric acid is not only 
greater, but also differs in eomo respects from that 
obtained with the natural fiuorocitrio ucld* 4 
disease ion of the pose ibis reasons for thie difference 
will be deferred until the mode of option of each is 

diacuased separately*

ip f luoroa itr io aoid

fhe reuuite obtained with eynthetic fluorocitrio 
acid oan beet b© interpreted by congwering that two
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types of inhibition occur, one being competitive or 

reversible and the other being irreversible.

According to the •n&yme-£ubetrate theory of Miehaelis 

& Menten U913), with competitive Inhibition the 

equilibria between the enzyme, substrate and inhibitor 

is set up rapidly. Consequently, pre-incubation of 

the inhibitor with the enzyme should have no effect* 

However, *lth this inhibitor pro-Incubation does have 

an appreciable effect on the degree of inhibition* On 

the other hand, when the enzyme is not pre-incubated with 

the inhibitor and the reciprocals of the initial 

velocities obtained in the pre&enae and absence of the 

inhibitor are plotted ag&inst the reciprocals or the 

substrate concentrations according to the method of 

uiaeweaver & Bur* (1934), a graph characteristic of 

competitive inhibition is obtained* This result is 

consistent with the idea that there is a true competit­ 

ive inhibition between the substrate and the inhibitor 

for the active eentre(e) of the enzyme, at l**ast during 

the initial stages of the reaction. The failure of 

high substrate concentrations to cotapleteiy reverse the 

inhibition with the fluorocitrlc acid at a concentration 

of 2*4 x 10*^ M m^y wean tnat a proportion of the
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inhibition ie not reversible; it oauy aleo have been due 

to the technical limitations of increasing the ^abatr 

concentration to a sufficiently high level. Although 

the results indicated that the inhibition of ^oonitaee 

ty 0*6 * 10*^ M flaoroeitric acid oouli be completely 

reversed, it is possible that as the inhibition wae
ir

, an> yTfcvereible inhibition would not hare been
detected* It aoanot be concluded from these results

•

« tie t her or not eyrithetic fiuorocitric acid aleo ottueea 

an irrerersible inhibition of aoonitciae*

The concept of irreversible inhibition comes from 

t*o findings. In the fir&t ple.ee, the marked affect 

of pre- intubation on the inhibition; in the second 

place, the fact that ta<j reaction rates in the presence 

of the inhibitor fall after a time, even though the 

control rates which ore f&gter, ^.re still linear* 

rhose results euggctt taat. & clow irreversible inhibi­ 

tion is taking plaae* If the re&otion r; tee could have 

bean studied for a longer period, it :U lively taat the 

Ohange of rate wo aid have b* en timphaaised. r ov%ever» 

the renotion iao citric acid —— ̂ £ij8-uoonitic acid 

cooJU not; be studied for long ooriode on *:cco.int of the 

further cooveraion of eie-aconitio acid to citric u
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which complicates the measurement of ois-aconitio **< 
production* i'he results suggest that the time at which 
the irreversible inhibition manifests iteelf Is a 
function of the substrate concentration. It would 
also s0eo) ae though the addition of low {substrate 
conoeiitratione was equivalent to pre-incubation. 
Prolonged pre-incubation followed by a low substrate 
concentration ie no more efietftiYt) ttaan the addition 
of a, low fcausjtrate concentration alone* r-t, pre-incuba­ 
tion does Increase the inhibition when higher concentra­ 
tions of 8ubntrat& are used*

It would seem as though the results can be beet 
explained according to the following equations:

B 4 S a".'iJ'fr ES

where £ = on^yme. S s eabetrate. I = inhibitor 
K3 s enzyme-aabatrate complex, 
2 s reaction produots

= enzyme*inhibitor coi piex, 
* aeoondary complex formed between the

and inhibitor* 

, there is a coaapetitire inhibition between ths
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inhibitor and the substrate for the active centre(e) of 

the «naym«; thie ©(^iiiUrium is net up iw^dlately.

iL followed by a elamor re.>ctiau on the enftyme

each that the inhibitor uotu either in an irrevers« 

ible f&ahion, or in * w&y that naa&ng displacement of it 

from the 6n~yme sarf^.oe more difficult. It i., this 

latter re^ctiOGi which lO&eure during the period of pre* 

incubation of the @a*.y>ue with the inhibitor, or daring 

the cour&e of the react loo*

If the teaond re^ctioft between the eo^me and the 

inhibitor *©re Irreveraibi©, it ml*ht be expect*1 that 

pre*incubation of the en^ya© with fluorooitric aoid for 

prolonged periods woald lead to aompltt© inaotiTation 

OL the enzyme* Unfortunately, it was not possible to 

determine thio b€JOj»i*»a of the lofcB of on^me aotirity 

that oao-xTe when th^ @n^m^ *& ^ept in illut@ solution*

Although there IB no conulueivu proof of the 

irreversible inhibition of aconituc@ by synthetic 

fluorooitrio aoid, it does &eem ae though the aboTe 

hypothesis offers the bc>ct explanation of tiie results. 

fJLurpoitrio.

I! he re i& oo evidence of complicating f,«ctore in 

the inhibition of aconitafce by uaturul fluoro^itric aoid.
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inhibition ie competitive and ei*n toe re&lily 

reversed toy higher substrate concentrations* One 

outstanding fact with this compound which is confirmed 

here, ie the difference in the toxieity of it in vivo 

and in tae vianey p&rtiole test system of Buff a et al. 

U9t>l) as compared with its toxicity in the Isolated 

aconitase system* i^erhaps the b«st explanation of 

this is the soggeetion of retere (1952) that the inhib­ 

itor is concentrated within the cidney particles 01 the 

mitochondria of oelie KO that the molar ratio of the 

inhibitor to enzyme is very mu^u higher than that 

obtained in the isolated system with the amountb of 

fluorocitric aoid ased*

J*rom the results obtained with the isolated aconit* 

se it would appear as though the innibition ah alo be 

readily reversed, but the attempts made by deters & 

wfcucelin (1955/ with the Kidney particle system and by 

Hastings, ^etere * iYa,<;eiin (1953* w» d others with the 

intact animal have been BO far onsuccessful* Ho evidence 

was obtained for **n irreversible inhibition, eo it seems 

as though the inhibition in vivo is competitive* It is 

significant that smaller doses of fluoroacetic acid, 

v.hich give rise to smaller amounts of fluorooitric 

in vivo, do cauae an accumulation of citric acid in
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animal tissues, presumably by the inhibition of uconitaee, 
bat the eniaiius recover, i'his could be dua to the f^et 
that higher concentration^ of citric ueid within the 

mitochondria overcome the inhibition. »ht?n larger 
-ijiiouati of flttorocitrio acid are for^d and concentrated 

within the mitochondria, larger , m, .rite of citric acid 
eurauiate and the animal a li«s« Thifi coall be duo to 
e Jf^ot that very hi^h concentratiouB of iiitrio ucid 

would b« r@o iired to overuoia-o the inhibition, so that 

before the citric *uiid to inhibitor ratio reaches &

^high vaiua, tha aecoadftry eif^ota of hi^h 

s of citric «cid bring tibout the death of 

tho aniaui. ?ht; eecoudar^ effects coaia include changes 
within the mitochondria such ae ^luerationg iti the Ionic 

strength aud bi^Ung of metallic iou^ (eee letors,
Citrio acid woald be the leaat effective B 

of aeonit&se in overcoming tae inhibition us it ka*s the

affinity for the en^ymo* If ^Ija-aoooitio acid 
b« oonceotratea withic the mitochondria, smaller 

amounts would be roqair^d for tha reversal of the inhibi­ 

tion, &e the yo^ise hiis- the highest affinity for this 
iibetr^tet In these circa.eo ncet, the inhibition might 

be ovorajme wiwjhout the devalopsaent of the »'
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2he difficulty is in getting the tricarboxyiU 

ucida through the cell membrane; it iti al o poaeioi 

that they pass through the mitochondria! membrane only 

at 4» slow rate* £h&ae perishability troubles mifht be 

eliminated if ois-uooniUc aaid were added to the Kiiney 

particle preparation or injected into the intact animal 

aa un eater or amide* Uhe euuttesB of thit therapy would 

depend not only on the ability of the tissue to hydrolyse 

the @*ter or amide, but alao on the rate of the hydrolysis 

If high wonoeotratione of ciB-aogriiuic aoid were to give 

rise to inhibitory tr^QB-tiaaniiiu aaid, the aae of the 

ester or amide of ieocitric aoid might be better. 

comparison of the juctlon of Qatttrai ran4 synthetic 

f 1 uoro o 1 tr ia ao id b

fhe difference in t;ie iohS^itory action of the natural 

and gynthetiu fluorocitrio *cide on the ieolat' d aconitage 

oan be most readily explained asi being due to the 

presence of different etereoieomers in each preparation. 

Although no direct evidence it. available to support this 

conclusion, it ii clear that the made of synthesis of the 

synthetic compound would give ri&e to the for^tion of 

tn-j foar stereoiaoaera* On the other hand, it is 

unlikely that more than tvo etereoi^on^r^ would be ormed
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Peters yjb al. U95JW found that there was 
a difference In the ability of natural and synthetic 
i'luorooitrio tolda to inhibit, the disappearance of citric 
acid In icldney particles, but In this iristanoe the 
synthetic fluorocitric acid was only one half as active 
as the natural fluorocitrlc acid. These authors concluded 
on the basis that the four stereoleomerfe of the synthetic 
preparation are present in e^aal amounts* that only one 
optiotil/ active centre is concerned in the inhibition* 
In the experiments with the Isolated aconitase, the 
synthetic material is far more active than the natural* 
Hot only is there a difference in degree as far ae the 
competitive inhibition ie concerned, but the synthetic 
floored trio acid also exhibits an irreversible inhibition* 
It tto^ld seem as though the ieomors present in the 
synthetic material, but not present in the natural 
fluorocitric acid, are re; 00015ible for the different 
effects*

Uhe reason, for the difference In the action of the 
two fluorocitric acia preparation on the aconitage of 
the KiJaey particles and on the isolated aconit^e nave 
been diecuesed with Professor inters. from the resuitts 
obtained with the Isolated aconit&ee, it > ould be
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expected that the aynthetio fluoroeltrio acid would 

inhibit the aeon it an e ;>t the Kldne,/ particles to a greater 

extent than the natural flaoroeitric aeii, but thU ie not 

th«? case. 2 he results of ^etere ®t al. (1953b) suggest 

that the 'unnatural 1 stereoiaomers of the synthetic 

material do not enter the icianey partiol< e, or if they

-io t they do not oome into contact with the aoonitaae.

• If on the other hand, all four etereoieomers of the 

ynthetiu material are free to reect /with the aoonitaee, 

but no relation tacee place. It muat be postulated that 

there is some strict XT al ciiffarenoe between the enzyme 

fithln the icidnay particle a and in the ieol ted et.,te.

with th Isolated en^ym , the 'unnatural 1 etereo* 

of the synthetic fluorocitric aoid re ct %lth 

groupr on the enzyme surface v^hich are not exposed «hen 

the enayme la fixed acid surrounded by other enzyme 

molecules in the -cidney particle: . ^& the inhibition of 

the Isolated aeonitaee by eynthetio fluorocitric aoid is 

at least partially competitive, thita reaction probably 

involves one or more of the act ire centres ;u well aa 

other groups on the enzyme earface*

A rsiore conclusive explanation of these differences 

must await the separation of the etereoiso?aert of
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synthetic fluorocitrio aoid and the determination of 

which etereoieontorU) is formed ensymie&liy.

SUMMARY

1. Uhe competitive inhibition of &o?nita8e by imt^rbl 

flttorocitriu &cid iiae been confirmed,

2. 3ynthetic fluorocitrio act* hae bean shown to inhibit 

aoonit&€*e in tooth & competitive and irreversible 

fashion*

3« The di@»ooii*tion uooetaut^ of the enayme- inhibitor 

cornoiexes for both the nat ir 1 and eynthetio 

fiaoroeitrio aOidB hare been measured* Dhe affinity 

of aaonitase for the synthetic compotui i^ much 

greater than for the natural compound•

4. the possible re^eone for the difference between the 

two preparations of fiaorocitric aoid in inhibiting 

the igolated aaoait&ee hare been di&oa&e^d* The 

difference between the action of tneee compoaiide on 

the isolated aoonltaee eyete-m as oompar^! to their 

action in VJTO and on the ci iney particle system of 

Buffa £t ad• (1951^ has also been die^useed.
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CHAPTER

Of . ..QgHivtt .Una&IgCKS OH AClHITASg

DloJuaan & Olo tier (1951J f,und that aoonit^&e was
2+inhibited when the motivation of the enzyme by j?e and

•4 
ascorbic uoid was carried out in the presence of 10 M

2-ehloroniarouriben^Qate. i'hie suggested that aoonitaee 

dapenaeot on the presence of a free ~3H group for

fhct results of ^rebs « :g>ne©ton (1944^ that
2+ is InhiDited by Hg » Cu and alloxan «ere also

consistent wit a thi@

2he innibi:ion of aaoaitaee by o~ nenun thro line 

n di uioatiar, 19:>1J. sodium ^ulinide t HOM and

pyrophOBphate {:jrebs 4 Kg;i®8ton ( 1944) was iu seeping
' ' -i-

with the f^ct thut aoonitaae ia a ^

the preliminary resuite of the effect of

riDen^oate, o-ph nanthroiine, 2:2'-dipyi .-idyl. 

, (athylenediamine tetra*aaetio ueid), cyanide and 

a*ide on the activity of aoonltaee seamed of intereat,
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they ore reported in thlt> Oh&pter.

2+waa act iv ted by /"• and either cyetslne 
or ascorbic acid and trie enzyme activity was determined 
by the methods previously described (page 19 ̂ ON

£- JhDromerc iriben^oate was Kindly supplied by 
Dr* w.A. Stocicen. o-^henant^oline, gi^'-aipyrid^l, 
and vtreeufc. were B*P*H* prodaots* Tae other reagents 
were either a*H. or ae previouely described*

p-Qhloromer^ or iben^oate
f^bie 11 ehotve the inhibition of aconituee by 

increasing concentrations of p-ur.Ioro- ,r^uriben^o 
and the effect of oy@tein@ in revir. In- the inhibition 
«vhen added immediately ui'ter the ^*ohiorom«r&urib®n^oate. 
r&e concentration of £*ohiaramuruuz-iben^oate required to 
inhibit the enzyme was? relatively high, but us the 
enzyme had been activated by o/st&ine (the concentration 
in the medium w&^ d.j x 10""^ M), the affective
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11

lohiblt ion of Mjjijit&L-e ^bjjr _g~Chic?r omerc ur ibccuoate •

i of t&e Ii!&ibiu icm

(the syftt6-;i contained 0.05 ;/ phosphate buffer (i:H 7*7 It
-3 

ci£-aconitio aoid (8.7 * 10 i&j and varioae conoentra-

tiona of £-ohloro;u'.:rcuriberuoat;*« Aeooitae© 
to 10 ^ig. of thn £ iatid preparation) activated by 
and e/Btelne w^e added* ,XC^K-S c,ys1;eiri£ (l, M) was 
added after tne additioa of tlie ?«*,/»•• ?otul volame 
}«0 ml* K«feotion ?.ae stopped after 1^> ii-in. by tiie 
ti -id it ion of 0»3 *!. oi' 5^7* (*/Vi trichloroacetio acid

the solutions *iuily»*d for oitric a^ii. Jemp«ratar« 22 )

p«» Ch 1 or ome r c ur:______
rtr6tioR "* luhibltiop

&XC6B8
cycteioe

10 63 33
7 76
4 58



concentration of the inhibitor would be considerably 
reduced* i?he enzyme was cot pre-incubated *itfc the 
inhibitor on account of the ia&ctivatlon of aconitaee 
by phosphate in the absence of g ibstrate.

U&ble 12 8ho*g that the inhibition if increased when 
£-cfUoromerourib®i3itioate ie added to the enzyme before the 
substrate, whereas there is no difference between adding 
the enzyme to a mixture of substrate and inhibitor and 
ad din the inhibitor after the addition of substrate* 
Iheae result® indicate tn*t the e^batr&te does protect 
the enzyme froiu the inhibitor during the initi I stages 
of the reaction and euggest that the inhibition is due 
to jj-ehioromerovu iberifcoate reacting with the act/ive 
eentre(s) o the en^yae. Aooording to the IliohaeJLis* 
Menten theory of eu<-y aotioo, the inhibition ahouid 
Increase with time aB there ie alwa/@ a proportion of 
the enzyme not in combination v ith eabstrate vihioh oan 
react with the inhibitor* ^i-* 29 shows trtat this is BO. 
The inhibition oaiouiated at 13 min. is 59^ &®& ?grees 
well with the previous results, but it ie clear that this 
ie onW a qualitative result. 2he inhibition increases 
during tha initial stages of the reaction so that when tho 
reaction ie oarrieo out for a fixed perio or time trie 
inhibition foufii is not a qaantitiitive r«t^lt, but m rely
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, 12

J?fae Induction of the ibalbltion of Aconltaee 

by p-»Ohioroti.ercaribea^Qate oy Substrate

(Condition;.: wers &8 described in 2able il»

concentration of p-ohloro>i:"'rcuribem&3&te wa8 4 x 10
am

volume 3«® !!"<1«» temporatar* 22°.

1. eriL^a.w added to s

L. en^rae adaed to substrate plu.- inhibitor

J. eoa^ir;.e added to iniiibitor, followed by substrate

4* enzyme added to subatrate, followed b^ inhibitor )

Rate labibitiop

. citrio acid 
formed/ 1^

z. 54 58
3. 19 86
4. 55 58
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IO 15 2O

TIME - MIN.
25 30 35

fig. 29- '?ime cutrv« i'or t'ae inhibition of c.eonit»ee by

v^re 

for table ii. The concentrating of £«chloro^a rcuri-
-A

was 4 x
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indioatee that inhibition does occur*

It oannot be concluded froiu these rebuts t.u,t an 

-SH group on the surface of the enzyme is concerned 

with aconitage activity for the j£-chloroffiereuribeni.o»t« 

could alfco brinc about inhibition b^ upsetting the 

equilibrium that exieite between the enzyme and eyeteine* 

fhe addition of exoeee cysteins coald then overcome the 

inhibition by restoring the equilibrium. *he problea 

as resolved by activating the enzyme with ascorbic acid 

rather than with oysteine for ascorbic acid does not 

react with j>~chioron}6rouLrlb@n&oate»

the time course of the inhibit ion of 

activated with aeoorbic acid, by <o- 

was similar to that obtained when tue enzyme was 

activated with cyateine (fig* ^9), but the enzyme 

activated ^ith ascorbic acid was more sensitive to the 

inhibitor* fh® inhibition calculated at 15 ^iu. with 

10** M p-caloromercuribenaoato wae 75/^ %iierea@ with the
•MT

cysteine activated en^.y;iie f there wae no inhibition with 

twice this concentration of inhibitor*

Ae the maximum inhibition of the enzyme by £- 

cnloromerouxibcn^oato did not develop antil between 

and 10 rain* after the start of the reaction, it *
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oeeibie that the supposed reversal of the inhibition 
of the eyeteino ^efclvuted ensyraa was, in fact, a 
prevention of the development of the inhibition. 
i'hertfort, attempts were m&de to reverse tae inhibition 
of the tteaorbic acid activated eruv-^® by adding excess 
uysteiae 5 mln. after tue etart, of the reaction* ^ig. 
JO shows the mar cod inhibition taut develops and the 
partial reversal of the inhibition by eyeteine, but not by 
at? corbie acid*

2 he above evidenae suggest e taut aeon it ate requires 
a free *SH group for activity*

and yeraono are
to form ^omplexee with FQ *• However, coneentrn*

• i? tiout-: of these subetanoe^ «.p to 10* M did not inhioit
the reaction uife-aoonitic acid —— * oltrio acid when added 
gimult&neoasly with eubatrate* Frorn the colour of the 
eolations to which fi*ph0n«nthr aline and 2:2'*dipyridyl
had been adde , it WUB ^l@ar taut at least some of the

2+ J*e present had reacted to form a complex. On the
aani, when these gab^tanoee w^?re added to the 

eolation at the start of the 1 hr. period of activation 
or &t tne end of the activation peri ox followed by a
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10 15 
TIME-MIN.

25

Fig. 30. fime curve for the inhibition of aeonitase by 
j>-chloromsreurib@nJ6oate; part reveresi of the inhibition 

eyatelne and non-reversal of the inhibition by
ic acid. Uonditione were at described in ?abi«

2+11, except that the enzyme was activated with i?'e and 
aocorbio acid and 13 ^g. of the final aconitase 
reparation was a.sed« Cyeteiue and ascorbic aoid were

added 3 [rjin * after the addition of the enzyme, final
-2 concentration 10 M* The concentration of

£-ohloromeruuribtJniioate was 10"^ M*
x * control o * £~ohlororaercuriben&oate
• s p-ohloromerc^riban^oate + ascorbic aoid
4 « j>-chlorQmerci4ribenttoate 4 c^eteine
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further inoabatlon period of i hr«, or pre~Incubated 
with the enzyme in the presence of low concentrations of 
substrate, marked inhibitions of the enzyme were ob 
Table 13 ahowe the effect of adding veraene and 
o-phenanthroline to the enzyme solution daring the 
period of actlration. 
Cyanide and aaicte

fhe reactions ois-aconitic aold —*• oitrio aold 
isooitrio aoici —» cie-aconitic acid were not

inhibited by concentrations of oyanide and a*ide up to
-2 10 M. Moreover, when the activation of aconitaee was

-2 carried out in the presence of 10 M cy.nide, there was
little or no inhibition of either reaction, although the 
colour of the an-yine eolation indicated that ferroayanide 
had been formed. further tests ehowed that oyanide was 
not capable of replacing the other re a.«cing agents in 
activating aconitaee. Krebe & Lggleston (1944) clai ,ed 
that aoonitase wae inhibited by tjanide, whereas 
Jacobsohn (1940) concluded that th<* prosthetic group of 
aconitaee did not contain a heavy &et a as the enzyme 
actiTity was not inhibited by even hip.h concentrations 
of oyanide* The above results are in agreement ^ 
those of Jauobeohn (1940)*
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IfaBL® 13

Inhibition of Aconlteae by Yereene and o-^

(~gOfjitase wae incubated in the presence of 5 x 10*^ M
O O

and J,Q~ M cy«t©ioe for 1 hr. at 0° after the 

addition of the ich.bitor. The @Q^me activity was

tneu determined as described in i^bie 11. 15 >ig. of
o tae final &Qonitu@e preparation, temperature

o
Inhibitor coQctctratlQO tiye of Inhibltioo

addition

Verseoe 10* 0 72

60 57
-3 * 

o-i'henanthrolint 5 x 10 ' 0 64.

60 60

o conoeatratione precipitated fro^ eolation at 0

time of addition indicate a th® : erioJ for whioh the
2+ had baeu incubated with F@ aril oystcine prior

to the addition of the inhibitor*



191

DISCUSS IQB

it ie Known that vereene and o~phe nan thro lino 

ai ; -u affinities for J*e . it seems reasonable to

conclude that the inhibition of aconltase ia due to tneir
2* £+ 

interaction *ith 3*« f so that JPe eeaees to play its

norm til role in the mechanism of aconit&t,c action. -hen 

these com pounds are added at the start of the activation 

period, the inhibition ooj.13 be dae to the prevention

of the formation of the Jfe -eu.y;,9 complex; ^hen added

after the formation of the jfe' -an&yme cornplox i.e. 

following a 1 hr. period of activation, the inhibition

00 aid be due to
2+

(a) reaction of the inhibitor with the free Ife
2+ in equilibrium with the fa -enzyme complex

(b) direct reaction of the inhibitor with the Fe 

on the aurfaae 01 the ea&^mo

(cj a oom bloat ion of both. 

(uJ and (b) fijre iiluetrated by re^ctioo^ (3> 

of the eaheme below;
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2* 2* ft -inhibitor inhibitor-^e -t

ihinhibitor inhibitor
* +

2+ 1 2+•f enzyme "•». *»«» . «• i ynM'"]! #t -enzyme

+

eubstrate 

2

l
£ 4 ft -enzyme

If ?e~ functionB tta a means of linking the substrate 
to the en&yme, the above so lie me illustrates the reactions 
tout ooold oocai when substrate ana inhibitor are added 
slmaitaneoii^ly to the activated eruyme. It ; f i ht be 
expected that the inhibitors oouid compete ith. tht 
substrate for the tni-yme (reactions 2 & 3* »s they both
react -ith ft and 00 oauee inhibition. The fact that 
inhibition was not found ?ven with bigh conoentrations 
of the inhibitors is not eurprising in view of' tht high 
affinity of tht enzyme for cle-aconitlc acid

s 1*2 x 10*^ M) aotl the high pnoetr.^tt concentration
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, _ 
ueed (6*7 x 10 Mj* It ies posfcible that competitive
inhibition may be obtained in th© presence of iorcer 
substrate concentrations, but this point haa not yet been 
investigated,

Inhibition could also conceivably ooour &g a result 
of the reaction between the inhibitor and the free ?e

f* :

iu equilibrium fclth the ?• ~eri&./ui© ( react ion 4}* (She 
colour of the sol at ion *• oa ths addition of o-phen an thro line 
or 2:2 l -dipyriiyl indio&ted that thH- reaction had occurred
to at leaat aoine uxtctitK fhe r<i@ait of thig would be a
:iift of the e-r>Ul 3»briui';i of r©.:.t-tior) (lj to the left*

But das tu the high affinity of the fe -enzyme complex
for substrate, the amount of free F« -enzyme preeeot 
would be small* t'hue on^ a small proportion of the 
total enzyme would b@ in&otiT*te>i* Of coarse, if the 
theory of &io&**lls & Meotea (1915) holds, inhibition 
v%oii^ occur in time* There is also another faotor which 
would tend to delay the onset of the inhibition* The
affinity jf the an , yae for Fe iu high (dissociation

2* -6constant of the J*e *so<^ffie eoi<pU>x ie 3*9 * 10* FA);
inite time ie required for the establishment of the

of reaction (11 starting with Fe and 
, eo the rate of egtuoli&lu&ent of the new equlibrium
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would be elow even in the absenee of aubetr&te, the 

rate in the presence of substrate would be slower etill. 

Mo allowance has been mad® in the above scheme for 

the fact; that oyateine which w&e aged to activate tae 

eu^yme, and the Biibatratagi of auonitasa ore also capable
*\

of reacting *ith #e &nd may influence the reactions

However , it cioae seem a& though the

failure of eorapoaacU aapaole oi forming complexes with 
' to inhibit aeon it as© can be ro^. onooi,/ exolalned

2* if the f« is couctraad iu the lln^a^o oi the substrate

LO the au^yme *
2* Ihe i'e could also function by fixing the degrees

o freedom Q* the engine molecule go t£mt substrate could 

cowbiaa at another site on the on^yme 3 or face. In this 

oaae, the reason for the protection of the enzyme from 

inhibition by giibatrute ie not BO apparent, bat there do

deem to ba two pliiuelble explanation-. It Is poeelble
2* 

tuat the inhibitors cannot approach the tfe ^uiict

eubfttrate i3 linked to the enzyme* However, reaction
2+ ?ith the free r® voai still be poeeible, but the rate

of ditsftocittfcion of the J*e from the surface of the en&yme 

may be slowed down even farther whilst the enzyme ie in 

combination with substrate* therefore, inhibition
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not fee observed over the period for which the reaction 

was carried out*

failure of cyanide to inhibit a neav^ metal 

ie an internet ing phenomenon in view of the

of the idea that r&et&iloe&^y(3e8 art. sensitive 

to cyanide. Uhe failure of cyanide to inhibit tje 

activation of a&onitaee eouia be da© to the fact that
2+the affinity of the en^mo for Pe in gre&ter than that

of oyanide, or that ferrooyanide is oapabio of activating

the en^y'ffl€». It is also po^&iuie that ii the
24

to the an^yme by wa.y of the fe , that the

moieanl^s io cainbinat ion with the Jfo can

rapidly displaced by trie
2*oompour«di» whiaa react with Ji'e oim be divided

into three alase^a aa ft*r &8 taeir effect on

in tM f irtt olaas are those compounds whioh 

tflj u^g'ti-aruj, ttiioglyoollate, ^eoorbic acid 

glututh^oae* In tiM* geoonu are cyanide and. a^ide 

whioh do not nffeut ttio activity of the ©n^yir.e, whilst 

in the third &r@ those ^ompounda ^hieh ao inhibit the

yertiene, o-ohonerjlhroiine and k;^ f - 

^he activators doubtleeeiy possess epeoial 

properties as distinct from the other two ela&es, but it
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does asdrn ae though the ability of a compound, which la 

capable of forming a fe^* ooapLox, to inhibit aeonitase 

. ight b« relatect to th ; dlEuoci&tioo constant of the

complex.

AeoBit&&* v«&s inhibited by £-<ih.Ioroasercarib«a^oate 

and the .tihibition was partly reversed by axoeee

of ac,,riit;:*i;e by £

developed with time wh^u gubgtrute wae present* It

wae greater wheo £-cuioromerc irit>ens&oate was addcid

prior to tut addition of eubstrate* 

}. Veraeue, o-phaii^tthroline and 2;2*-dipyridyl Inhibited

acoaitast; ouly In the absenoe of substrate •

did not inhibit the •nayiae* 

4* the Inaibitlon of aconita^e ha® been
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