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ABSTRACT

The purpose of thisz invegtigetion wuse to ottain
& hi~hly rurified creparation of sconit.se and to
study the properties of the purified snwyme. The
thesis describes
(I) The method of purificstion
(I1) The activation of aconituse by Fe2+ and
reduacing agents
(I1X) 7The effect of pH on the enwyse sotivity
(IV) 4 study of the kinetics of the enuyme
(V) 2The effect of fliuorocitric ucid on the
enuyne activity '
(VI) The effect of other inhibitui s on the enwyme
setivity.
The results aey be briefly su.marised asz follows:
A preparation of =conituze with & hl:sher spacifie
activity then previuusiy reported nus been obtainede.
The preparution was stsble, wleactrorhoretic snalyeis

ghoved thaet the uconituve protein formed 75-80% of the



total protein present. he reculte obtsined during the
fructionution were consisten:. with the ides that aconituse
acbivity ie asesvclated with & zingle epecles of protein
molecule. ihe finul enwyme preparusticn possesced iittle
activity in the ubsence of Eozq und a reduciagz agent.
‘he activity could be increased TO-foid by the presence
of theee :ubstunces. The results indicate that the
active form of the enuyme is an enayme-faz*-activator COl-
pleXe |

“rom a sbudy of the effects of pll on the resctions
cobulysed by cconituce sni of the reaction kinjetice, it
was concluded that the sare cutalytic centre of the
aconitase protein ie .oncerned in .1l the rewctions.

Aconituce wa® inhibited in & competitive fauchion
by 'natursl' fluoroeitric acid, whilet synthetie iluoroe
citric acid inhibitcd it competitively und irreversibiy.
whereuas p-chloromercuribenzoate inhibited soonitsee in
the presence of -ubstrate, o-phenanthroline, ¢:c'e
dipyridyl «nd versen¢ inhibited only in the gbsence of
substrute. Cyenlie and wwide did not inhibit the

enzym‘ .
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PRLEFPACE

Throughout this dissertation, the subatrates of
aconituse are referred to sz mcids. ‘This is dome not
only becsuse 1t is more convenient to write the
structural formuiae in the acld form, but also becauce
at the pH vslues used, the substrates are not conpletely
ionised. liowever, the substrutes were added to the
teet pystems as neutrul sodium salts. Vh-isocitrice
acid was uged throughowt, but the concentrations of this
8014 sre expressed in terms of the u-stereoieomer.

The worxs is presented in the order which seemed
most euitable and not im the order in which it was
carried ouat. AB & regult, it «ill be found in eome
ingtuncee that the experiments designed to determine
certain conditions sre reported after those conditions
have been used. Por exumple, in Chapter II the relation-
ehip between the en.yne activity and the Fea* concentra-
tion wae determined in phoephete buffer at pPH 7.7,
alth.ugh the pH optimum of the enzyme in thie buffer is
reported in Chapter 111I.



Phe reaction rutes were determined at 50° during
the early part of the worx when the formation of citric
acid wase estimated. & the formution of gis-mconitie
#¢ld was estimated in a Becxman spectrophotometer which
wag not fitted »ith a constant temperauture device, the
reaction: were gtudied at = room temperature of 220.
Thie temperature wae nuintuined for the later experimet tg.

4 paper dealing with the purification of aconitace
has been accepted by the Board of iditors for publication
in the Biochemical Jowrnal.

The tables and figuaree have been included on
separate pagee. 4 particular table or rigure

followe the page on which reference to it has been made.



GalNERAL IHTROLUSIION

(a) Hietoricsal

(b} ~rroperties of aconituse



GubdisRAL INTwULUCTION
HISTORICHL

Oxidation of citric asecid

Thunberg (1911 ) and Bateill & Stern (1910)
diecovered an ensyme in animal tissues which was capable
of oxidieing c¢itric acid. Later work by Thunberg (1529)
ghowed that this c¢niyme wue widely distributed, occurring
in moulde, yeusts, cucumber seed: and bacteria ae well as
in snimsl tiesuea. Bernheim (19¢8) prepared solutions
of the en.yme from «cvetone powders of liver and showed
tiut whereae tue enzyme wuas cupable of oxidieing citric
acid in the presence of methylene blue, as indicuated vy
the reduction of this c¢ompounc under anaerobic cundiitions,
it could not directly oxidisc eltric scid in btus presence
of gaseous OXygen. He nanied the ehxyma citric denydrase
or citri¢ dehydrogenase. Bernhe i 1id not identisr, the
products of the oxidation of c¢itric acid.

The eurly investi ators suggested thut the oxida-

tion of oitric .cid may involve oxidation of the hy.roxy



group to produce acetone dicarvoxylic acid. Butterworth
& ¢uleer (19¢9) suggested tnut tuie reaction oecurred in

aagerﬁillu& niger and Cegeddomonac pyogyunes, but thie
idea hae been questionsd by Deffuer (1Gjul.  Lungecker

(1954} and kdiller (1935) showed that thie resction did not
occur iu unimal bVi:zsues.

A signirficant advance in the elucidation ol the
wecanniem of citric zcii oxidatlion was @ada by kegner-
Jauregg & Kauen {1936). They fouuu that 0.5 mole of
oXygen was used and one mole of 302 wag produced per mole
of citric scid oxidisea by the cliric lehydrogenuce of
¢cucumber sgeeda. Furthermore, igocitric acid wae
oxidised ut leaet ue repidly as citric acli. These
workere failed to identify the products of the oxidation.
It wae surtiue & .ooup (1937) end sartius (1937 who
ghowed that the oxidetion of citric acid gave rise td
x-x8%0glutaric acid which they identified by izolation.
Phig recult was obtuined using a citric denydrogenase
preparation from liver. :rebe & Johnson (1937) tound
tuut the swne reaction occurred in mugcle.

Discover, of aconitsse

?he means by which ciiris wocid wae convertea to
o(=ketoglutaric aciu was not immediately obvious.

nwheress the gfetonic ox,Zen of of=zetogiubaric acid was



in the o poeition, citric acid contained & B -oxygen
atom, 20 that the direct oxidation of citric acid gscemed
improb:ble. The demonetrstion of sortius & Lnoup (1937)
of a new en.yme which catalysed the interconversion of
citric, cis-aconitic and jgocitric acids enabled the
mechanism of the resaction to be made clear. Citric acid
wee t'irstly converted to igocitriec aci: which wae then
oxidised 0 L ~getorlubtaric acid.

sreuech (19357) showed that, under anaerobic condi-
tione, suepensions of plgeon breast muscle were ..ble to
convert both cis-uconitic aseid and isociiric to citrie
scid ani also . that sdded citric scid éiaappear@d from
the medium. ile proposed the name aconltuze for the
en.yme(s) responeible for these reaction:. Purtner
evidence for tune sbove reasctions wae . rovided by furtius
(1938). He showed that en.yme preparations from a

namocer of different scurces were uble to convert both

cis-aconitic and isocitric acide to citric acid, wihile
J-1igocitric scid waes formed from both cig-sconitic and

citric soids. it wae concluded that D-lzocitric acid
wae concerned in the resction »¢ on the wddition of
syntuetic LL-isocitric acid, «bout kzlf of the isocitrie

agiu remuained unchanged ae the .L-sterecieomer.



fhis wori estublished taut citric dehydrogenace
wag, in fect, a mixture of tw. enuymes. aconituse was
responsible for thne convervion of citric scid to iggcitric
acld, which was then oxidised to L -setu lutaric acid by
mean. 01 a second en.yme now <nown a& lgovitric dehy.rogen-
8B6 . aconitase cen be defincd we the enzyme recponzible
for cutuiycing the eguiiibrium betveen citric, cis-

TR

sconitlce ans 1leocitric acidec sB ehown below:

oH
Hooc.cna.l:.coox < HOOG.CHEC.COOH __, H{)G{).GH(OH).L;:;&LME
3’332.0003 - CHp .COOH ~ CHg . CO!

citric ucid cis~-aconitic acid isocitric scid

tharacterisation of sconlituee

In ¢0 far uz the reuction involves a rever:ible
nydration of o duuble bond, aconituce is analagoue to
{amaruse . vartias (1937) originall, thouznt that the
two encymee sy be identicol, descite the fuct tiat tue
configuration of the d.ublc bond of the substrutes differ
in the two cases. In the case of cig-aconitic aclia it
ie gis and in the cuve of fumuric ucid it ie lrans.
zxperimental evidence soon came to lirnt to show thut tne

two enzymes were dietinoet. Jacobsohn & Tapedinhas (1940)



found that extracts of the leave: of.the med Lar hydrate
¢is~uconitic acid, but not fumaric acid and Jacob:ohn
et wle (1940) showed thut whereas fluoride imhibited
aconitace, 1t did not inmhibit famurage. “n the other
hand, iodoacetale had little effect on usionitause, but
rupidly inhidbited fuxnuruse. (rebe & ..grisston (1944
found that the uconituze activity of aqueous muecle
extfucta fell re;idly un storage, whilst the fumerase
sctivity remained uncuwnged. The moet conclutive
evidence that asconitese and fumarase sre distinct enxymes
conee from the work of wacsey (1952). He showed that
a8 cryetulline, electrophoreticelly homogeneoue preparsa-
bién of fumarase 4id not attack gis-sconitic acid even
wren the eniyme was used in high concentrations.

The postulated "aconituses"

Jacobsohn & Soares (1$40) and Jacobsohn et al.
(1940) have proposed that two different aconituses are
recpon:zible for the conrgraian of gig-aconitic ecid to
citric and isocitric uclide. ‘hey cliuimed thut an
X-aconituse converted gis-aconitic ucid to isoclitrioc scid
(isocitric ucid being un o-hyuroxy seid) and & P -
wconitace converted gis-aconitic acid vo citric wcid

{eitric acid bging'a /3 ~hyiroxy uwcid). fhe ev.dence



supporting this view was based on the rindings that the
relutive rutes of the two reactlions varied in different
animel and plent tiseues. However, these aathors were
not able to veperate tne two activities, nor were they
able to snow any differential inh.bition of the two
resctions. Buchanen & anfinesn (1949) found thst the
ratio of the two sctivities iid not alter during the
course of tie ourification of aconitase and sriedrich-
Fressa & sartiue (1951) concluied, a8 & rezult of s
mathematical treatment of the reasction kinetics, that
ouly one enzyme was concerned in the establichment of
the eyullibrium. Ogeton (1951) hes aleo advanced
theoretical arguments in favour of tne ldea that ¢is-
seondti¢ acid cun be converted to both isocitric acid
and citric ucid by e single eniyme. fhere is little
evidence in favour of saconltuze being two enuymes, bub
final proof that aconitase 1le & single eniyme must swailt
isolation of the en.ymc sa an electrophoretically
homogeneous protein. dhis question will be discuseed
further in those sectione deuslin: with this sspect of
aconivaee activity.

Biolqéjeal role of aconituse

aconitaes Jor:c an egsentici ling in the ¢ nin of

ensymes cubalyeing the reuctions of tne well-eut..blished



Tricarboxylic acid vycle (irebs, 1943). ac thie aycle
is ©o well nown, <1l the resction: will not be elcborated
nere. The discussion will be contfined to fhuse respous-
ible for tue fouruution and initial wetuboliem of eitric
sweid, ae it ic these reactions wnich ure concerned with
tue roi¢ played by soouituse in cellular wetiboliem.

It has now boen estublighed that thne c;cle comuences
vith the condensation of oxalssetic scid and etyl-
coenzyme A to form citrie acid, but iuring the years
from 1937, modiricatious ¢f the g¢yecle nave been postulated.
Originally it wae believed that osyruvic asacid was the
compound which condensed with oxclacetic acid, but later
work indicuted that san uniefined derivative of pyruvic
scid, «no:n as "sactive acetste", wgs concerned. Lynen
& Reicuert (1951) and Lynen et sl. (1951} ghowed tnut
tue Tactive acetste” wse actusnlly acetyl-coencyme u.
irevs (1943} srbitrarily choee citric acid ss the product
0f the conuemsu.ion, =lthou<i he made 1t cleaur that
vig-aconitic aciy ¢.ul: well be the proiuct formed.

in vitro experiments 414 not offer a solution of the

sroblem. ~rebs tenied V0 the view Li.ut the reuction
¢itric ucid =wp glg-uconitic weld should occupy o« place
in the normel metaboli:m of muscle, rither than be

confined to a eide reuction ae woula be tue cuse if



gig-aconitic acld were formed.

The isotoplu experiments of .ood et al. (1941) and
of .vane & 8lotin (1941} suzveeted that cis-sconitic ucid,
ratner tuan citric ucld, wes formed :¢ & result of the
condengation reaction. ‘hese wor .ers icund that oxala-
cetic acid, which contuined i:otopic¢ carbon in the cuarboxyl
group adjacent to the methylene group, gave rise to
oictoglutiric «cid which contuined the icutopic carbon
oni, in the curboxyl group adjacent to the carbonyl
ZEroup. It was raa&dn@d toat if citric weld, which 18
u symmetricul molecule, were the direct praducﬁ of the
condensation, the isotopic carbon should have been {ound
in both carboxyi groups. Ogston (1948 pointe. Jut
thut it 1s poesibie for a symmetrical «olecule Yo uct in
ul asymmetric fuasiion if the lind<age of the substrate
to the encyme involves a three voint attaciient. In
fuct, a three volint attacment is necessar, wherever u
eingle opticsl antipode is {ormed en.ymicuzily from an
insctive precursor. Under tnese conditione, the ensyme
can distinguieh identicel grou e of a sysmetrical
moiecule so thut the usymmetric occ.rrence of an
izotope im a product oo.ld not be tudLen a8 conclusive

evidence ugalnst its eriving €frou a cymuetrical precursor.



fhe hypothesis of ugcton (1948) wae confirmed experiment-
slly by cotter & Heideiberger (1949i. Thege WorLers
icolsted labelled citric scid forwed by a rat liver
homogenate froo oxalacetic acid, uyruvic wcid end 14002,
and converted it eusymicall. to oeietu iubaric acid.
fhey foand thut all the 140 wag preegent in the carboxyl
group of oegetogluturic scid aﬂjaéent to the carbonyl
Eroup. Thiea meant thut Sthe clitric sceid wes Labelled in
only one of the two fidentical' carbo:yl groups and that
the enzymee reaponsibie for the further oxidatlon of
citrie =cid attacked the moleculc in an asymmetirig
§aisnion. The work of Sternm « Uchos (1949) and Ochoa
2£I&£. (16954) proved that citric aclid wae the product of
tne condensation resction., These worxere obtuined a
oreparation of the enuyme re:zvonsible for the condenssa-
tion reuctivn which wae free “rom aconituce and showed
that citric scid was the croduct formed. The ensyume
wus named the condeneing enzyme.

aAlthough tne hypsthesie of =zrebe {1543} wae
accepted we the wesne whereby pyruvste wae oxidised in
vitro, until recently Shere wac doubt us Yo whethner the
Iricarboxylic «cld (yele functioned iu vivo. Orten

& Smith (1936 found that the imtraveno.s injcction
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iuto dugs or rate of certein metilt.iltecs, ciiiefly malie,
tumaric apd eacelinic scide, gresily increaged tie
arinary citric woeid walen they believed we: formed in
tie Lidney. {necse sxperiments were coniirmed by reos,
+aivin & Johneon (1938) &n? aceuepeed by these aulh,re as
proof £r tane decarrenca of the Jriocar vox )i ced Cyele
in the livin. orgsnism. However, .artenseon {1G40)
giowen bhat the eiiric ucid excretad s: a resuli ou tue
injectisu o7 welic scid wae not due to the forsation of
civric scid rom melic acid, bit rather to the inhibition
by mslic scid oY the normal breakiacwn of citric ucid
furmed in the «Liiney. ceteps (L952) foand tretb fiuoro-
cisric wcid cuuved the sucumalation of citric weid in

vivo. aniiet Jetere & Wilson (1952) growed tnat {lucro-

citrie rcid inhibited aconitase. these cxperimeuts
proviiea poeliive covidence in fuvour of tne ides taalb

the IricarbixyLic .c:d Cycle functioneg in vivo.

R

she gignificant function of .cor itase in celluiar
metuboildrm ie to copvert .ltrie acid to igocitrice cuid
which 12 oxidised Lo ACL-zetopluturic cold. o-getoglut-
aric acis is tuen oxidiscd still further b, the other
resctiong oV tune Tricirboayllice wcld vycle.

SJiatricvusion of weonitaee

aconitoee lg widely adistributed in nutare. ne



1l

enzyme heag been found in all unimul tiesues exwumined,
nigh concantraticn: beins fornd in mugcle, «idnsy and
Lrogtata, It fae .1g0 been revorted to occur in a
nisoer of piant tisgues, y=2asetr znd bacteris. Yor

referencesg .eée the review by Cches (1951).

i)h{»):? ri»i J. I&‘;a f ﬂ; kY] MHI ES &UJ

In order to coupilete the survey of the rnown [acta
concernir:s aconitase, a urief repert of the nroperties
of tze enzyue ir siven ub tals sta. e, sut thege
orovertiee, with the excep’ ion of the wors corcerning
the equilibrivw davta, 111 be discuceed i~ rore deteil
in the gnpronriaste cectione of thle work.

3t:billt, of soonitase

The inebability »f ssonltuse insurous s2lution
hes beep regorted hy . rnuambar of inveetizatore (drevs &
«Zjieston, 1944; Ochon, 1948; Bichen.r & infincen, 1949
«ad coters % wilgon, 1952) end v ricus sttempts heve
been w-de "o shanljilue the enuyre. Cn the other hang,
e sneyme 1s gLable ia rous:o tigeuss (Bucnanen .
sutineen, 1S4 ). I% heg aleo beon {ound thaet 3islysis

*

or solation. or the eruyme ad . inrt weter wnd sult 20lu-
Lione cruves rapin dpsetivation (bochenen w .olinsen, i€ i4).

Dickmen « Cloatier {(19f 1) showed that re‘t and cyuteine



pothn etubili . ed and wotiveted crode and partiolaey

12

qurified golutions of aconitsue. These agents ore ulso

aff-¢hiv: in re-activ.iting crude prepe-ations of .coniv-

aga which aad t-cn sab cuted to dialyssls. e risuits

gusscehed Lhut thne loge of enuyre aciivivy wes sgeoclated

- CF ﬂ o
witn %o logg of Pe |, eo the iusbocllity of the epo-
en yme weg norc aprersnt tuan real.

wo, brrube creeliivic ity

Jocoveonn % 2o:ree (193Q) showsd thit s.onibuss

1id not nydrave citreaeonlic imethyl-msleis; .cid, while
serpheim (iL28) fourt tnet =2covaitesge did not oxtiise

aconitvic aeid {(pres.umol, tie tr pe iszorseri. In fuct,

Sshie scis caured inhatition of the oxidetion of citric
seid.

3

cyulibr wn oand rates of the sesnltuaa reccllons

vurdag & Leschardt (1943) foun? that Yre eyaliib-
riam of the aconitace aysten wae CG.2% c¢itric soid, 5.l
¢isg ~aconitie cid and 7.Tp igocitric wcid at pld T.4
and 379. wrabs (194%) repor~ted the cyuilibri. i to be
0965, citric acid, 4.3 cie-aconitic acil and 6.0% ieo-
citrie acid at 4 6.8 and 38°ﬂ anilet Jartius &
Leonnerdt ectimsted the clmg-accnitic sci’ by diifereunce,

.rebg egtim tod 1% by tiae wethod of Johmeon (14:.9).

srabe (1953) ¢ oand that ot 5% and el T.., the cguilibr i

314]
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#kixture cont.ined 0.4 lirie wedd, zeU07 Eig-aconitie
wwid end $5.200 iwocitric scide The corresponding V. Lue
for i.ocitric acid ot 580 WuL:waUd Dy gg.6ELON0 &
wre.s (1949, to be 0.6p. srigurich-sresiu & curtiue
(i991) wzw .-ed Jor the.r tethematicul ¢ liuiwlione that
tie e,uliibsium viluoe were S8p citric ciu, 9. vis-
aconitic .eld wud Ve isQuitric acid. dlthourh the
eyuilibrium vulies obteined by varioue worgers dilfer
to some extent, 1Y is c¢lear tuut the eyulilibrium lies
precominanti,; in fuvour of eitric wcid.

Friedrich-: roeds = wrtiue (1951} snovedt tnut the
r: voa of tne individu:l re-ctions regponsibie ffor L
abb tnwent of bue eyullibrium vury =reatbly. ‘he rates
al which cis-uconitic ucid is converted to ieocitric
weld wnd citric acid sre vomewhat simii.r, but tue rate
of the reaction citric acld —> ¢ig-uconitic weic 1is
wuok sluwer thun tust oy tne recction 1socviiric wild wm—m
Cig-uionitic acid. fhe resuliu ig tuabt ct 2ting wivh
tig-.conitiec weld, isociiric weid rewcuss uw waXiman
v.dug of 50,0 a«nd oniy tnen fulles Lo the eyul.ibrium
v.lue. shen isouibtricv ciu le u.ed av tue sturting
materi.l, cis-uconitic acid rdaches ¢ maxXlmam Vaoac of

LHpe
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sffect of pH on aconituse activity

Jucobeohn (1951) found that the optim.im pH value
of aconitace activity wae in the neutral reglon.
Johnzon (1939 reported that the aconitsee of crude
tizgue exiLructs showed a snarp maximun at pH 7.4,
wheress with kidney slices, the pH optisuwn was (Y.

Michuells constunts of wuconituge

Raccer (1650) found that the Michaelie cougtant
of uconituce for citric acid wae l.1 x 10"3 M snd for
1socitric acid wes 4 x 1074 M.  The Wicuuelic constant
of aconitase for cig-amconitic ucid waee not deterwined.

Inhibition of sconituse

Krebe & sggieston (1944} reportcd that aconitase
wus inhibited by Gu2+ ion:, ﬂgClz. HCN and esodium zulph-
ide in reluatively low concentrationee. Hisher concentra-~
tion: of NaCl, pyrophocphnute and alloxun «iso inhibited
the enzyme. Dicanun & Cioutier (1951) showed that
wconitase wueg inhibivted by dilute =olutlons oflg-pnan&n-
turoline and 2:2'-dipyridyl and tnaut the encyme could be
re-uctivuted by tne subseguent sdditione of ?ez+.

w0 competitive inhibitors of aconitase have bsen
found . bernheim (1928) wnd Saffr.n & Prudo (194%/) found

that the inhibition of weon.tise by btruns-sconitic acid



WHE primarily coxpetitive und t.e preiiminuary recults
of retere & nileson (1Y52) indicated that {1 srocitrie

acid inhibited the ensywe in 8 comvetitive farhione

16
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CHAYT:R I

IHE PURIFICATION of ACONITASE

INTROL JCTION

although aconitage has been known for eome
gixteen years, it hae not been 1solated in the pure
atate. Ochoa (1948) was able to concentrute the enzyme
by ammonium zulphate fractionation, but tﬁere WAaS no
increuse in the specific uctivity and no further attempts
were made to purify it. Buchanan & anfinsen (194G)
obtuined a 23-f0l4 purification of uconitase by low
temperature ethunol und somoniun zulphate fructionution.
slectrophoretic analyels showed tiu.t the preparution
consisted of "three non-homogeneoue components"” snd the
purity of the en.yme wus estimuated to be 30%.

The purification of ucvonituse hue been greutly
huapered by ite upparent inatability; .rebs & .ggleston
(1944) found that glycerol stubilised crude ensyue

extracts, but Buchunun & Anfinsen (1949, reported thut
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glycerol was without effeot in stabilising purified
preparatione. They also found thst whilet cystelne
etabiliced the crude enzyme, it etrongly inhibited the
purified enuyme. vitric or g¢is-aconitic ancid were found
to be tue most effective stabilizers of aconitase,

Al lwportant finding for the further study of the
purification of sconitase was made by vickman & Cloutier
(1950)« They found tnat orude solutione of aconituge
could be both stabilizcd and sctivated by the addition

of Foa*

and cysteine. Further work (Dickman & Cloutisr,
1951} ehowed that these agents were aslso effeoctive in
gtibilicing and asctivating wmore highly purified solutions
of the encyme. ?aa* wag the only cation which gave
consistent sctivation of aconituse. ageorbic acid was
as effecvtive ag cyuteine ae & reducing agent, whiist
glutathione wae only one half as effective.

an attempt was made to purify the enyyme further

in the ligh$ of the findinge of Vickmsn & Cloutier
(1950, 1951).

BX7SR IMENTAL
Citric acid estimation
The method of .ucher, Sherman & Vickery (1936)
as modified by Buffa & reters (1949} was usged. samples
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ranging in volune from 1.0 to 3.0 ml. snd containing up
to 200 pg. of citric scid were uged; within thie runge
the colour given by the method wae proportionul to the
amount of citric acid present.

Protein aatimatiqg

The protein concentrution of sconitace solutions
waes determined mccording to Kalokar (1947) by measure-
ment of the sbeorption in the beckman spectrophotometer
at a wavelength of 280 mu after the appropriate dilution
with 0.1 N NaOH. Under these conditione, & golution
contuining 1 mg. of protein/mi. wus found to have an
abgorption of 1.5.

Activation of aconituse

A sult:ble suample of the eniyme solution wase
meugured into a test tube and placed in an ice-bath.
Ron-neutralised ferrous ammonium culphate and neutrulisod
cysteine were added, so that on dilution of the solution
with cold water to 10 ml., the final concentration of
Pet was 5 x 104 ¥ and that of cysteine was 10™¢ k.
The mixture was then neutrslieed with R HaOH to pH T.4
ueing a glass electrode and incubated in tue ice-bath
for 1 hr. before the sconituse activity wae determined.

sXcept where otherwise stated, the various enzyme
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fructions were treated in this fasnion before an netivity
determination wag carried out.

aconitace &ebivggy dsetermination

To a series of test tubes 4.4 or 4.3 ml. of water
wero sdded. 0.5 ml. of a solution contoining 20 mmoles
of ocis~aconitic ucid at pi 7.4 was then udded and the
test tubes placed in u wuter-bath at 300. After an
equilibration period of 5 min., the reaction was gtarted
by the addition of V.l or 0.2 ml. of ensyme solution.
fhe resction wae stopped usfter 15 min. by the esddition of
05 mls of 5% (w/v) trichloroscetic scid. If a vieible
precipitute rormed it wae filtered off through a io. 30
Whatmen filter puper, otherwice the citric wcid estima-
tion was carried out on the ascluified solution without
further trestment. It was found that smell smounte, of
protein did not interfere with the estimetion. under
these conditione the smount of g¢itric «cid formed from
cis-aconitic sold was proportional to the amount of
enusyme uadded. The activity determinations were carried
out at two ensyme levels to engure that the substrate
concentration wae not limiting.

Definition of a unit of aconitase activity

One unit of asconitase activity wae tsken to be the
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emount of ensyme which formed one mmole of citric acld

)
from cis-aconitic acid in 15 min. et pH T.4 and 30 in the
absence of buffer.

Specific activity

Unite of aconitase activity/mg. of protein was tagen
to be the specific activity.

Other enxyme &ctivity determinations

isoCitric iehydrogenasse uctivity wus determin:d by
the metnod of Uchoa (1951} Une unit was defined ae &
change of Log. I5/1 of 0.01/min.  rumarase activity was
determined by the method o Weoker (1SH%0). One unit
was defined as & change of log. 1o/1 of ¢.001/min.
Heagents

cis-aconitio snhydride (m.p. 77°) wae prepered from
trap®aconitic ucid by the method of siulachowskl & Maslowski
(1928). Sodium gis-aconitate wus formed by neutralising
the anhydride to pH T.4 with B RaOH. Iriohloromethyl
paraconic acild wuae prepared by the method of «ittig o« killer
(1889) and converted to . L-isgcitric luctone by the
methoa of uirebe & Kggleston (1G44). Sodium isgcitrate
wae formed by hydrolysie of the lactone with [iaQOH as
described by .rebe & Eggleston (1944). 1 am greteful

to ¥r. R.W. Wakelin for presuring these two ucids.
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Absolute ethanol obtained commercially wac used
throughout. L-Cyateine hydrochloride used in the

lauter work wae a koche product which was free ifrom iron.
2:2'«d4pyridyl wae & B.D.H. 3pot rest Keaugentb. ER Y
other resagents were ..H.

RESULTS

Agtivation of acggitase

The work of vickmen & Cloutier (1951) on the

scbivetion of wconitaee by Ee2+

and cy.teine was

repeated using their particlly purified ensyme prepara-
tion. The resulte were in good sgreement with those
obtained by these authore. However, the uctivating

8ffect of cystelne is upeu Lo criticism. It wae found
that the prepuration of ¢ysteine which guve gimilur results
to thoee of Dickman & Cloutier contuined appreciable
amounte oif 1iron. levertheless, the importance of Pea*

and cyeteine us activatore of aconitasc was confirmed.

Phe c¢yesteine uged in the luter experiments was completely

free irom iron.

Inau;ivation of awconitase

It wae apparent that the presence of lons, cuch as

phosphate, which are gupabie of iorming in-oluble complexecs
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with Fez*. would lead to inuctivuation of the system us &
whole. in order Lo tuat tules exparimentullyvsumplua of
the sume enwyme preparation were uwetiveted wnd ;re-
incubated at Bi‘)-o with C.0% M chozphute buffer (pH T.4)

for various periode ol time. sabatrote wae bthen adued
and the re.ction allowed t0 roceed. in the control
system, water repluaced tue buffer. Fige 1 ghows that
phosphate cuusze: rapid insotivation of the webtivated

an.syme when aubmtr@te e absent. ithen pno:.phate and
cubstrute are added simuitanecusly, the ensyme activity

iz grewster than tiaat obtuined in the ubsence of phosphste.
fhie increused enuyme activity was shown to be due to the
iafluence ol the ions preeent in zolution on the uii optimum
of the en.yme (see chapter 11I). fhe enzyme activity

wae not lincreused by Lhe siluultuncous wddition of excess
Esz* {H x 10f3 M) and subetrste, following pre-incubsation
for various periods of time in the prezence of phoaphate.
?he above {inding is in contrast to the resultas of
bickman & Cloutier (1951) for they found that phosphate
did not decreuse the usctivity of an activated enayme
preparation. 42 similar resulte were obtained with

veronsal acetate, borate and glycerophosphate buffers at

pH T.4, bduffers were not used during the course of enayme
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SPECIFIC ACTIVITY

' 1 i 1 1 1

o) 5 10 15 20 25 30
TIME OF PRE-INCUBATION IN MINUTES

Fige ie due effect 0o incuaweiliug econituse in the
sbaence of substrute. ha epuyse was acbivated with
A . ] o
re and cyeteine ana inc.ibated b 307 for various
eriods Of Cime. < ig-Aconitic seld wae sdded (finsl
concentratice , X 10'3 w3 and the reaction wus stopped
sfter 1), min. by Hue wdaition of 0.5 au. of 50, tri-

chioroacetic wavid. Tae sotublione vere analysed for

citric weid,

0 Nu bu.fer ressent, resgents adjuasted to
}—’H 7 oés, .
o (.U% i vhoephute bala r (pH T.1)
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purification nor for the determination of enuyme activity.

A check of the pH of the system before and after incuba-

tion showed that although there was & small alteration of the
pH in the abeence of buffer, the resuits were reproducible.

frggaration of acanitgse by the method of Buchanan &

Anfinsen
AB P¢2¢ and oysteine had not been used by Buchanan
& anfinsen (1949) for activation of their aconitasge
frauctions, it was possible that their final preparustion
wag, in fact, of higher specific sctivity then that
reponted. In order to determine whether or not this was
the gase, aconitage was prepured acocording to the method
of thesa woriers. A study wae then mude of the activity
of various fructions in the presence and absence of Fea*
and cysteine. Buchsnau & Anfinsen carried out their
teate at 38%; 1in the preeent work the tests were mude
at 500 and the activitiec were multiplied by L.5. the
temperature coeffioient of tne re.ction found for 38°/50°.
The results of tuble 1 clearly show that in the
absence of Faz+ and cyeteine, the speaific anvtivities
of the intermediate iractions are much lower than those
claimed by Buchanan & Anfinsen. It waz only in the

pregence of these two sgeonte thutl cimilar activities
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TABLE 1. Comparison of Aconitase activities in the Presence and Absence of

Pe

2+

and mwmam»nw

(Fractions were .repared according to the method of Buchanan & anfinsen (194G).

Aotivation by mam+

Teup. 309, pH 7.4. The resuits obtained were
ture coefficient for 38°/30°, co that they are

Buchanan & Anf-
ineen resuits
rruction No additions
Total Specific
Unite activity
sxtract 310,000 10.0

pH 5.6 eth- 133,000 18.9
ahol ppt.

.pH 5.6 eth- 102,000 68
anol ppte.

pH 6.8 eth~- 63,000 132
anol ppt.

Present

No additions

Total
Units

261,000
144,000

100,500

45,000

Specific
activity

Po .m
26 .9

29.3

45

and cysteine was carried out ae described in the text.

multiplied by 1.5, the tempera-

equivalent to activities at wmow.

results

2+
fe + Cysteine Ratio of activities

Total Specific activated) enzyme
units activity non-activated)

278,000 11.3 1.07
220,500 41.1 1.53
175,000 51.5 1.74
105,000 107 2.35
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could be obtained. A comparison of the activities of
the activated and non-activated fractions showe that the
degree of activation by Fcz* and cyeteine increases as
purification proceeds, indicating that the co-fuctors of
the enzyme are removed to some extent by the fractiona-
tion procedure. It will sleo be noted that the relative
purification of the enwyme in each step differs narcedly
from that obtained by Buchsnan & Aniineen. Moreover,
it was found that the sddition of ammonium sulphate %o
6o# saturation 4id not incresse the specific activity of
the enzyme.

As the method of Buchanan & Anfinsen (1949) gave
only a relatively small incresse in the purity of
sconituge, an effort was made to obtain « more highly
purified rreparsation of the enzyme. The procedure
utilised by these suthors was developed further and
some modifications of the initisl fractionation gsteps
were made. In view of the fuct that maximum enwyme
activity wus obtained only after the sddition of Pe°"
and cysteine, the various fractions were incubated with

these agents before the activities were determined.
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MuTHOD of I130LATION of ACONINASE frow PIG HiaRT

It will be appreciated that the attempts to purify
aconitase further involved the trial of many purification
procedures. The results of al; these procedures are not
described in detall ac many brought about little or no
iucresse in the purity of the enzyme, but brief mention
of their use is made. The finsl method wudopted for the
gnayme purification was aus follows:

Extraction of tissue

Immediutely aftor the deati of the animal, the
hearts were removed, cut into etrips of about { inoh
thickness, freed from fat and connective tissue and
placed in ice. 4t the laboratory, the hearts were
minced through a coarse mincer and stored at -15°.

Under these conditions, pig neart could be stored for
some monthg without loes of enzyme activity. One Kg.

of frouen heart was allowed to thaw at room temperature
and then homogenised in 200 g. lote for ¢ min, in a
pre-cooled Waring blendor with 600 ml. of 0.004 i citruate
buffer (pH 4.7) and 130 wl. of chloroform. Chloroform
reduged the hsemoglobin content of the extruct without
denaturation of the eniyme and increapsed its especific

activity. The homogeunute wug centrifused at -1° for
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15 win. at 1,000 g. The clear red-amber cupernatant
(pH 5.T) was poared off and filtered through a fluted
filter paper (Whatman No. 531). Below pH 5.0 marked
loes of encyme activity occurred.

let. ethanol fragtionation

For counvenience, the supernatent waeg divided into
tvo equel amounts and fractionated simultaneously. From
thic stage onwards, all operations were carried out in
tne coldroom. The supernstant was brought to 0° in a
dry ige-atianol buth and Y0w ethunol weas added with
mechanical etirring st the rate of 2%0 to 300 ml./or.,
to « concentration of 15p. (90,0 ¢tnanol wae used
thirsughout the fracotionation). Free.ing of the :0lution
at this stuge leads L0 loue of enzyme activity. Hyflo
Super-vei wue added to the soluvion (5 we/ls) and
riltrution was carried out on a Buchner funnel under
8light pressure ({(.halmun io. 3¢ filter puper). Te the
ciear red-amber filtrate, suturated sod.um chloride
(le25 mle/100 mi. of filtrate) wae added. he ethanol
congentrution o the solution was bruught to 45, the
tempersture being lowered to -100. {he mixture wae
allowed to stan. uvvernight use contuct of the ensyme with

ethanol for this perioca aid not have wsny haruful effect.
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end. ethanol fractggga9§gn

fhe precipitcte was ceutrifuged off at -10° and
atored at the same Stemperature whilst another kg. of pig
neart was treated in lhe saus fashion. Zhe two precip-
itute: were combiued and dissolved in 800 ml. of ice-cold
water. A 8aall amount of insocluble matter wasz fentri-
fuged off %0 yie.d & viear deep red-uubser solutlon.

O and ethunol added t0 a

‘ne 8olution wus brought to U
voncventravion of 10k (the ethanvli slready present was
neglected,, the temperasture b-ing lowered 1o «40. A
small amount of & white precipitatc was centrifuged off
&t -4°. The pH of the supernatant which waa abakt 5.6,
waue adjusted to pH 6.8 with 5. sodium carbonute solution.
<thanol wus edded 1o & concentrution of 235, whilst the
Lemperature was lovered %o -100, Phe precipltute was
ventriuged off at -10% and diszeolv:d in 100 mi. of ice-

c0ld water.

ARGON L am aulghata fraut&gqﬁtion

Phe uguzous solution was uiluted c.5 tices with
Uel2H M citrate ovurfer (pH 5.8/. anmouium suiphate
(367 £+/400 wl. of solution) was added -lowly, the
temperature being lowercd to «6°. The yeilow coloured
precipitute was centrifuged off ab -6° for 10 win. at

5,000 . 10 tne cuperunatant, wsmonium sulphute



(9e2 8+/100 wl. of supernatant) was added slowly and the
temperature lowered to -10°. The precipitate wase
ventrifuged off at -10° for 1% min. at 5,000 g and
diseolved in G0 ml. of 0.004 M citrate buffer (pH 5.7) to
give & deep aumber solution. This solution wag dialysed
overnight with stirring against the same buffer. There
was no loes of enzyme sotivity, but dialysis aguinst water
and salt sovlutions csuged iarge losses of enwyme activity.

Keut frucﬁ&onahig&

The dislyeed solution in 0 to ¢5 ml. lots wae
hested in & water-vath for 1% min. at 500 and cooled
repidly in sn ice-bath. he white flocoulent precipitate
was centrifuged off at 0° and discarded.

Sthunol fractionation at pE 8.0.

The supernatsnt was cooled to 00 and ethanol was
added to & concentration of 20%, the temporauture being
lowereu to -5°. A amall smount of precipitate was
centrifuged off at ~5° ond discarded. The esupernatant
was adjusted to pH 8.0 with a saturated solution of
sodium bicarbonute and ethanol was added to & concentra-
tion of 50%, the temperature being lowered to -12°.
buring tue frauctionation at wlkuline pH walues, care was

tuken to prevent COz from digtilling over from the dry

31
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ice-ethanol bath into the protein solution. fhe reddish
¢oloured precipitate wase centrifuged off from a cloudy
supernutent (due to the presence of sodium bicurbonute)
at -12° and diseolved in 20 wl. of 0.004 M citrute bulfer
(PH HeTie

. ammoulum sulphate fructioustion at pH 85

A saturated solution of ammonium sulphatc was

ueutralised with gtrong sowonia, o that on dilution of
i in %5, the pH wae 6.5, After adjustment of the pH of
the proteln soluiion with wumonia, the ammonium sulphate
solution was sdded dropwise unbtil the saturation was 0.65.
The temperature wae graduslly lowered to ~10°. The
precipitate was centrifuged off at -100, digsolved in
10 ml. of V.004 M citrute buffer (pH 5.7/ and dislysed
against the ssms bu.fer overnight .t 0°. The final
golution wae amber im colour.

abtempts to purify the encyme further were
awngucceseful. although the enzyue coustituted the
major portion of the finul solution, it could not be
induced to crystallice. The slow addition of ethanol
slways gave rise Lo sn amorphoug product. attempts

were aleo made 10 crystullice the enuyme from ammonium

sulphate solutions by the eddition of un smount just
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insufficient $o cause precipitation, followed by adjust-
ment of the pi. Wwithin the pH range 5.7 to 8.5, both in
the presence and absence of Foz* and oysteine, the

enzyme precipitated only in smuil amounts and in an
amorphous form.

A brief sccount of the procedures which were tried
without euccess during the course of the purification
follows below. Large amounts of calcium phoesphate gel
were required to adeord tue cnzyme from colution between
pH 5.6 and 6.8 and no differential asdsorptiou or elution
could be obtained. slthough the enwyme could be stirred
with n~-butanol for 30 min. at room temperature, thie
treatment did not ualter the precipitation pattern after
further etununol fractionation. Ho protein wue precipit-
ated by the nucleic precipitants mangunese sulphate and
protumine sulphate. dracvionation with scetone precipe
ituted the enzyme between 30 and 50, acetone concentra-
tion, bat marged loes of activity ocourred even though
the fractionation wae carried out between ~5° and =109,
Thie finding ie in contruet to that of Buchanan &
Anfineen (1949), but is cons.istent with the fact that

scetone powders of pig heurt are devoid of aconitase

activity. The enzyme wus not precipitated by esocdium
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chloride or smmonium scetate. sthenol fructionution in
the presence of zinc was inerfeciive, presumably becuuse
the zine reacted with the citrate preasnt.

In Tuble 2 ig given a summary of the yields and
degrees of purification of aconitase during the fractiona-
tion procedure. Thig procedure brings about & 24-fold
ineresse in the purity of sconitase, with an overall
recovery of about lop. The final product hue a speeific
activity of about 205 when the test is carried out in the
abgence of buffer. 1f the test ig carried ocut in 0.05 M
phogphate buffer (pH 7.4), the spécifie activity is
increused to 336. 48 mentioned previously, this increase
is due to the fact that the pH optimum of aconitause is
dependent upon the ions present in solution (see Chapter
I111). It wag calculated that at 53° the epecifio
activity ie sbout 500 which compares to the vulue of
235 claimed by Buohanan & .nfinsen (1949) for their final
preparation.

Generul properties of aconitase

The enzyme in dilute citrate buffer at pH 5.7
retained ite activity for many weeke when stored in the
{rozen stute and was unaffected by repeuted free.ing and

thuwing. It was not found necessary to add E02+ and
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TaBLE 2. Summary of Yieids and Specific ictivities of Practions obdtuined during

the 2urification of aconitase from ¢ ig. ~ig Heart. (see text for detalis)

fraction Volume :rotein Total Units Total 3pecific «ield
(ml.) <Comcm.  rrotein per Unite activity 7%
Ahmmo\n.muvou Ammow ml.

nXbract 6,240 6.3 3G.3 70 437,000 11l.1 100
lst. ethanol

ppt . 832 6.35 5¢3 310 260,000 49 60
2nd ethanol

ppte. 112 19.6 2.2 1880 212,000 96 49
vislysed smmonium

galphate ppt. 116 8.4 098 1410 157,000 168 36
Supernatant whwmu.

heating «t 50 102 7.0 0.72 1320 135,000 188 31
) 4 8.0 ethanol ]

ppte 25 16.5 0«4l 3840 96,000 232 22

pH @om amuonium
sulpnate ppte. 15 12.8 0.19 3360 50,50 265 12



cystcine us st.bilizing wgents, although 1n the absence

of both Oor either of these agents thne snsyme sctivity was
marcedly reduced. Detuile o the sctivation of aconitase
wil)l be repurted in Chupter Il. The finul encyme prepara-
tion could sleo be freegze-dried without loss of activity,
but it was iound more copvenient to :ep it in the frozen
gtate. F£ige 2 shows thuat aconitase 1g stuble to heat

ant il & temperature of 510 is sttuined, after which there
18 &« sharp loss of uctivity. ~ charucteriptic feauture

0i the enyyme was its wide range of precipitation.
aconitase activity was found in every fraction obtuined
with all soivents and sults used over the pH range from
5T t0 Ha5.

siectrophoretic snelysis

Phe electrophoretic pattern of the final &con{fase
preparation 1c illustrated in fig. 3. It wae not possible
Lo carry oul elcetrophoretic analyses under conditions
where the enzyme wae on the acida side of its isoelectrie
point. all tne componente migrated to the anode when the
elecirophoregis wae carried out ut pH 8.6, but at pH 5.7
ub louet two of the minor componente still migrated to the
snode whilst the mein component migrsted to the cathode.
pH vealues balow 5.0 could not be used because of the

denaturation of the en.yme.
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Pig. 2. he effect of temperut.rc ou wuonlituge act.vity.
Heat in- waes corried oabt in s watédr-bsth for 15 min.,
aging 2.0 wl. ssmples of the dialysed ummonium sulphate
preuipituté {(protein concentration, ¢ mg./ml.}.
aconitage uvoetivity wae determined after uctivation
with Fe2+ and cy-teine us described in Luc text.

rfemperat ure 50°; PH Te4.
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Fiz. 3. EBlectruphoretic patterne of the aconltuse
creparation oblained after fructionution ae
described in tac text. Veron.li buffer, pH 8.6,
icnic cbtrength U.l; temperature lo; urrent
10 wiltliamperes; proiedin cvoucenbrution l,.;

tine Lu8 win.
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Identification of the main electrophoretic ¢omponent

In order to determinc whether or not the main
component wes re$p0n9iblw for aconitese acltivity, &
gecond electrovhoretic run waa .curried out ofter dielysis
of & 1~ solution of the protein agaidkt veronal buffer at
p 8.6 (u = 0.079) which contained sodium citrate (u =
0.025). + similar elevtrophorctic patteru to thal shown
in fig. 3 was obiuined. "n.ymic anaslysis of the wulin
component after se;aration shuwed that this cowponent was
respon: ibls for the wcobBi%uce activity, whilat the other
compune:nts wore devold of achivity. soth fractions were
dialysed overnight against G.004 i citrute buffer (pH 9T)
angd activeted with FQZ* and cysteine before the acunitase
wetivity vas determined. Unfortunuteiy, the enuyme los¥t
acbivity during the dialysis snd electrochoresis. The
vil.e obtained for the gpecific =ctivity of thc electro-
phoreticslly homogrmcous protein was approximately half
thst of the originul soluviowu. Phe 1:0luted maln
component was also capable of converting both cls-
aconitie zcid and izgoitric wmoid to citrie acid.

The main composent wue comp.ebely fres from the
ambar coloured vpigment »hich was uassociated with the

srizymo during the stagor of purification. Jbe wodbiilty
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¢ the amber c¢coloured protein was scacvhatbt eimllar to that
of acomitase, c0 that electropnorcsis had to be continued
for a long period to effect separation. It may be calcul-
ated that the purity of aconitase in this preparation is
75-80%. If the wuln component conslete entirely of
sconitase, the fuct that s 24-fold puriiication yields

am cniyme prepuration with s purity of 7%-80% appears to
indicate that wconituse represe te a Llarge proeportion of
the total protein of hsart muscle. 1t ie, of course,
possible thst the iecolated component iz not homogensous

in the ultracentrifuge, but this point has not yet been
inovestigeated.

Rates of citric ucid foraution from ois-aconitic and

lgocitric w«cids by wconituse fractions in the presence
24

—

and absence of Pe and cysteine

although the activation of uconituee is dealt with
in chepter 1I, the resulte of this aspect of the activae
tion are given here oo they sre intlmately concerned
with tiue purificution procedure.

Daring the purl.icution, vario.uc fractious were
tected for the sbllity %o convert both isocitric acid
and gis-aconitic ecid to citrie wcia. lable 3 shows that

the ratio of the two sctivities remains constunt within
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TABLE 3. Comparison of tue Rates of Citric aeid formation from Isocitric acid

and cis-Aconitic acid by Activated and Non-activated fractions of Aconitase.

(Fractions were obtained and activated as described in the text)

Specific Activities
Ratio of ictivities

Non-activated Activated of
activatd WQN%.BQ
(a) (b) Ratio (ec) {da) Ratio non-activate )
Fraction
Cis-acon- iso-cit- a:b c¢is-acon- isocit- c:d cis-acon isocitric
itic acid ric acid TtIc acid rie acid itic acid ~ ac¢id
gxtract 7.0 4.35 1.61 11.4 Te2 1.59 1.63 1. 66
1st. ethunol ppt. 31 17.5 1.78 49 31 1.58 1.6 1. 8
2nd. ethanol ppt. 50 32.5 1.54 96 56 1.71 1.9 1.7
Ammonium sulphate
Dialysed ammonium
gulphate ppt. 7.0 4.7 1.49 142 8% 1.67 20 18

Supernatant after
heating at 50° 6.7 4.2 1.60 174 113 1.54 26 27
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L
the limits of experimental error. The addition of Fe

and cyeteine incresse: the two activities eyually zo that
there was no alteration in the ratio. The activating
effect of Foz* and gysteine during tné early stuges of the
purification was emall and remaincd reasonably constant.
After diaslysie the nctivation was gresatly cnhanced. Faz*
and cysteine can, therefore, replace completely the
dialysuble co-fuctore. "he addition of 2:2'-dipyridyl
(10" M)to the dialyseis medium cuused the formation of
ferrous tridipyridyl inside the dialysie sac and thie
complex ulowly diifused vut into the medium. It 1e an
interesting fact that not oniy does ?02* activate
aconitese, but that loss 0f enwyme activity coincides with
lose of ?02+. It would thue appear likely that Foz* is

the met.l with which the ensyme is ascociated in vivo.

The results ulco suggest that the F02+ i bound to the
anwyme sulficiently strongly to resist eplitting e a
réeult of ethanol and ammonium :ulphate iractionation,
but the linkage is readily broken by dizlyeis.

Leste for the presence of other encymee in the fingl

aconitaee“gregaratioq

The fipnul aconitamse preparation contalned 196 units

of isocitric dehydrogenase activity per mg. of protein
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and 1100 unite of fumarace asctivity per mg. of rrotein.
Teets for the presence of lLuctic dehydrogenase were
negutive. It 18 possible that two of the three minor
components of the electrophoretic pattern are due to the

presence of lisocitric dehydrogenuse and fumarace.
DISCUBSION

Zhewmactivating effect of phosphate on aconituse
in the absence of :zubetrate can at leset partiuslly explain
the instubility of the en.yme as previously rcported, for
the tissues were extracted with ghosphate buffer. it
would geem that the apparent inetubility of tie en.yme
was related to the loss of co-factors, ratner than to the
denaturation of the spoeniyme. The “inul aconitase
preparation waeg stuble, but both it and tne fr.ctionse
obtained during the purification required the udditionm of
Fea* and cycteine for maximum sctivity.

The wssay figuree of Johnmson (1939) for the aconit-
a8e uctivity of vorious snimwl organs are alco open to
eriticlsm ue the organ: were extracted with pho.phate
buffer. row the results obtuined nere, it would appear
that the vualues obluined would depecnl on the time that
eilapsed between the ext:uction and the test of en.yume

activity us well ac the umount of substrate present in
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the extrsct.

The possible mechuniem for the inuctivation of
aconitase by phoeph:te in the abaence of cubstrate will
be discussed in Chapter III.

The fact that the relative ratee of the reasctions
g&g—aconltic agld ~=> gitric acid and iggcitric 8014 wmu
citric acid ars the same throughout the fractionation
procedure and that each re.ction le sctivated ¢o the game
extent by ?oz* and cysteino provides good evidence in
favour of tne idea tuut scconitaee is @& single snayme.
More conclusive is the finding that an eiectrophoreticully
homogeneoug protein is capable of curryins -ut those
reusctione associated with aconituse activity. Thesge
rindings are in socord with the fact that the loss of one
en yme activity inveriscvly lesde to the loss of all

activities.
S UMMARY

l. The activation of econitase Dby Fez* and c,etelne has
been confirmed. vhosphate wae shown to inactivate
the activated encyme rapidly In the ubgence of
substrute.

2. 4aconituse has been purified 24-fold by low temperuture
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ethanol and ammoniuwn eulphate fractiopation. Ihe
purity of the finul prepsrution was estimatei to be
75-80.

fhe finsl sconitaee preparstion wae contuminated to
a small extent by isocitric dehydrogenase and lfurmarage.
aconitase has been isolated from the final prepara-
tion as an electrophoreticully homogeneous protein.
This vrotein wus free of igment and wae capable of
converting both isocitric acid and cis-aconilic acid
to citric acid.

During the purification, the degree of activation of
aconitasze by 302* and oyeteine increased, especielly

after dlaslysis.
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CHAPTHR Il

pdify AGTIVA’I’IUR of ACQNLIT:3H
INPROSUCTION

Lany ensymes exert their catalytic affects only
in the presonce of & mefal or low molecular we lght
comipount . Jome low molscular weignt co..ounde, 8.sh
a8 the phosphoosyridine nucleotides znd some netulis,
sre cougzidered to form comolexes with the enzyme and are
clagsiflied ag coenzymes or proetaetic grourse. Jther
10% dviecalur welZ:ut compounds, such sz cysteine and
glutabuione, u«tbivaie certsin encyme: oy reactiocn,
rsther thun by cowbination. One way in which this can
a.ppen is for these cowpvunds L0 reduce disuipnide
iinxage: on the surface of tinove enuynmee which rey.ire
froe -5H groaps for wmctivity. Thas, they differ from
jrostuctic groupe and coeusymer in not tuging purt in
b.e scbucl mechanlem of cetilysis cui are better

clesgsified ue uctivators. siutathnione i¢ vessentisl
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for the uwctivity of glycer.idehyde=-3-shogpuate avaydrogen-
age ax shown by «rimegy & KRacker (1u52/ and ntcker &
irimsky (iu%2), vut it i¢ Cirmly bo.nd to the ensyme and
tukes part in the re.:ctione. ’hug it muet be clus=ified
in this inetance «u & ;rostnetic group rather then s
an webivator. 43 will be seen luter, 1t would seem &8
tusugh & nuuber of prosthetic groups ifunction by «niting
tine gubs.rute with “he ene,un: thro.gh the active cuntrels)
any inc.uded ip this gro.p are some notltil en.yuce.
Jocuwymes appear to be linked to the ensyme «t a egite
other than wuere the substraute is ublbuchua and ot as
ascceptsi 8 of electron. or ione. woelL, s are more
nighly dizgocluted than the proethetic groups.

sreen (1941) proposed the thesig t.ab any substunce
which occure im traces in the celil and whicvi, is necegzury
in trsces in the divt of wun o in the media for tue
growth 0. micro-org:nisms, m@et be?zﬁaenbimx part of
S0me enuymn Bystame Thisg theory vas bused on tue
Pinting that & nauber o. troce cubstances Luwd been
fo.nd to exert t.e¢lr affects elther :s procthetic
groapg or coen.jmes of enmsymos. It, therefore, guve au
rationsl baeie for the explanation of how trovc suisb-
sncou exert cuci rofound blologici.l effects. ‘he

gu.il smounts ¢i thec-e subst.nces required were
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concistent with the f.ct vuut the concentrution of
particulur enuymes in the ce.l ie low. Thie hyprothesis
lhag been strengthened us & recult of further reeg«sarch
over the intervening years. It has also come to light
that many enz&meu have a sveclific reyuirement for a
perticulsr coenzyme or prosthetic groupg, and this hsae
led t0 a claseilicuation of ¢nsymee according to the
gtructure of these compounds. The fuct that different
enzymes reguire the eéme go-factor, wlthough they'have
mutuslly excluelve specificities, indicatce that the
proein molety is not only epecific, but uleo determines
the nature of the cutalysis.

altnoagh 1t isg l.kely t9..% the expisuation of the
reyuirement of an orzuniem for truce metuig fe or will
be fo.nd to ve due to their role in en.yme systems, it
ig not ouliy the trace metaly that zerve ae prosthetic
sroups or wotivators. Of the co-called bulk metuls
(£, "au, Ca, Mz and Pej, 11 with the poésible exception
of iia are capuble of sotivating ency.esg. Other metuls
guch a8 V nrd Rb have wleo been found in :nimel ana
plant tigeueg, but at thne present time it is not «known
whoether or not they participate in en.ymic re:.itionc.

The exact fanction of the met:.l in such encyre
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gystei.s is not ciswur. In cert in cases, the c.tulytic
wotivity of the uetulloen.yme is munifested to .ome
extent in the wet.i itself, but the addition of the upo-
Lneyia togebher with the mast.l greutly emhanceg the
re.ction rate. In suck cuuce, it ie coneldered that
tne fuuction of btae apoobjue is to enhance the inuaerent
nropertice of the wetul. AN eXumple of this type of
recction 1u found with tae oxid;tive decarbvoxylatiou of
X-getoxlutaric acid,. o-.etogluturic carboxylage
requires wnd* for wcetivity, but Zulnitagy (1953) haus
cuown that tne same reaction occurs im the creseunce of
mn2+ wud in the absence of the uapoeniyme, -ithough the
regsction rute is slower in the sbgonce of e upocticjice
Tuis cangot be tie rwuction of tne upocneyme in Lhe guie
of wlli metalloen.ymeg. s.lthoush an2+ ie esgentiul Ior
the activity of curb:nic aphydruce, .wilin & Wunn (15401
.nowed that inorg..le .inc swlte, visuvle and coipleX
organic «inc compounds were devold of catulytioc mctivity.
2he function of the an2+ here right Lo to unite the
enuyms and gubstrate in & co-ordinution coup.ex zE
suggeated by Duitu (LYS5L,. ratuer thun to increase the

+

ability of wt o cutalycec tne reaction. It is, of

L
co.urse, possibie that «n doec nuve 80@ cutaiytie
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activity, but it is w0 low thut it connot be seusured.

Zmith (19951 fo.na that the addition of & peptid-
a8e caupable of hydrol,ving L-leucylglycine to Mn<*
cuused 8trixing ohungee in the wbsorpiion spectruw: of
the met.l. .nen L-leucylelycine was addga to nn2+,
sbrorption chunges vwere .l:0 observed. ‘hece iindings
led Zmith to ,ostulate tne formation of sn eniyme-
subctrate compiex wulch imvolved co-ordinction counlexes
of wnz*. de propoeca tunaet after tne formaetion of the
clisyai@=tubstruale cow, lex, the decreuse in the activution
cnOrgy ol nydrolysis was produced by attr.ction of the
electrons by Mn“‘ while the protein ceuntrae wricnted
tie substrute so that the net eifrect wae an eliectironic
ael riution of the cencitive bond. Jhe hydrolysie wus
then coneidersi to be due to the cutulytic effect of
H* and OH ions.

In the ubgence ¢! [urther informationm, it wculd
veen rewsdobable to wesume that o netal uhitee with the
apoenzyse to form uu uctive comolex whicn ie tunen in
esuilibrium with the frece apoen.,me and free met.i

seeoriing to the e uation:

metal + <nuyme == .clal-encyme

(inuactive) (uctive)
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Proz such an eguation, it ie possible %o deter:ine thie
aypotuctical diseociation conetaent of the complex.

This huag been dono for many enszymes with a recult tiiat
it ho. been io.nd that the a/finity of apoency.es for melule
varies from eystom t0 2ystem una within the eame syotem
ior different moetsls. vialyele studies have &l:0 8howih
this difference in affinity. smiih & Hancon (1549)
found that tlhe agZ+ of curboxypeptidase ie not removed
by dislysie, whereas tne Msz* of luucine uminopeptidase
is resdily removed by diulyels. LAtRove 8NLy B

vury ae to their uffinity for metal ione, ufter dialysis
the metual voncentration rejuired for tue encyme to show
ite maximam activity 1s relallively low.

Not «ll enzyme systeme show an aveolute wetal
gpecilicitys. . number of phoesuuuluses, phocphate
tr.onsferring epsymes and -seto-ucid carboxylases cun
pe activatei vy either il'n;* or Eﬁ:gz*, sdbnuagh an* ie
more e:ilective tnun mgz*. ~bilet other metuls of the
trungivion series are insctive. Thig lndicute: that
the abilit, 0. & wsct.l lon to aczivapa enayiie sysgtems
ie not simply related to tue propertiec of the metul
ion. the difference between «n% ana Mg“+ with

respect to mass, ionic raediae, ionic potentiul, mobLiiity



and rute of diffusion is conglderubly greu.ter than
betueen MnZ* and the otaer trunsiti- n metaie. it le
probubie tuut ns/dreation and comolex formation are more
concerned with the abilit, of & cetul to activute sn
engyme s,etem, than sre the other chyeical rroperties.
it the same time, it i powvsible that the properties of
the 'na<ed' metallic ion may differ greutly fram those
which it pocsegees in a physicloxical medium where it
is surrounded by other molecuies of un inorgunic and
orgunic nature (Lehninger, 195C).

fhe activabtiou of come wmetsi en-ysoe nus been
fuoundi o be a wvery glow reuction. konuwned & arenberg
(194%) fo.nd that the metivution of arginuce was
dependent on time ae well uns otuer factore. Under
certuin cvonditions, days were reguired for tiae ensyme
t: be fully wvetivateds Lmith (1451 alzo found @
gimiler elow rate of sctivation with pepitidacee. Thie
glow rate of uctivution may be eignificunt uni find
explenaticn io the time re uirea for the forwmation of
4 co=-ordination compound betveen the metil and the
en«ywe, but it i: notewortny tnat none of the e:n.ymes

known to show a very clow rute of activation hue been

obteinoed as «un electrophoreticully homo:eneocous uprotein.

52
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viviman & Cloutier (1951) showed that aconituce wus
o metellosnsyme viiich was dependent on the prec..ce of
?‘2+ and & reducing agent fur meximum activity.
wualitative studies snowed that Ee2+ wag capable of fora-
ing complexec with the substrate: of aconitu:e under tue
cond itions of opiimum eniyme awctivity and the results
«leo suggested t.ut the F92+ wes Cusuble of forming a
complex with the unpoenzyme. Thege uuthors suggestoed
that the ﬁaz* was respoticible for tine iin.aze betueen
the apoen.y:e und the gubstrate in the aconitave-tri-
curboxylic acid complex. It wae assuaned that the
reducing agents pluyed u dcible role in maintainin- tue
iron as ?02* and in Keeping the red.cing zro.e of tne
~rotvein in the reduced etute, but no evidence wae
presented to indigate that thie was the c.g6.

It has been seen taabv :zomc metal ions are cupuble
of agtivuating zome -n.ymee; diffsrent theories to
expiain the functionw of the wetsu:. huve been vut furward,
vut tne wode of activation hae net yet been dolinitery
est.blished, wicimen « Cloutier (ivSli exosluin 4 tneir
resulbe conceruling asconlitsse in terme of t.uc aypotheels
wivenced by Smith (1451). whii.gt thelr resuits vere

not inconsistent with this nysothesis, tne aut ..rs



provided little or no direct eviience to show that Lue
function o Rez+ wug tu form a ling Lcetween the enuyme
and the s.uvstrate. Ho -vidence wae regented to ipndicg-
ale tue role pluyed by the reducing uscuts in tue activue
tion of the snuyme. Jhie hign reeidual octivit; of the
~i¢imun & vloutier uconitase preparation in the ubsence
of Eoz+ and reducing agente d1d not permit of & more
detuiled investi ation 0. the function of these
compounds in the aconitare gysteii. The wconituse
preparation obtuined by the method repirted in chapter |
erovided & much uvetter we.ns of determining wnether
tuoese compounds functlioned as prostuctic griaps,
avbivators or both. ‘he srenuration cthowed iittle
activity, 1in the absence of Fez* and « red«ciug ageunt,
wnereutr it showed considerable activity on the addition
of thezc¢ subgtunces. dnle precaraticn was uged for
testiung the effect of Ee2+ and reducing ugente on
agonitece activity. Zhe resusts reported in this
chapter indicate “hat both Eei+ and reducing agente ot
ug prostnetic grourz of aconitace nd .0 are councerned
in the formation of the wctive emzyime comu_ux. It ie
cuggested tuat tae uctive fomm ol the c=nayme is un

2+
chiuyme-fe -reducing agent comrvlex.
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EX, ot I NPAL

kethods

avonitese was activuted by 302* and «ll reducing
.gent: in the game fuchilon «e previvusly describea
(page 19 ). The enzyme solutions contained 60 pg. of
the finul sconitsse pre.sration/ml. The en«y ¢ activity
w:.8 determined and citric wcid estinmuted as previcusly
described (page 20 ).
heugents

agcorbic acid war o Lhoche product, thioglycollate
way & D.iieHe product which wes re-distilled bvefore uase
ani giutethione was a gift from the uistillers Jo. Ltd.,
Livercool. L& determined by thiol titration, the
glutathione was 9Y94% pure. 411l these compound: were
free from iron. The ot.uer reawents were s ither A.R.,

or ue previously mentioned.
RauSJLDS

v ‘ . o+ .
activation of ssonlituse by e wiid cysteine
_ - k

Pige 4 showe the effect of Eea* and cysteine on the

sctivity of aconitase. The fin:.1l purified, dilslysed

preparation po:sezves little activity; cyetelne alone
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2+
doea2 not inereaec the uctivity; ie slone bringe wboub
& 15-fold incresee in the uclivity, whilst the sddition

of Foz*

and cysteine lncrewses the activitly TO-fold.
{he experiments reported im Chapter I had shown that
cysteine alone wuld activute sconitase i reparatione,
but later this wae shown to be due to the presence of
ioe+ in the cyeteine preparsation. The investigution
of the uctivation of sconitase by Eez+ slope involved
wone tecuniocal difficulties. On account of the emall
amount of protein present in soluivion, it :howed little
or no buffering cupacity. ine ferroue awmonium sulphe-

ate solution wae scidie z0 that if it sere not - urtiy

Fy

V23
neautr.liged the uH of the e -ecnsyme eolution was

below pH 5.0 with &« result that there wes denuturation
of the eniymo. The sdjustment of the pH of this
codiution to Te4 was difficult and at this pH value at
leust some of the Fez* wus in the colloldal stute,
Therefore, it ie not poscible to state that the above
value represente sn accurate estimation of the activa-
tion of wconitace by Eeg*. snevaerthelegs, it is clear
taat Foz* and oysteine Wring uwbuut a very .arked activa-
tion of aconitaee.

Time regpire& for max.uwds wotivation of uuﬁﬁit&ﬂalgz
: D




2
?Q1:and cysteine

The conditions chosen in the previous experiments
for the determination of aconitaee sctivity were based
on those of Diciman & Uloutier (19511, slthouzh they
were guite arvitrary, they provided a suitsble means for
following the purification of the eniyme. but uaving
obtuined s highly purified preparation, 1t was lmportant
to determine whether or not theee comditions gave rige
to maximum activation. The resulte of Dickman &

Clout fer (1951) esuzgeeted tnat zn inter.ction between

+ +
the upoenazyme and the Fe to form & Fe -en.yms complex

according to the egquation:
Foz* ¢+ enuiyve == Fez+-an;ymo

wae egsential for encyme sctivity. It was poseible
that the rate of the attuinment of the e uilibrium was
glow aud that the 1 hr. erio:i of asctivation of the
enwyme with Faz* and cyeteine wus not surficliently long
for the enzyme to be activited to the full extent.
therefore, un investigation wuse 1.sde of the relationehlp
between the en. yue activity und the pericd of incubation.

It is clear from . ble 4 that there ie :n initiul
rapld activation of aconitace by ie2+ uhd cysteine,

followed by a :lower period of uctivation, 80 that sbout



TLBLE 4

Effect of ‘re-imcubation Ifime on the ictivation

2+
of Agonitace by Fe apd cysteine

(aconitase wae incubuted at pH 7.4 and 0% with 5 x 104

2+

Fe<* ana 10°°

M cysteino. 0.2 ml. Bs-usples, eguivalent
to 12 pge of the final aconitause preparation, were
removed at lntervale and added to test tubes conituaining
Oe5 ml. of cis-aconitic acid (finsl concentration

4 x 10-5 K) at pH Te4 and 4.3 ml. of wauter, keaction
wug stopped after 15 min. by the addition of 0.5 mle of
5% (w/v) trichloroscetic wucid and the mixt.re snalysed

for citric acid. Temperature 500)

Iime of uctivation Aconitase activity

(hr.) {ug. citric swoid
formed/1% min. )

0 285

0.5 335

1.0 320

2.0 320

3.0 320

4.0 318

.40 295

640 278

24 .0 192

59
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3Q axin. atb 0o i reyuired for wuximun sctivation. ‘his
activity is retained for at ieact 4 hr., after which
there 1s & slow decresse so thaet al 24 hr., the enisme
possesxzes only 60% of it: meximum act ivity. These
regulte indicate tiuat tue arbitrury comditions (reviously
choeen for the incubation do bring sbout maximum
setivation of the QNLYME o

There eesemed to be three joassible reasone by . hich
the lose of enzyme activity «fter 4 hr. could be
explained., “hey were:

{a) slteration of the pii of the mixture during the
incubation period at 0°

(b} accumulation uf the sud-produets of the
oxidation of coyeteine by Fez+

(¢) depmaturation of the enzyme iu dilute solution.
A check of the pH of the mixture acurin: the lncubation
ghowed that there wae no alteration over the <4 hr. ;eriod.
Jhe accumulation of the end-products of cysteine oxida-
tion o, uld not explain the lose of activity, for when the
euc.yme wad added to a mixture of Eez*. ¢y«teine and water
~fich had been incubated at 0o for ¢4 nr., tne activity
following & 30 win. incubabion period at 0° was maximul .

It 18 unlikely that there i: any significant sccumulation
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of the and-products of the oxidation of cysteine, for
although no speclul preca.tions were takXen to exclude
oxygen, the conditions were virtuslly anaerobic. 1t
mugt be concluded that the loes of enzyme activity lg due
to the denaturation of the en:yme in dilute solution.
2+

setivation of aconituze by the add%ﬁ}ou of #e and

gzstq}pa to the test medium

With the previcus method of activating aconitauce
with ?ﬂz+ and cystelne, it wae assumed that tnere wss
no dieeociation of the aotive complex when it was
added to the test nedium containinz eubstrate. whilet
the concentrationes of Fez* and cyeteine in the sncyms
golution during the period of sctivation were § x 10"(i 1]
end 10'2 M respectively, when the enzyme solubtion wue
gdded to the test wedium the concentretions were

reduced to 10~5 B and ¢ x 10‘4

¥. Dissociation of the
. enayme complex wae likely on socount of the higzh
dilution, °0 un investigation wus made of the influence
of the P02+ and cyeteine concentrat . on in the test
medium on the aconitase activity. Its theege exuerimentes,
the activation wae carried ~ut at 300 for convenience.

It wae found that when the non-activeted aconitause

was added to a medium containing the lower concentratione
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)

of Eoz* and oystcine and incubated for § min. ut 30
before the addition of cubgtrute, the enzy: ¢ showed no
setivity. when the concentrations of ?02* and cysteine

2 4

i the medium were inoreasei to 5 x 10~4 ¥ and 107
respectively, the enwvya: showed the same activity over
the initi.i perivs of the resctison as it did when the
original wethod of activation wus used. (The activa~
tion of aconitase in the :sresenge of 5 x 10"'4 M Eh2¢
and 10”% 4 oyeteine in the teet wed lum will be designated
&8 sethod IJ. The original wethoi of uctivation, i.e.
the activation of the encyme in the pregence of 5 x 10~4 it
Fez* and 10“2 M cysteine 20 that & samoley of tuais
golution is added t. the test medium, will be referred
to a8 kethoi I). rig. 5 showe the effect of adding
the en.yme directiy to u mixt.re of Foa*. eysteine and
subgtrate. It will b noted tuut there is u distinct
lug perlod of cbout 3 min. snd that the resction rate
ig slower than that of the control in which the en.yme
wes cre-1ncibated with Fel® sn: oyetelne for 5 min.
prior to the addition of subetrste.

It may be concluded from these resuits that

digseociation of the eniyme complex does mot occur on

dilution, at lewst in tie presence of gubgtrute, The
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Fig. 5. ’he sesivasion of cconlituse by the sddition
of Fei+ 14 vyeteine to the test medium. 12 ,ize .f

the non-uotivated .conitues nrep.rat.on were added to

the tect vedi.m whi ki contuined § x ].()"4 L Ea;+,

10“2 M cvateine and 4 x .I.Cf"3 ¥ cig-acoritic wcia.

cotul vol.me 5.0 ml., temperature 503. no buffer, pH T.4.

0 aconitase incubated % wmin. wita Fet wu. cyeteine
before tue addition ol subsirale

® uieobituse addsa Lo & wixtire of Ee‘+. ¢ /etelne and
2uusbrute without ore-iucubation.
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fuut that a finite time ls reyuired for muximum activa-
tion of tae enwyme is verified, but at 30° the period is
greatl, reduaced. If it ie assumed tnst the rate of
activation of aconituse le doublsd for each 100 rise in
temperature, un activation period of 30 min. at 0° ie
equivalent to 5.7 min. at 300, 80 the results are in

reagousble agreement.

Activation of aconituse under gerobic and anaerobio

conditions

The fTact that a reducing agent was reyuired to
obtain caximum activation of aconituse suggested that
nigher enzyme activities might Le obtained under sirictly
enaerobic conditione. Kxperiments showed that there
wae no increased enzymne activity when the activation
and teeﬁ were curried ..t under nitrogen. ?hle wus
not altogetiuer surprieing in view of tne fact that the
usual test condition:. were essentially snserobic.

Ukygen wae admitted to the solutionm only during the time
of mixing and apparestly the reiutivei, large amount of
cjeteine yresent wae adeyuate to revent oxidation of
tne Fnz+ or encyws teking place.

If the Fez*~eysteina~aconitase m xture wes rapidly

gsheken in air duriv<z the activution perlod, the ealyme



showed no activity on the addition o the substrate.
£oseibl, this wase due to the compicte oxidation of
cyetelne in the presence of ?02*. with « result thsat the
¢yetelne concentrution fell to & level at which it was
inuble to varticipate in the activation of uconitase.
It was aleo possible that the insoluble aystfine
produced as a resalt of the oxidation of cysteine could
have adsorbed the en.yme thus preventing the activution
tuking pluce, or ulternatively rendering the enzyme
inactive ag a result of the sdsorption tiking place
through the uctive centre(s) of the enuyme.

Effect of shaking ucbivated aconitase rapidly in air

It wasz of intereet to determine wasther or not
aCtivated sconitese could be inuctivated by ox jgen
during the couree of the reusction. 'he uwconitase wus
activated by both methode 1 and II, :-ubsirute was adied
and the reaction rates determined with and without
siaking. ig. 6 showe that there is a slizht loss of
enzyme activity when the test medium ie raplidly shaLen
in air, following uctivation by metho: 1. On the other
hend, there ie a mar<ed loes of .ctivity under these
condition: when the activation is carried ..t by method

1I. 4 com.arison orf the two contro.r, which were not
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shu<sn, showe that the initi:l rates ure identical, but
in the case Qf aconitave activated by methoir 1I, there
iz s small losc of activity sifter 10 min. Zhig was &
characterigtic feusture of tule meuns of activation.

Three possible reaconsg to uccount for the inuctiva-
tion of asconitese under these conditions are:

(a) Oxidation of e:ssentiul ~-5H groups on the en.ywe
suarface

{b) Formation of Fas’

which is inhibitory

(c) Pormatio. of eystine which ie inhibitory.
a8 the ineotivation o the enzyme 1l¢ greater in the pree-
ence of larger amounts of cysteine, (a) and (b) cennot
expiain the imhibition. The cysteine concentration at
uny one timo must be greater when tiec enwyme ie activ-
ated by method II than it ie when the ensyme 18 sctive
ated by method I, &0 %.st the degree ol reductiou of the
iron and encyme m.ct bLe grester. the addition of
cyatine to the medium in gn amount lesé than that
rejuired for s sat.ruted solution did not czuse any
inhibition. albhougn eygtine in -olusion did not
inhibit awconitase, the adsorption of aconitsse by
gus. ended cystine cruld explain the inhibition. This

" idea 18 concistent with the finding thut the oresenge of
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high concentrations of cjsteine which give riee to
guspended cyetine ap & result of oxidstion, coueed more
muriéd inhibition of sconitase. The lose of activitly
in the contrcl of the enzyme sctivated bty method II cun
8lue be expluined Ly the Zormation of emsller asounts
of ¢yetine when the :olution le not shaeken.

These recultas ére of ir,ortunce we fur us
wItificial systeme for tue oxidutiom of citric uwid are
concéerned. Activution of aconitzuze by method I, 8o
that the concentratione of Eez’ and cyesteine in the test
medium ure minimal, i@ clesriy prelerable .I the
sconitase isg 50 act &b & maximam raeie for long perliods
of time under gerobic conditlions.

activation of asccnituse by reduclng uronts

Dickman & cloutier (1951) sud shown that ascorbie
acid was a8 effuutive as cysteine in activating sconitage,
vuereas glatuthione wae only about haelf ses effective.

Az the preliminary results obtsined with the more hi:hly
parificd preparation of sconituse differed from those

of these suth-rs, the ability of reducing gonte to
activate aconitase wag re~investizuted.

Tuble 9 showe the relutive eflectivences of four

reducinz egents im activutin: sconituce in Sthe presence
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ikffect of Hedaing o~gentes on Aconitase activity

(sconitauze was incubated with the reducing sagent and

5 x 1074 & pe°* for 1 ur. at 0°. 0.25 mle samplee,
equivalent to 15 nug. of the finul svonitauee preparation,
were added to medis containing 1.5 ml. of Gl M
phosphate buffer (pH T7.7), 0.5 ml. of cis-aconitie

acid (final concentration .7 x 10”2 M) and 0.TS ml.

of water. Reaction wae utopped after 15 miu. by

the wddition oi 0.5 mi. 0f S0 (w/v) trichloroscetic
acld and the mixture snulyeed for ciiric acid.

Temperature 2201

'Heducing agent sconitase sactivity
{pg. citric uoid formed)
0.01 X 0.025 M
Cysteine 178 | 265
aseorbic acid 100 114
@Glutathione 23 182

Thiozglycollate 129 182
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of a fixedi amount of ?oe¢. ib u evel of 0,01 M,

oystoine brings about the greatest wctivation of aconit-
use, whllst thioglycollate, ascorbic scid and glutathione
are less effective in that order. It was surprising that
~dhutathione activated tine highly puriiied enzyme to euch
& emall extent, but later experiments showed that the
uctivation was inoreased when higher coancentrations of
slutatnione were uged. In view of this result, the
experiment was repeated v« ith the reducing sgents at
concentrautions of 0,01 M and 0.0¢5 M and both reeults are
included here for comparative purposes. It ie seen that
when the level of the reducing agentes is increased to
0.025 M, the degree of amotivation is incressed in &ll
CaBeB. Cysteinc is etill the most effective, but the
activation by Jiutsetuione is increesed to euck an extent
taat 1t ie ae effective se thioglycollate. The higher
concentration of uscorblc ascild cuused oniy s snall
increasge in the ensyue wetivity, 0 that -t the hisher

level, it was lesst effective.

L
specificity of v¥e  in the metivation of aconitase
AB P'2¢ wae mar<euly catulytic in the oxidation of
cysteine, as firet ehown by athews & wulxer (1909), it

was 0f interest to determine whether or not those wetals
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whioh are capable of oxidiging cseteine are¢ aleo cspable
e
of activating sconitage. It wae znown that Mn and
2+
Cu  are aleo cunuble o7 catalyticelly oxidising cyeteine,

80 these obtale waere tested for ability to activate
&cohitaaa. No other metale are known to oxid ise

cyeteine cutaulytiorlly.

oS 24

It wag fo.und that Cu and kn st & oconcentration

of 5 x 16-4 M did not dbring aboat eny activation of

. .o
aconitase. Moreover, vhen this concentration of cu

wa: added to the usual sctivation system contalning Eez*
and oysteine, the activity of the en.yme was inhibited
%0%. Thesge resulte confirm and extend thos: of .rebs

4 Bggleston (1944). On the other hand, hn°*

wae withuut
effect. Thus it wo.uld gvem as thoupgh there wag uno
relationship between the abilily of a metul to oxidiese
cysteine catalytically end its abllity to activats
aconitase. Resulite alaa.inaieated that there wag a

leec < of any correiation betwesn tne other reducing agents
und the metale capable of oxidieing them catalytically,
and the ability of these syetems to activate sconitase.
It ie worthy »f note that an’ and Mn2+ which belong to
the same trensitiong series se Fez* and vhich therefore

have similar properties, 4o not uctivaete aconitase.
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Phi: indigatea thne high =pecificity of aconituce for
Fez‘. 40 obier metais were tegted we activators of
aconitase, but it ic cleer from the wor< of Licimun &
Cloatier (1950) taat Fea* i¢ specific in this regard.

Role of Fe“t in gge action of aconitace

In order to clucidate the role vlayed by 992+ in
the wction of aconitase, a guasatitutive Btudy wug jude
of the e fect of the Poe* concentr.tion on 4ie activity
of aconitase.

The obes:vatlion: on the relationahip between the
?.2+ concentration snd the remction veiocity in the
cresence of cyeteine and aecorbic agcid, se shown in
fiz. 7, conform to . 8imple Michselie-~ienten reiution

i.ee to tine equation v = ~—15-— where v £ initial

- x
velocity of the resction 2: ; stundard concentration
of subsirate, in the vrogence of a reducing sgent;
X = concentration of Foz*. and Ky = hypotheticsl
diesociution constant of the ?ea*-&nayms complex forsed
aecording to the e uation
Fezt-enmyme = fo°*-onsyme

These results are consistent with tue hypothesis thgt

2+ e

Fe  combines with aconituve in the rutio of one Pe“” {onp

Eh
to one active centre o0 form the Fed “on.yme complex which
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Pig. 7. The effect of re“t concentration on uconituse
act1vity. Aconitase was activatei in the presence of
10“2 M oyzteine Oor azcorbic acld and various congentrations
of P2t at pH Te4q feor 1 hr. ub 0°. Je2H ml. gamples of
the enuyme solutionz, comta.ning 15 ug. of the finul aconit-
age prepsration, :2r- added to media contsining 1.5 wi. of
0.1 M phosphate buifer (pH 7.7}, 0.5 ml. of neutrulised cis-
aconitic acid (:insl concentration 6.7 x 1072:) and Q.75%ml.
of waler. The resction was atopped after 15 win. by the
asddition of 0.5 ml. of S0p(w/v) trichloroucet’'c seid and
the solutions unal,ced for citrlic uscid. demperature 22°.

5 ® molar conce of Feét x 104 o ascorbic scid
V = ug. of citric acid formed/15 win.x 1070 e cysteine
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is responsidble ftor ensymic activity.

Thic interpretation is walid only because it was

Known from previous experiments thut the above oyuilib-

rlom was estublished
en.yme with ?aaf and
Ag the subetrate was

not determined until

during tie pre-incubation of the
the reducing agent for 1 hr. st 0°.
not added snd the reaction rate was

after the equilidrium was establiehed,

it cun be tuken that the reaction rate wag proportional
to the amount of the Rez*-anzyme complex formed. Ag
the fin.l enzyme preparation wae eudbjected to prolonged
dialyels sguinegt citrate buffer (pii 5.7) before use,

it wae azsumed that tnere was Littls or no Fee* remaine
iog in the preparation. It wae on thies basiz that the
hypothetical diﬂeocia:ion con.tant vae caloulated to be
3G x 10~6M> in the presence of cysteine and 1.7 x 10'5 M
in the presence of ascorbic ucid. Phe sbove mecumption
~ay not be corr-ct in view of the fact that the enzyme
414 poesezs elight reeliusl activity in the sbuence of
Fez’ amd & reducing ugent. On thie ac.ount the value
obtalined mauy not be correct and say wlzo vary from one
preparation %o snother. dovever, 1% ie clear taut
aconitase hus x« very hish et finity for Fez*.

it csn al:o be scen from fig. T that the absolute
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vulue of the maximum rate obtuined in the presence of
¢, cteine ie over twice ag greal at that obtained in the
precence of ascorblc acii. If the sctive comnplex is

2¢

ol the type Fez -enzyme, then when the Fez* concentra-
tion rises sufficliently, the limiting concentrstion of

the Eez*-ancyme complex obtaincd must be independent of
the nature of the recucing agent. Sab the weximum
velociiy is dependent on the nature of the reducing

agent vhich indicates that the reducing agent is concern.d
in the foruation of the actlve complex. Thic point

will be fizcussed further in a luter gogtion.

2+ |
nesction oi re v ith reduuinﬁ agents
W—m

#rom the colour of the sn.yme molutione dur ing
the astivation reriod, 1t was clesr that 3@2¢ Nad
re.cted with cysteine, thiozlycollale, gaecorbic acid
and glutathlone toc form colo.red complexes. Schubert
(1932) and Barron (1951) had shown thab cysbelne re.cts
with Fez* at =l<.line vl vslues to form s comulex of

type (1)

o
3 ) S : s
R"‘.' N‘\R R.“,' é ~~~..H
co
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which cun combine with L0 to fors & -Hauble colourless
compleXx, ur with oxygen Lo Jorm un un:t.ble blue-violaet
compiex of typo (I1). . blue-violet colour formed
wien the en.yume ¢o0luLion cont.inipg E@Z* aid cycteline
wu@ shaken, but faded on gbunding. » s#tuble cherry-
red couwpiex fornicd as & result of tae reucﬁion between
F92+ ang thiogiycollate, sconubert {(1942) chowed that
this complex wad8 aleo of Lyps (1). A violet complex
{ormed between Eea+ and mecorbic acid, but nuv evidence
Ltor the structurs or thi: complex ¢ uld be Zound in the
literature. However, the str.ucture of secorbie uz¢id

wouid eeem Lo permit of tue formalbtion of a comi:lux with

-y

nez+. bhubtatiione and Fa‘* guve a gtable golden

yellow compiax, bat szuain no evidence ¢ould be found for
the etructure of this compliex. ~horess ine Fog¢—qyatoine
complex was coloured onily inm the presance mf‘oxygﬂn, the
other complexeg were soloured in the waizence of oxygen.

Bguilibrium re.ctions of the aconitase e stem

‘ne experimesnts to daie nuc indicated ..t reducing
agents as well sa re* were concerned in the formation
of the uwetlive aconituce complex. The ey ullibrium

vetveen the ency .o, ?ez* and cyetelne might be ss ifollowa;
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eniyme + cystoline eueeeeme encyme-cyeteine
L 2+ 2+
+ e + e

2+
Fe (cyataine)z Fez*-(unaymaocyeteine)

. 2%
80 that the Fe lencyne~cysteine s complex was the

4ctive ocomplex in the cuve of vsebelne. If the

affinity of the enc.yue {or cyeteine -ere »re.ter than

the urfinity of Pe“  for cysteine, it might be

2Xpected tuut high concentratione .- cysteive would

€ive rise to uwaxlimun formation of the encyme-cysteine
complexe % the same time, the eniymic activity

¢ould be reduced vs » result cf the equilibri.m between
the Fezﬁ und cyeteine beins élspiaced in fuv.ur of the
formation of the Fea*(cyatﬂine}z complex. he game
argument ni:zht aleo be expected to apply in the cuze of
avcorbic acid.  Fig. 8 ehows thut thie lg the cuce

with both reducing agents. It is clear slso thut the
dneyme acltivity in the presence of ayatﬁin@ ig grecter
tuan 1o the preeence of ascorbic acid. The eimilarity
of the curvee is more appsrent when the 8fc.mo activities
are plotted ue percentagee of the activity in the
presence of the reducing agent ut a concentration of
10-2 M a8 shown 1n (ig. 9. These reeults uwre conmsistent

with the idea tiut the activation process:s are énilay
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with both oystelue und ascorblic acld, the sb:rolute
activity of the active gomplex bein: dependent on the
nauture of the reducing agent.

Role of reducing agents in the action of aconitaes

In the hope of estubliening more gecurely the
hypothesgis t:uut the active form of aconitase is a
coplex gontulning cystelne, cscorbie uclid or other
sctivators, an inveetigation wae made of the effect of
vurying concentrations of the reducing ugents on the

24
weonitace sectivity in the .resgeice 0f 5 x 1074 1 Fe .

Cysteine, thiogiycollate amd ascorbic acid

Phe obgervstions on the relatiouchip between the
concentration of oysteine, thioglycollate and ascorbic
wecid and the reamction velocity, sa vhown in [ig. 10O,
conform to & simole ..ichaellis-benten reiation, l.¢. to
tne ecuation

where

Ve

&c*c

v = initial velocit, of the reaction at a standard
concentration of substrate, in the vresqnce of
5 x 1074 M rett.

¢ 2 concentration of the reducing agent

'£¢ ® hypotheticul dissoclution constant of the reducing



81

Fig. 10. The effect of eystcine, tizioxljycollute and
agcorble scid concentraticn sn sconitage witivity in
the presence of Faa*. aconitase (60 uge of the final
preperation/ml.) was incubated with 5 x 1074 n ze?t

and varicas concentrations of the reducing ugents for

L bre at 0° and pH Te4. The erzyme activity was

determined as described in fig. 7.

3 = molaer concentration of re.ucing agent x 102

Vv = ug. .f citrie acid cormed/15 min. x 10-3

x oyesteine 0 ascorbie wcid @ thiozlycollate
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agent-en.yme comglex, formed secording to the equution
enzyme + reducing ugent =2 eniyme-reducing agent

There wue & tendency for the points obtsined st low
concentrations of the reducing agente to lie off
elruignt line; thiz fact muy have some sigmificsance,
but the experimental error was much greuter with the
lov resctionm rutese. The resulte indicate that each of
the radueidg ugente combinee with sconitaze in the rutie
of one molecule of the reducing ugent to one active
centre to form un eniyme-reducing sgent complex.
However, this complex ocannot be considered in iteelf cs
un active complex in view of the previous finiing that
the encyme 18 inactive in the presecce of & reducing
sgent wlone. W0 activities were obtained unless ?02*
wug8 ale0 present. again this 1hterprebation ig vulid
only becsuze the system had attusined equilibrium before
tae reaction rateg were determined.

?he hypotaetical dissociution constaute of the
en.yme-reducing agent comuiex were calculuted to be
3.0 x 10'5 » for coysteine, 1.2 x 10'5 ¥ for ascorbdie
aeid wund 6.0 x 10‘3 M for thiogiycoullate. These vaiues

indicate that the uffiniiy of the enzyme for sscorbie
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uoid > cyeteine > thioxlycollate. There 1s no relation-
ghip between the affinitiee of the eniyme for the
reducing ugente and the maximum setivity of the eniyme

in the rpresence uf the same reducing agente. cysteine
gives the greatest maximum wvelocii.y, ascorbic scid

sives the loweast, whilet thiogzlycollate gives an inter-
wediate maximum velocitly vuluee. These findings ure in
Keeplng with the 1dea that the active form of the ensyme
ie the complex reducing agant~enaymo~ﬂaz*. the vproperties
of the cvomplex being determined by the nature of the
reducing agent.

The plot of the reciprocssl of the velocity aguinst
the reciproocul of tihe g.uare of the reducing szent
concentration gove & ¢urve rather than a sirsight line.
If the reiducing agente formed a ?ez*(reaacing ugent)z
complex which combined with the enwcyne, or 1f the
soctive form of the en.,rmc wae en.yse-{reducing agent),,
then thie plot woull give & straisnt line. slthough
an* forme complexe.: of the above type with the recucing
afente, it ie not *hese aoﬁplexaa which zre respousible
Yor the activation of aconitase.
dlLututhione

#han giutathione wae tested for ite abllity %o
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activute aconitase, it wae geen that very little ucliva-
tion was obtained at a concentration of 0.01 M.

However, hizher concentrationes of ziutathione gave an
appreciable sotivation of the enmzyme; maximum activation
waa obtalined with glutathione at a concentration of
0.02% M. Having found that acomituze could be sctivated
by :iutathione, a study wae made of the effect of
»ilutathione consentration on the enzyme activity.

fige. 11 showsg that there is no simple relationchip
vetween the concentratlon of glutathione and the encyme
sctivity, euch aes was found with cysteine, thiozlycoll-
ate and secorbic acids. The fuct that » curve i
obtained when the reciprocal of the velocity is plotted
againet the reciprocal of the ~lutathione gongentration
woul: seem o imdicate that the mechaniem of the activa-
tion ie different irom that obtained with the other

reducing uagente.
vISCUSSION

Tho marced sctivation of mconitaee by Fe“' in the
prasénce of = reducing azent sand tne f.ilure of other
netul ioms to sctivate, ig indicative of Fe' belng a

gpecific integral component of the aconitaee system.
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aconitace activivy. Tt contitionsg were tus Bane

s thoge descrivbes ia Lige. i0.

LN
'

g mol.r congentrgrion of zlatathione x i

P . . - [ ~ . -1\
V = ize o citric acid forsed,/1%H miue x 107/

85



The obecrvation: on the rclationchip vetwsen the Fez’

concentration und the ensyme sotivity ere consistent
with the idesa that Faz* roacte with the eniyme in the
ratio of one Foz+ ion to one sctive centre of the ensyme
according to the eg.ution

e

o +  ankyme T=== ?oz'-en&yma
[}

Thus the ?oz*oenmyme complex osn be congidered ae an
sctive component of the eyetem. 48 the activation
vf the en.yme ie increascd by the presence of a reducing
agent end influenced by the type of reducing sgent, this
cannot be the only reuction concerned im the sotivation.

The evuilibriun between the eniyme and the activat-
ors is not esteblieshed immediately; a definite time is
required before the eniyme mttatug its wmeximum activity.
‘hie sux-esle tuat the free energy of the sctivution ig
gigniiricant. Thus the Inter.ction caunnot be entirely
electrogtatic we such o reaction is instantaneous and
1o0es ndt re.uire activution energy.

The fu.r reducing ugent. tested have the ability
0¢ increseing the eniym-: above that obtained with re<*
ulone, ulthough they are not e ually effective. The

fanction of the reducin- asgents could be reiuted to their
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ability to muint:in the iron ae Eez*. Zince the
concentration: of the reducin. agente were alvays in
exceae of that of Eez+ #nd the oxidation-reduction
potentiale are such that they fuv..r the reduction of
the iron, then only . emsll smount of ?05+ must be
present under the comdition: of these cxperiments.
Therefore, it 18 unlikely tnut & Michaeli:-Nenten
relationship between the conventration of the redusing
agent and the en.jymc aotivity wouald be found 1f this
were the sole function of the reducing agente.
soreover, if this were the cuse, the maximum velocity
of the enzyme should be indepenient of the nuture of the
reducing agent und this ie not 0.

If the red ucing ugents were concerned in reducing
a group on the gurfuce 0 the ensyme which was essentisl
for sctivity und the reductiom vere an equilibrium
resction reyuiring relutivel;, hizh concentration: of
the reducing agent, 1t might be expected that there
«0uld be a Michaslis-lenten relulicucsnip betwecen the
concentration of the reducing sgent and the enwyme
actbivity. A8 the reducing agents ure cu,uble of reduce
ing digulphide lin.uges, it would veem 2cst ilkely Lhat

hiv woe She type of group concerned. However, the
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Michaelie-Menten relstions indicate that the enuyme
would have to be a monothniol enzyme and it ies difficult
to see to what thie group c¢ould have been oxidieea.
However, if the enzyme molecules were monothiol complexes
vhich can form dimers inm solution se a reault of the
formation of disalphide linkages, then the sctivation
of the en.yme by reducing augents could be concerned with
the eplitting of these linkages. Two molecules of the
retucing sgent would be regulred to reduce each dimer and
two active centres, onc on each molecule, would be
exposed+ The reiucing agent would then be reascting
with the enayme in the ratio of one molecule of the
reduc ing agent to one sctive centre of the enzyme.
However, it would be expected that if the szme type of
disulphide bonde were concerned that when the concentru-
tion of each reducing agent, which wusx capable of
sctivating the en.yme, wae inore.vvd Lo & sulficiently
high v.lue, the maxim m encyme gctivity would be
independent of the nature ol the reaucing agent. This
is not i‘he cmee, 80 the -bove hypothesi: must be
aubandoned.

Before discussing unother possible inmter.retation

of the resulte obtained with the reducing agente, some
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comylicating features of the reuction must be mentioned.
The four reducing sgent: which were cupable of activating
sconitase are also capable of forming complezes with Fez’
and these complexes exist under the conditions used for
t.e wotivation ol the encyme. It might seem as though
it was the complexea which ectivated the enzyme, rather
ta.n the fres componenis. as the results obtained are
cons istent with the ides that one moleculs of the
reducing asgent rescts with each active centre of the
enzyme, this cunnot de the cuse. abt leust with oyeteine
and thiozlycvollate, the complex formed with Kuz‘ is of
the type ?02+(HB)2. g0 the results would iniicate that
tv0 molecules of the reducing sgent were reacting with
each active centre of the enJyme. The same argument

appliee il the Xﬁz*

~reducing sgeant complexes were

concerned in re.ucing the ensyme. Moreover, if the
function of these complexec were simply Lo reduce the
enyyme, Lt wouls be expected that other uctule of the

P
2*, Wn abes could

same trunsition series e.g. €O
repluace ?ez*.

The fact that the reducing auzents, cysteine,
thioglycoilate and awcorbic acida, reuct with aconitare

in the ratio of one molscule of the re.ucing «gent to
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one active centre can &led be interpreted to meun that

tue resction:
en.yme + reducing agent =¥ enzyme~reducing agent

ogcure and that the ensyme-reducing agent comnlex ig at
least partially recponsible for aconitase activity.

It cunnot be whoily regponsible a:z the ensyme shows no
activity in the pressuce of a reducing agent and
abeenge of Fez*. sbutisticual wnalysis of the resulite
obtaeined with oysteine and escsrbic acid as activators
of aconitase zhowed tuat the waximun ensyme velocities
-0 the hypotheticsl diseocistion constants of the
znzymep complexes were significsntly different. The
abilily of oysteine to activate the encyme was aboutb
twiloe a# great as that of weccrble aeid, although the
affinity of the enzyme for agcorbic wcid was greater
tosn iV wae for cysteine. ~1th thioslycollats, the
maximun ensyme velocity was found %o be intermediate
between the velocities obtained with c¢cysteine and
ascorbic acid, whilset tine disscoliation conetant of the
ensyme-thioglycollate complex was greater than either

the ensyme-cysteine or the enzyus-sscorbic acld complexes,

Phis sugzesss that different forms of aconitase, each
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with distinct properties, are cstaulytically ackive.

The results with glutathione somewhat complicate
the matter. There is no direct relationchip between
the enzyme activity and tne concentration of zlutathione.
Below a certain concentration, its ability to activate
the enzyme is sihnarply reduced. It ie interesting to
compare this result with those obtained by Jubowits
(1935) on the reasction betwsen Pez* 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 glutauthione only in the presence of
high concentrations of glutathione and concluded that
thie was due to the high digsociability of the ferrous

s
wlutathione complex. with a Fe concentration of

2 x 10”3 K, he foand that the concentration of glutathione
regquired to form the (0 complex of ferroug glutathione
was 10-1 M. On this basgis, a Foz+ concentrat ion of
5x 10"4 M would require & glutathione congeantration of
¢.5 x 10”° M which ie the concentration found to be
required for the maximum activation of aconitase.

It has been ostablished that Fe ' i & specific
activator of aconitase and forms a dissoclable complex

with the enzyme, alsgo that this metal alone is not
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sufficient to bring sbout maximum activation of the
CRLTMO o Keduwolng agente are also re. uired, in fact, tie
degree of wotivation of the eu.yme by Fed* is dependent
on the nature of the reducing agent present. It has
aleo been sstablished that cysteine, thiovslycollate and
sacorbic acld form dissociable compléxes with the enuyme.
The dissociation constant of each complex differs and
bears no relstionship to the maximum velocity of the
en4yme o From theese facte, it seeus as though the
sotivation of aconitase by Fez* «nd & reducing sgent can
best be ex; lained by coneldering the active form of the
ensyme to be a ?02*-enayme-radacing agent complex. The
regsults with glutatioione 10 not completely fit in with
thig aypothesis. @lutathions does activate the en.yme,
but if u Fez*aenayma~glututniana complex is reyuired for
wetivit,, the glutatnione does mot diseociate in the
same fueblon a8 do the other reducing agents. therefore,
at present the mechakivm of the activution of uaconitaee
by glutathione must be regardec ss being distinct from
that with the other reducing agents.

It may be only Jortuitous tuonat ull the orgunic
compoundg found to activete uconitese are redacing

sgente. Cther types ¢f orgunic compound have not been
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teated for thelr ebility to sctivate the enmiyme, but
they may well io co. In view of this uncert.inty, it
hay be better to consider the active form of the aconit-
886 compiex w8 beiny Feaﬁoenzymeoa where 4 18 & z2r.up of
activaetors in whioch the reducing sgente are included.

It i possible that the esecential feuture of an sctivator
1 its ability to form a certain type or complex with
3020.

The point arises us to whether a cingle or two
different sitez on the snuyme surface ars coancerned in
the reaction: vetween the en.yme and the Fez’ and the
sctivators. abt this stage 1t 1le not possible to say
which i¢ the cage, nor 1g it poe:sible to etute the exect
function of the ?°2+ and the activator. ‘hey wmuy be
concerned in linzing the substrates to aconitaee, fixing
the degrees of freedom of the encyme molecule or both.
However, us Fea‘ reacte with two molecules of the activ-
atore, at least in tne oamse of cymteine and thioglycoll-
ste, and the ensyme reuscts with one Foz’ ion und one
molecule of the activator, it :0ee ceem pluueible tiatb
the form of the active ensyme o iox 1s enzyma-?ez*;
activator. furthermore, cince the csubstrutes of

soonitage are al:0 capadble of forming compiexes with Eo£+
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it is tenmpting to suggest that the remuining two free
vulencies of-tha Fe2+ are concerned in substrate .lipnkage.
If thi: were the caese, it iv not so difficult to
reconcile the fuct that cuxmsounde of such different
gtracture ue cysteine and ascorbic wcld can function as
activators of aconitace. On the other nsand, 1if Fea*
~lone were concerned with linking the gubstrute %o the
euxyme, there would tc, in effect, cospetition between
tne sotivators of the en:yme and the substrates.
ilthsuzh further inform-tion hae been obtained
concerning the reclationship between F32+ and the
activatore and the aconituse aetivity, it is clesar that
the .roblem of the mode ¢if action of aconitaze is far
from being solved. 4ore light msy be thrown on the
problem by determination of the Mich.slla constants
and maximum velocities < mconitusze .or its three
vubgtrutes in tne preeence of different activators, aulso

2+ can form a

by determination of whetner or not e
mixed comvlex with euch i the activatore and the

sabstrutes -7 the en.yme.

SUMMARY
le It wee eshown that the {inul purified aconitese

preparation posseseged little wctivity. It was not
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e
activeted by oysteine slone; the mddition of Fe

inoreased tne sctivity 15-folu, whnilat the addition
of Foz* and oyeteine gave a TO-{vld increace 1in
acbivity.

Jhe opbtimus c¢onditions required for maximum
sevivation .n’ meximum activity oi aconitase were
determined,

Aconitase wus not sctivated by &aa* and Cu2+ was
inhibitory.

4 Michaelie~-ienten relationship was shown to exist
between tuc concentration of ?°2+ and the ensyme
activity. It was concluded that a Fez+~anzymc
complex was vartly responeible for sconituce activity.
A Michmslla-Nenten relationship wee wiso found %o
exist between the engyme sctivity ond the congenira-
tiopn of the re+iucins azents oyeteine, thioglycollate
and ascorbic acid. It was concluded that these
compounds form an enzyme~reducing agent compliex
which ie partly reponszible for en.yme activity.

Oniy higher concentrations of glutathione uwppreclably
sctivated sconituse; there wus no -ichaelis-i'~nten
re.ationehip betwecn the concentration of :lutathione

wnd the ensyms activity.
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The conclueion wes drawn that the active form of

aconltuse is either an enzyme-fez‘-redgcing agent

2%
or &l ensiyme-Fe ~sctivator complex.

956
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CHAPTSR IIX

THE Ik~ LUZNCE of BUFFKRS on the pH

OPTIMUM of ACONITASE
M
INTRODUCTICON

Jucobsohn (1941) found %hat the pH opt imum of
soonitase in the presence of phouphate buffer was in
the neutral region. A more extensive study of the
influence of pH on aconitase activity was made by
Johaneon (1939). He cleimed that the pH-activity
curve showed a sharp maximum at PE 7.4, dbut this v.lue
muet be regarded as approximate. The pH falues
chosen for testing the sconituce activity were widely
spaced and no mention wae made of the buffers .ged to
cover the extensive uH runge.

48 this wue the only information concerning the
effect of pH on aconituse activity snd wus guined from
gtudies with crude aconitase prepurations, a more

Get.1led investigation wars mude of the effect of pH
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and the type of buffer on the enzyme activity.
EXPERIMENTAL

Determination of aconitace activigz

Aconitase was activated with Pcz* and cysteine
by the methou previou:sly described (pege 19). The
enzyme soluion cont:ined 60 pug. of the final aconitase
preparation/iml. in the resence of h x 10’4 M F92+ and
10-2 ¥ ecyateine. The veronal uacetate buffer was
presared accordins to Michaelis (19351), whilst the
other bufferg were 0.1 ive 0.l wl. sumplex of the
enzyme solubtion were added Lo media conteinin. 2.5 ml.
of the sppropriate buffer, 0.5 ml. of ¢ig-aconitic seid
or isocitric scid (final concentrution 4 x 1072 ) and
1.85 ml. of water. The resction wue s%0:ped «fter 15
mio. at 30° by the addition of 0.5 ml. of 50% (w/¥v)
trichloroacetic acld when citric acid was determined,
or 0.5 ml. of 10% (w/¥) metaphosphoric acid wicn cis-

aconitic acid wae egtimated.

Doetermination of citric ani cle-~uconitic scids

vitric acid wae eglimated by the mmthod'previoualy
desoribed (paze 18), whilet cle-aconitic acid was

ectimated by the metho? of Dickman (195%2).
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Reaugents

N-sthyl mo:pholine was <indly savplied by Prof. a.
albert. Veronal, zlyceropho phoric acld, zlycyl-
-giycine, boric ans metaphosphoric =cii were B.D.H.

Laboratory hkeagents. The ot er rewiente were A.i.
Re2ULT8

During the pirification of aconitsse, the various
fraction. obtuined wer: tested for uconituce activity
in 8 system wnich did not include a burfer and the pH
cnosen for tne test wae an arblirury value. Ag it is
prefer.ble to study enzymic reuctions in a eystem in
vhich the ph is stebili.ed by the :iresence Qf a buffer,
the encyme acti ity wies determined firctliy im the
presence of different dbuflfers at 4 T.4.
aconltuce activity io the presence of different buffers
at pH 1.4

It was esen in Chapter I that the inactivaeting

effect or varicue buffers could be eliminated if the
eu.yme were added to the buffer-:.ibstrate mixture.
‘hege activity tests were curried out in thnat fashion.
fig. 12 showe the elfect of eix different buffers ut
nil T.4 on the activit)y of aconitase us compared Lo the

activity when the resctione were corrie: sut in the cucunge
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Figurce ndicute toue ratic oi rowction (1) to reaction

(2ie



101

of buffer. #or gomparutive purporeg tne recctions
igocitric ucid —~o» citric acid and c¢ig-uconitic acid
— C¢itric ucld were studied. It is cleuar that the
comporition of the buffer has u profound influence on theece
reactions. In the resction g¢ig-scunitic acid —> citric
acid, the encyme sctivity in xlyeyl-glycine is decreaused
a8 ¢ompared to the activity in the sbsence of buffer;
veronal uscetatc and H-ethyl morpheoline have no effect,
wilisl borute, phosphate and siycerophospanate increuse
the sctivity. In tue reaction isgelitric acid w—
¢itric weid, the activity ls wpproxinutely lthe game in
phovphate ani: glycerophoaphsate, and in the absence of
baffer, winereue the activit, 1. lower in borate, glycyl
-s2lycine, li-ethyl morvhoiine und veropul scetate. The
coneeyuence is that the ratico uf the rate: of the two
reuctione vuries according to the buffer used.

There seemed to be two poesibls exvlunations for
the above results; thet the vurious buffer: have
different abilities to activete and inactivate the two
reations, or that the pH optimum or optims of the
reaction: are influenced by the ione preeent in solutilon.
ae the latter explanation sseins? nore lixcly, the pH
optiuum of the em.yue in cutziyeing both re.ction: was

determined in the vresence o diiferent buffers.
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infiuence of buffers on the pi sotimum of .¢onitace

It cun be ccon from fige. 15 & 14 that the pH
oplimua of aconituse ie in‘luenced by ths buffer in
which the reuction i: cerried sut. ‘he tHhllowing i
optims were found for both thne resctlions: glyceiophos-
phate, 7.5; phozphate, 7.T; i-ethyl morpholine, C.l
anae veronal scetube U.6. The vbeolute rutes of eucn
reasction were u proximately ithe same &t the pH optimum
for eauch buffer, g0 that the ratio of the rates of tie
recction: gis-aconitic acid ——y citric uzcid to iso-
citric aoid —> gitric acld wae ubrut 1.8 in each cvuee.
Thie compares vwith values run-ing from 1.6 to 3.5 which
were obtalncd previvucly witu these buffere at pli Te4.

It wae not pose ible to determine the sctivit, of
seunituse over & wide rsnge of pH in the ubsence of
buggggvgn accuunt oY the poor butfering cupacity of
the/ sconitase substrate: at hisher pH vulues. (The
avproximute pk values of thece aclds sre repirted in
Puble 6. It wue of intereet to determine them wus to
the aathor's sinowledge no valuee have been reported in the
literaturej. ;owever, the usctivity of the enzyme wase
determined for the reaction gis-sconitic 5014 —3 citrie
acid at tne lower pd vulues. In figs. 13 & 14 it is

geen that over the tH renge which could be ztudied, the
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Pig. 13. BEffect of buffers on the pi optim.e of
uconitase. Brnizy-e achivities dotermined as
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P.8Ls 6

P& Vuluss of Citrie, cie-iconitic uni ieoCitric acids

(0.04 & solutione of the scide were titruted with 0.673 .
NaOH at &00. stirring was by mesns of & rapid etream
of B, isolitric acid wue the DL~ icomer. The values
in bracikete are thosge obtuinuc for c¢itric acid by

iastinge & Van slyze (1922 at 20°).

acid _pKl g& iﬁ
citric 3.2 4.7 5.6
(3.1) (4.75) (5.4)

gie-aconitic 2.1 41 6.2

gsoCitrio 2.1 4.4 5e2
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enzyme had not reuached ite maximum uctivity. If the
line obtained 1e prod.ccd to the level of the optimul
en.yme activity; in the other buffer:, it cun be estim-
ated taat tne pH optimum in the abeence of buffer is
sbout pH 5.0,

A8 the pH optimar of the reactions cig-aconi-ic
4¢id w—p citric scic snd igocitric acld —» citric
vcid wae the game in the rresence of & particular buffer
a0d sltered o the eame extent in different duffers,
it wes ol interect to devermine if thi: were slaso the
cace for the reaction isgcitric wcid —p 0i8-zconitlc
ncld., ine pH-activit, curve. obtuined with phosphute
wid veronal wcetate buifere, &g shown in fi;. 15,

indicate btuwt this ic indead the cuge.

Inuctivation of wconitace by bulfers

Fig. 16 illastrates the rupld incctivation of
weonitace that ovccurs when the enzyme iy incaubated in
the abgence of .ubstrute for various perlods of time
iith different buffer:. The pH of cach buffer was
gach that the aconitsee uctivity wae maximal. Zhe
rate of insctivation differc [or esch buffer and

arpears o be a function of tne pH value.
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Fig. 15 affect of buffere on the pH optimum of
aconituse. Condition: the same ag thosee¢ described
in £ig. 13 excep’ that tie reaction wus stopped by
the addition of U.5 ml. of 10x (w/v) met.phocphoric
aclid.

0 = phosphate )

) isocitric .cid =) glig-uconitic
) 43 id
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x = veronsl acetate
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DISCUSSION

These resultc c¢xpleain not only the different
uctivities which were found in various buffer:s at pH
T4, but also the upparent activation of zconituse by
phoegpnate buffer at i 7.4, & reported in Chapter I.
The increuses in en.yume sctivily sre not due to the
sttivation of the enzyme, but to the fact thét the i
value chogen was cloger tc the optim.um vulue in some
buffers then it was in othera. The alteration of the
optimum pH of un en.yme is not « new phenomcpon, but
it i¢ unueusal to find that it is sh.fted Lo gucihh un
exteut. dasgey (1993} hwe reported simiiar effects of
ion. on the pH optimup of fumaraee.

Micheelis & vuvidsohn (1911) pointed out that the
pH-activiiy curve of guccnurace could be expluined by
seruning that the enwyme wae an ampholyte g0 thnut the
two halve: of the pi-activity curve correspondsd to thne
digsociation o the aciuic end bacic aroupings on the
gurface of the ensyme. They sugge:ted thaet the en.yme
ghowed meximum sctivit, whepn it existed im the ligoionigc
form 8o that wien the pH was alteréd in eitner direction,
tne amo.nt of ¢nzyme available for combination with the

gubstrute wag reducede. Jhus, the enzymic ~ctivity was
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decreased. Auhn (1923) showed that the fuct underly-
ing the pHe-activity curve of saccharuse was the variation
with pH of the rate of hreaxdoﬁn of the enzyme-substrate
+omplex into enzyme and products. The theories of
¥igheelie were therefore rejected.

There ic no reason to suppoee that the influence
of pH on ull encymes ie due to the same factors.
Before any attempt ig made to explain the ressons for
a particular pH-activity curve, it ie neceassr; to
determine both the pH~Michaeli. constant and oH-
maxX imun velocity curvee (ese Dixon, 1953}. 1In the
finsl analyels, it ig slzo neceseary to consider the
effects of pR on the stabilit; of the eniyme, the
lonisation of the zubstrate and the stute of aggregation
of the enzyme molecules. A2 these f..tors huve not
been investigated, no alttempt wlll be made %0 sxplain
the pH- ctivily curve: obtained with sconltuce, or the
effect of lons on the position of the pll optimam.
However, some pointe, as fur «& the uresent reszults
are concerned, mizht be mentioned.

It is interestins thet the buffer: which depind on
anione for their butfering capacity ehift the pH optimum

to the acid side of the pH optimum obtuined in the ubeencge



of buffer. Cationlic bufferc, on the other hand, shift
the pH optimum to the zlKkaline side. It is uleo note-
worthy that the pH optimum in each buffer lics at the
eni of the ulc.line rauge of the buffer, 8o that it wae
not poselble to foi.ov the ulc line branch of the pl-
activity curve to zn sapprecisble extent.

It ir eignificent thet the pH optimum of aconitase
in catalysing the three resactione isgcitric scld —
citric =cid, isocitrie acid —> gig-aconitic acid and
cis-aconitic acid —> citric scid ie the same. Thie
would seem to ind icate that not only was Lhe same encyme
rezponsible for catalysinz these resctionz, but .lso
that tha properties of tue active centre(s) were similar.
It mizht be supposed from these resulte that the sane
catalytic centre(s) was concerned in carryins out ull
the reasctions associa’ed with aconitsse activity.

he inactivetlion of uconituee by buffere in the
absence of substrate i: lLixely Lo be & non-ionle reac-
tion on accsunt of the relativel,; slow rate of the
inactivation. In the cuse of the insctivation by
phoephate, 1t coull be due Lo the interuscltion ot the

* with the ph..phate o s8 t0 upuet the ey uilib-

A .., ¥
rium betwecen the free enzyme, free te any the e -

free Pe°

enzyme COmpickKe The sttainment of the new equilibrium



lic

would be & slow process. fhe ionic rewction uotween
phosphate and the free ?ez’ would coneccivably be rupid,
but the rate st which the ?ea' wae removed Ifrom the enwyme
would be clow, wg this reaction ie the reverase of the
webivation procees. However, thic theory w:uld not hold
in the oare of s-ethyl morpholine &8 this buifer does not
form co-ordination compounda with ?sz*. A8 the rate

of inactivation inceresses witn @& riee.in the vH, 1%

se@nz more ilLcly that the inactivulion of the encyme

ig not concerned epeciiically with ?32'. bat with &
number of group: on the enzyme zurfuce.

The ability of the subsiretes of the enzyme o
prevent the insctivation whicn occurs in these bulfers
muet be due to the fact that the enzyme has & greater
affinity for tne substrutes than it uwv: for the buffer
ion:. Jevertheless, acc-rding to the theory of enwyme
action noestulated by Michueils & “entun (1913), there 18
alwaye & emall :mount of encyme which ig not comblined
with éabetrabe. Therefore, it is lik-ly that the
gubstrate protects the enzcyme tc u large extent, but

not vomcletely.
SUMMARY

ie 1t hug been shown tiuut the pH vptimum of sconituee
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i1s influenced by the ilonz present in soluion.

The pH optimum ol aconitsse in catulysing the
reasctions isocitric acid —» citric scid, igo-
citric acid = oig-sconitic acid and cis-aconitic
6014 =—p gitric uclid is the zame in the presence of
a particular buffer and aultered to the same extent
in different bduffers.

Ihe inactivation of aconitase by buffers in the
absencge of cubstrate has been chown.

Tae significance of theec findings hac buen

d iscugsed.
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CHACTER IV

THE CIN.PICS  of ACONITASH

INTRULUCTION

Since the diacovery of aconituse by Martius &
£noop (i937), it hse been generslly accepted that citrigc
v»cid 1s trenctormed into isocitric sacid via c¢is-
aconitlic mclid. However, martius & Lynen (19%0) and
Pricdrich-Freska & martiae (1951) claimed that there
wae a direct conver.ion o citric ucld to ieocitric
acid as they 414 not obgerve a l:tent period at the
sturt of the reuction. Purther, ue a recalt ol the
mathemutical treatment of the reaction'veloaitiee,
¥riedrich-Fresku & tartius (19%1) supposed thut after
combinazion of the g.betrute with the en.yve, t.ere
ig formed un interuwediaste complex whlch cun decomposs
into enuiyme-cig-uconltic wcid, eniyme-icocitric acid
or encvyme-citri. acid. They regurded cis-aconitic

acld a® b-1ng onl, = by-produot of the aconituce
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reaction. fheee authors :lu0 st .died tue aix initial
reaction velocities ascociuted with aconitase activity
and cloimed thut the difference in the rstees .ouli account
for the trunsient accumulation of dsouitric acid :bove
the eyuilibrium vulue that occurs when the resction is
sturted with cls-aconitic scid. n uccvunt. of the
v:reement between their experimental findin:s and
mathematical predictione, they conciu:ed that a einsic
en.yme ctuld catelyce the convergion of each of the
turee ucide to the other two.

The mathematical trestment which sriedrich-.reska
% Martiue (19%1) uapplied to their results h.s been
etrongly critieised by Iscser (1952). <rebs & Hol.uch
(1952) re-investigated the problem of the lag period in
the converrion of citrle acid to 1sgcitric .cid and
showed that it did occur.

aAg all the «urevicue studies on the :inetics of
rconitese had been mnde with crude or partially purified
preparation: of the en.yme, the previou: work was repeatod
wit. a more hixhiy purified en.,me preparsation. The
giestion of the lu- veriod war inveatigz.ted, also the
relative rates of the reusction: c.talyeei by aconitase.

The Miciawelle conetante of aconit.ise for gitrie,
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¢cig~-aconitic and 1aoeitrio aciie were determined.

e

wX R IMENTAL

netimation of cig;ﬁpanitie agid

gig~Aconitic wcid was estimated in the first place
by the method of Dickman (1952} which was baged on the
reduction of potassium permangunate by & compound contein-
ing a double bondi, in the uresence of me t:uhos phor ¢
seide The resuitu indicated that there wus un initi.l
rapid formution of glg—aaanltic ugid from igocitric acid
whicn wag followed by a vlower production of cig-acoultic
aclde toreover, there wax no relationship between the
w1040t of encyme added and the formatvion of cig-aconitic
acid during the initial stagec of the reaction.
invest igation ghowed that the addition of tue enyyme o
a mixture of buffer, isocitric acid snd smetapho:zphoric
scid (whicu wae used to stop the reaction) gave rige to
@ compound which was cupable of reduacing the potase.um
vermanganate anl 0 ce8iimuted ae cis-aconitie acid.
PThe amount of this compound which formed rose with
increasing . mo.nte of enzyme, sltnough the increas¢ was
not linear. If thi: bluang value were sgubtracted from

tne subsequent estimutions, a iinear rate was obtained
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which wae proportionsl to the amount oi en.yme sgdded.

A «imllur phenomenctu wae encountered when the
formation of cie-aconitic avidi voe deterulned in &
Beczman spectrophotometer at a wavel- nugth of <40 wp by
the methoi of ilucser (1450}, sithown none of the
~om onentes of the s,stem gave zny wmppreciasble adbsorption
alone, on addin<g the encyme there wag & rapid increase
in the extinotion coefficient. +ith isocitric ucid as
the :ubstrute, this rusid increase im the extinction
coefficient continaed over & peried of 1 nin. after
which the rewction ratev became linear. Fige 17 showe
what tnuppen: on adding the en.yisc o & sixture of
ouffer and citric acid. The concentration of citrie
acid used fur curvea 1, 2 and 3 afiects both the polut
vhere tae ruapi: increuwse in the absorption ceusee and
the time Ior that point 10 be reached, but the -ubseguent
Linesr rute: of the resctiong are tihe same. Fith lower
concentrations of gitric ucld, u smaller increcse in
the extinction coefficient ic obtainet before the
rezctbion rateg becore linewr.

The eneye used in these experiments had been
activated with Fe* an: cysteine. As the concentra-

tion of the en:yme wue small, it eeemed more .ikcly that
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¢ize 1Te The engymic and non-enwymic raaction ruates
on «d4aing vuednitese cctivated wito Fez+ and cyzteine
to various concentrs*tions of citric et . 2 gy lem
contained 0.05 ¥ plosphate buffer (pH T.7). & ;ig.
of the aconitace rrep.ration and the following

amounte of citric acid;
-2

L]

L. 5x1u7% k2. 2x107%% 3. 1x10°wm

(3.0 S X 10-3 M 5' 1 x 1‘-3 M.
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the ra;ii increaze invthe abeorption wu. due to the
interaction of tue Eed* with the gubstrates rut:ier tian
to the interaction of t.e s .vetrates with the enayuif o

On udding Fe“* and ¢ steine to both citric and igocitric
acide in the same concentration in which thiey were
pregent in the en.yme colu%ion, identic.i rapia increases
in the extinction coefficlents were obteined. AV tue
point waere the resction veos ¢ lineur in the sresence

of the enuyme, the non-en.ymic re.ction ceasel. If t.ese
veiues were subtracted from those obtulned in tue
presence of the on.yme, the rates were iLimear from the
sturt of the reuction. In view of thiz finding, it

wug important to distinguieh the non-en.ymic from the
en-ymic rewction rate. ihe meths of Kacker (1950)

wag ugea for followihg the production of cis-aconitic
wcid in the experiments repcrted inm this chapter and

Jniy the en.ymic reuction rutee huve been p.otted in

the zr.phs.

uatimation of cltrice an. isaai&gic acids

Citric sciv wee cstiuuted by tne methos previcusly
described (puge 18). igovitric acid was eetimated by
t.o method of .cuoa (LY5li. 4& the finul aconituse

preparation contalned 1gocitric dehydrogenase, a



120

non-activated rolution wus used us the source of tnis
enLyue., The aconituse uctivity, of this golution was eo
~mall that there wus no detcctable 1ifference in the
reasction rate vcen it wue added to & medium convuining
the uctivuted encyme.

Letivation of acgonitase
N AR

aconitu.-e wae activated «ith Faz* and cysteine
vefore uge by the metho : previocucl, deecribed (pugeld ).
The en.yme solution: contuined 32 m:. of the finsal
«conitase preparation/ml. in the sresence of 5 x 10'4 M
Fez’ &na 10-2 B ¢ysteine.
Reagente

Coenzyie Il wag prepurcd by the method of Le.age
& tueller (1949) and had a purity of 48%. The other

reagente were the game a8 previocu-ly ctuted.
O JLTE

Relutlive revction rates

The reluative rutes of the six re.ctions catulysed
by aconitase sure vnoun in fi-. 18 and & disgrummatic
represent._tion of these rateg ie shown in (ig. 1G.
Tnesge recults agree reseonebly well with those obtained

by Friedrich-¥resks & «urtiue (:951), with the cxception
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MU MOLES ACID FORMED

TIME = MIN.

Fig. 18. ’he relstive rates of the resctione cotalysed by
aconitace. The resction mixture cont:ined 0.05 M
rhoephate buffer (pH 7.7), to-etner with either cis-
asconitic acid (5 x lO-BHI, isocitric acid (5 x o3 W)
or citric ncid (5 x 10'2 M. Potul volume 3.0 ml.,
temveruture 22°, henctione ¢ « D were storped &t 5
win. iptervul: by the addition of 0.3 «i. o §. HCl.
The goiutions were neutralised by the additiom of 0.3
xl. of N Hait! before silguote were tascn for the
estluation of icocitric uci . Heuctions 5 % 4 were
stopped at 5 min. intervele by the additlon of 0.5 mle.
of 50% trichloroscetlic wcii and sampics were wnalyscd
for citric ucid. The formation of cis-sconitic soid
wue determined directly in the Beckmsn spectrophotometer,
readin;: beipg toxen at 1 min. intervule. 4 eolution
contsining O.i ni0le of gis-mconitic scid/ml. gave an
extinction coefficient of C.400. Tue -~uount of envyme
goluticn used in each tost iz riven in braccets.

L. icgocitric smeid — cis-sconitio acid (0.1 ml.)
¢. gis-sconitic soid - isocitric seid (0.1 ml.j

3, cis-aconitic acld —) citric aoid (0«4 =1.)

4. 1isocitric ucid =9 ciiric ascid (0.4 mle.)
S5 wltri: scid — cig-aconitic ucid (Ce2 ml.)

6. ecitric scid — imocitric uecid (0.9 mle)
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ISOCITRIC ACID

Fiye 19. The relavive rutez .7 Lie reiLciion. cutuiyeed
by sconitase. A diegroimatlic renrcsentutions. the

experimental copditions were ws deees ibsd in fize 10,
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of tne reuction cvitric wcid = igocitric ascid. ‘he
rate of thi. resction was foun: t0 beo onc-tnird of that
reported by these suthors. It wiii be noted that the
rates in the cuze of the reactions deocitric acid ——y
citric .¢id amd citric wcid —> igocitric woid wre
linear only ufter 5 uin. It was theee rates wnich
vere taken %o be the initiwl rates of the rcaction: us
quoted in lig. 19, zlthough strictly speuxin: they are
not initiasl rates. when the lineg repregenting the
rutec of these reuactione are produced baciwards they cut
the time axis whnioch indicuies tiut there is an initicl
latent period. rhue, the converegions muet occuar via
ai intermedieste subetance which ie most likcly cis-
aconltic acid, ag no other intermed iate subetance is
ANOWh e

Determination of the lux phage

Pig. <v iilustr.tes the lag period of the resction
¢itrie acid —> igocitric scid in more detuil. Ihe
fornetion of isocitric wcild wae etudied by messuring
the reduction of coen.yue II in the presence of iso-
cltric dehydrogennce. {he pH in thir inetance wus 7.2
ratner than 7.7. ‘he re.-on for this alterustion was

tnat it was not poselble to stu y the reduction of coenwyme
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#il-e ¢0e Tiye curves for the formation oi l1sgocitrie
-¢1d irow g&g-ae;nitic and citrie aclide, The sgyetenm
contained 0.05 ¥ pho:zphate vuffer {vH T.:), 1.8
pmol@a of wn312, Qo135 pmole: of Co II, 3 uge of the
activatee weoriteve preperation, L pg. of tue non-
uctivatea aconitere preparation (iigcitric dehydrogen=-
sce), togetnar with leocitric geid {5 = 10'3 M),
¢ ig-sconitic ucid (5 x 107 1) or .itric seid (5 x

10‘.2 K. Total voluue S'U mle, tomperature 220'

o = isocitric .cid; e = citric scid; x S cie-cconitic
acid
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Il by isocitric dehyirogenase in the presence of
phosphate buffer .t pH 7.7 on sccount of the precipita-
tion of mangunete. The oxidation of isgocitric acid wae
the fastest re:ction, o this was a valid meane of
estimating the ruate st which isocitric aoid wae formed
trom oitric and gig-sconitic acids. It ¢.n be seen
that tuere le po lag pericd im the conversion of ogis-
acunitic acid %o 180Gitric wcid wherens the lag veriod
18 marged with citric ucid as the cubstrate, in fuct,
there wus no measurable amount of isocitric uwcid formed
until 6 min. ofter the start of ihe reasction. These
findinge are in agreement with those of Areb: & Holzach
(1952]).

LEfect oi the aimultangggo gddition of ieocitric aspgld and

gitric ucii on the g&ta of formation of cie-agconitic acid

In an enieavour to determine whether or not the
game enzyue centre(s) wue concerned in the formation
of cis-aconitic acid from bouh citric and isocitric
scide, the rate of g&£~aeonitic acid formation waue
jetermined in the (reeence of each acid :eparutely and
in the presgence of both woide. 30 that the resuits
shoulu not be complicated by the different affinities

of the eniyme ior the two scld., they were addel in a
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concentri:tion ten times greuter tisn their #ichavliis
conetante. (The actual wichuelis coneteni values &re
reported in the folloving sectioni.

The reesulte ,f Tuble 7 show that the r.te of the
converzion of lgociiric scid to ¢ig~-aconitic aci. ic
in{luencel by the presence uf citric ucid, in fact, the
ratc in the uresence of both scide ic equui to helf
the combined rate: obt.ined with each acidi sepurately.
This result wyuld geem to indlicute thal the same
centre({s) is concerned in the two reactions.

getarmlnation Jt wichaells congztante

Phe wichaelie conetants of uconitase for citric
.ci. was found to be ;.b.x 10-5 M; for c¢ie-aconitic
Lcid, lez x 1074 M and for D-isocitric scid, 4.8 x
10"4 B out pR 7.7 anid 22Q jn the presence 0f 0.05 M
phosghate buffer. hacker (1950) fu.nd thet the
wichaelis constante of wconitage iJor cltric acid was

4&6. ut

lel x 10‘3 # ani for L-isocitric sgld, 4 x 10
pH 7.4 aug 25°. Rpcior (1950 did not meas:re the

~lohaelis conetant of .conitage ror gis-.comitic acid.
Thue, tue off_inity of uconituze for cis-asconitic wucid

{g four time: grewter than for i:ocitric ascid end thirty

times grec..ter ithwn for ciiric nCidoe
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TLABLE T

Inifluence of c&tric_gaid on the Kate of the

Heugggan ivovitric Aeiquta eiléaeaaitic Aciad

(The roscsione were carried out in the presence of
0.05 M phoeghate buffer (H 7.7}, 5 ng. of the aconitase
preparsation, 3.6 X 10~2 M citric acid and/er 4.8 x 10'3 ¥

1gocitric scid. Total volvme, 3.0 ml., temperature 22%9.)

saubgtirate Reaction raute

TAz/aln, = 100)
citric acid 15
isocitric acid 49

citric scid « isocitric scid 20



’he tiichaelie conetant of aconitase for cie-
sconitic aecid wae determined from the feauction cis~
aconitic wcid - citric acid. It would have been of
interegtl Lo det:rmine the value aleo frém the resction
¢is-sconitic scid -e»&§gyitric acid, for .{ they were
tae same it wo.id have been’etrong evidence in favour
of the 1dea thut both reusctions are catsly:-¢d at the
sane centre(s) of the same en.yme. Jdnfort.nately,
the r«te of isocitric seid forsul.on ¢.ald not be
studied at pll 7.7 with isocitrie dsaydroscuage am
coensyme Il in the oresence of phosphate bulfer for
rescone previously mentioned. Attemptye rere mude to
determine the :mount 0o isocitric acid pregent in
zanples of the reactlion mixture after v.urious periods
of time, but relisble r¢sults gould not be obitiined on
acecount of the small srmounmts of isocitric scid formed

from lov comcentrutione of cis-acouitic acid.
ulsCUS2I0ON

adconitase nusg been considered a8 an upusual <hRe;me
in to rar s:= it nus three substrates. However, ag
goloted vat by Osctom (1451}, tuere 1s no reason why

it ehouls not be cvoneidered in & broud sence as U inug

128
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gimilar to fumarsse. The reaction c.talyced by

fumaraze can be written as followe:

GOOH.GH(OH).CHZ.OGOH
wralic acid

COOH.CH2CH.COOR
+ H20
Cuméaric acid

COOH.CHp.CH(OH) COOH

I&;&liu e‘.&Oid

Tneoreticuaily, water cun be added in two ways. (as
L-salic acid ig forned, the‘énzyme must be linged to

the substrate se thut the wuter molecule: cun wu:;proach
from one direction ouly, otherwige, Demslic smcid wruld
aleo bs ilormed. 2he same reaconins appliee in the cuse
of aconitese ae only U-1socitric acid ie formed. Lreton
(1951) hes propoeed thot the lin:ianze of cis-aconitie

ecid to the encvyme invoivee a three point attac.ment in
order to explainm thie factl). n secount of fumaric

acld beinz g symmetricul molecul~, the same com ound is

formed irreepective of the way in which the water
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Molecules are udded ecross the double bond of furwwric
c@ld. aconitese cun be considered us catalyeing
egBentially the sane rosction which cun be written in

& eimilur fachion:

COOH.CH(OH) .CH .COUH
I

v~isgocitric scid

N\

caoa.?u=c.cccu

cig-aconitic sacid

/;

CIOH.CHp .C({OH) .COOH
I

citric acid

48 ¢cif-unconitic acid ig =n ssymmetricul moiecule, the
product: forned as a reculit o the addition of a water
molecule across the double bond can oo distinguiihed.
+itric acid formed sg a resuit of the conrensatb ion
recction betveen «cet;i-cocucyme 4 and oxalauetic acid
is further metubollsed L, converuion to cis-aconitic
avid snd igoeltric acia we chown by .rebe & Holzach

(1952) and confirmed here. A& the reuction is usually

written



131

citric mcid —o» cip-sconitic acid —» {socitric ucid

there hae been & tendency to thin«g o’ the conversion of
¢itric acid %o igocitric wcid as two separzte reacltions
poesdibly catulyced by two distincet enzynes. However,
i{ the reaction is %n>u:nt of, not as vritvtten above,
but a# wriitten previoueiy, there ii. nv difficalty in
tningines of aconituse e & slngle encyme which does notb
have an .baolute specilicity. faub ig, whilet it can
distingui-h between c¢itric and igocitric acids us
indicated by the mersed difference in the Michmelic
.onstants, it can coanvert both acide %> cig-aconltic
acid which in « ssnse can be considered wus an end-oroduct.
A8 aconitase ie @ uatalygt. tue reverse reuxctione must
&l.0o ocour wnd so citric w«cid cuen be converted to iso-
citric wcite. This recoctlon muet be then cong idered us
beinz due to the aatablisnmﬁnt of un eguilibrium, ruther
tuun » direet coonver. iom ol one acid to the other.

if the above concept ies corre¢t, two conditione
must hold; «cltric acid must be converted to igouitric
acld via cis-aconitic acid and the same culul,tic
centre{s) must be concerned in ell the reactions
cabalysed by aconitase. With regurd %o the first

point, the resalte of .rebe & iHuluuwch (1952} and those
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reported here indicate that citric acld ie converted to
isgeitric acid via gis-aconitic ucid. Thue the inter-
mediate complex of Friedrich-freska & sarti.s (19H1)
cun be considered &8 being nothing more then the complex
formed betwcen aconita:e end gis-sconitic acid. Ko
experimental evidence hag been previously presented to
indicate thaet only one catulytlc centre of the encjyue
ie concerned with =11 the reactionc. The resu.ts
ob.ained here can be interpreted to show that thie ls
tae cuge. It wae found that citric scid was converted
to 3&g-ucenitic dcid at & rate whicn can be srbitrarily
culled 1, wil.st isocitric acis was converted to cis-
aconitic agid ul & rate of 3. If two different ceuntres
«ere concerned in these reactiou., it would be expected
that the simultuneous wdditlion of both igocitric and
citric acids would give & rate zreater tham 3, theoret-
ically 4, a8 & reguis. of sumaatlon. it only one
centre =are concernsd, the rate should be equnl to haif
the combined rate of each resctiuu. That is, there
sould be an ecual chance o1 elther acld reuacting vwith
the en.yme. Tne resu.ite chowed tnut the latter i«
cctually vhat heppens for the rute im the presence of
both substrates 1s . another .ossible explunation

muaet ~lso be borne in ming. If two centrec were
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concerned and the reaction t.«<ing vlisce abt zucn was
inhibited 504 by the other substrute, the rewvotion rate
in the preeence of both cubetratee would be 2. dowever,
other evidence, particularly the pH-activity curves |
obtained for three of the reactione im different

buffers favours the idea of one centre.

Priedrich-sreska & sartiue (1951) explain«d the
trenelent sccunulation of ieocitric ae%d abo#e the
equilibrium velus when the resction wus sturted with
tie-aconitic ucld ws beineg due to the difference in the
initis]l reasotion rautes. Tho same reaccning was epplled
to explsin the trensient sccumuiation of cie-aconitic
acid wonen the reuction was started with igocitric¢ wcid.
48 %he ratees f.ound here are eecentlially the Buie uB
thoee of rriedricvu-¥reeka & Murtius, thiz exolunution
geome tenable. adlhough these .uthors claimed that
t.cie was D00 lug period with the reactions citric acid
~ey i80citric wucld wnd izocitric scid —> citric acid,
the validity; of the arg.went is not =z{fected ux oni,
the four truae initisl resction rutec are coucerned.

P’he rutes of the re.ctions citric ucid - isocitric
scld and 180citric s¢id -y citric ccid are consistent

with the i1dea that they sre the esw. of two resctions
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1.0 the zum of the regctions citric¢ 1uld —>» cls-
aconitic ucid and cis-econitic wold = igocitric ucid

nd vige versa.
D GRS

sartius & Leonhardt (1943} found that c¢is-aconitie
acld wae converted to voih isociiric acid and citrie
acid st e uul rates, wnereus #risdrich-¥reska & Martius
(1951 found that ¢is-aconitic acid was converted to
igocitric aeii at almoet 1.5 .imoe the rate at vhich it
wag converted to citric acid,. The results obtained
here agree with those of kartiuc & Lefonnerdt (1943}.
[he fuct that gis-wconitlc uciu is coaverteo Lo both
isocitric and eitric &qida at wn equal rale raises an
interegting point. Oguton (19%1) snalyced the aconitase
reactions tneoreticslily and concluled tnat when cis-
asconitic acid waz linked to the enzyme, the water
molegules of the mediuwn have un éyual chance of reuct-
ing to rorm eithner eltric or icocitric acid. He guotes
tae resuits of ..urtiue & Leonnsrdt (i1943%) in =u;port of
this idea. caceer (.952) nus aleo concluded from a
wabthematloal treutment of the reactions catalysed by
aconitese that the water molecules auproach from uvlution.

ALV present tnere ie no expsrimentsl evidence that

the water molecuieg concerned in the reaction a.prosch
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the encyme from the medium. It ie ui:z0 poesible that
they ¢oald react with cig-aconitic acid by prior sdeorp-
tion on the enayme surface. Jnder tiese oircuiutances,
it mi<nt be expected tnat the en.y:: woull have an
orientating influence on the water moiecules g0 that
citric scld woauld be [ormed in prefereance to isocitric

acid or vice vercza. B.t the finding that the rutes

«re eyuul is inconcietent with this idea. 0On the
otherbhend, i’ the water ioclecules approacucd gis-
aconitic ucid linked to the en.yme from the niedium, it
might ulzo be expected that the ucid itselfl beln. un
seymme tri¢ molecule would inlluence the wa, in u@ieh the
water moleculeswwld be addew acroes the double bond.
The only way in shich the fimding tuut cig-aconitlc acid
ie converted to both citric ani icocliric ucis &b an
equs-l rate can be explained, ie luat tne effect of the
cn«yme on ¢is-aconitic acid ie to elimia:te tie normal
directional influence of cig-aconitic ccid on the vuler

molecules ap.proaching Irom solution.

SULMARY

2+

le It was shown that e ad ¢yeteine recct with

citriec ané isocitricv woelde in such & wu, ag to

L
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6.

estimate a8 gl@-aconitic ucid.

The reletive retes of the reactions catulyced by
svonitasec have been determined.

A definite leg perioi wes shown 50 occur in the
converslon of citric scid to dsocitric moid.

The rate of formation of gig-aconitic scid from
citrie uwcid plus isocitric scid wae chown to be
equal %o half the cun of the rute: of cis-aconitic
acid formation from easch secid gaparutely.

‘the Michaelis constante of aconitase for citrie,
¢is-aconitic and ieocitric acide were determined.

Some aspecte of acunituee mction have been discussed.
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CHAPTER V
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ST —
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VHAPPER V

THE INHIBIZION of ACONITaik by LUCKHOCITRIC

401D
IATRODUCTION

Before the metzbolic effecte of fluorocitric aeid
are éisoussed, it is necessury to make brief mention of
fiuoroacetic acid. It is from the latter sacid that
fiworogitric ascid is gynthesised in tie animal body by
a mechunieom olassified by vJeters (1952} us lethal
cyntheegis. That is, whilet fluoroascetic soid is not
iteelf toxie, it is converted into fluorocitric acid
which 1e extremely toxic.

The toxigcity of fluoroucetic aeld and the accompany-
ing physiolo-ical effectes are nov well <nown. SOor 8
comprehensive review of this uscect, see retera (iu52).
The first indicstions of the blochemicul lesions which
cruld ascount for the phyelolozical effecte came from

the work of Bartlett & Barron (1947). Thne.e woriers
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found that fluoroacetig uuid etrongly inhibited the
oxidution of ucetic acid in vitro and that the oxidation
0f pyruvio mcid wus also inhibited with the accumulation
of scetic acld. They udvanced the hyrotheeis that
fluoroacetic acid competitively inhibits $he oxidation
0f acetic wscid and 1t wae %o thie failure of scetic acid
oxidation thet the toxio eifects were due.

reters (1948 and Liebecq & Peters (194Y) found
that fluoroacetic acid also inhibited the in vitro
Oxidation or fumaric acid without the asccumulation of
acetic ucid, they conuluced that the hypothesie of
vartlett & Barron (1947) could not comp.etely account
for the action of this inhibitor. It was also shown
taut, a8 & result of the inhibition of the oxidation of
fuc.aric acid, citric ueid &ccuwnuiated, whereus none-
poiconed tlssues resdily oxidised citric scuid. The
sathors tested the effect of fluoroucetic acid on a
nasber of ieolated cn.ymeg of the Tricarboxylic icid
vycle and found that noncwas iphibited. From these
finiings, it was concluded that Fluorcacetic acid was
not tue inhlbitor, but wae transformed into another
substance which wee inhibitory. They suisieeted that

fluoroucetic wucid could undergo activation in a similar
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munpner to acetic acid and after activation condense with
oxalacetic secid to vorm a fluoretricurboxylic acid; the
fluorotricarbdboxylic wscid c:uld then inhibit or "jam" the
ricarboxylic scild Cycle st the oitric sceid staze. The
gams gonclusion was reached by Martiue (194%). This
hypothesis wse consistent with that of Bartlett & Barron
(1947} for it might be expected that there would be an
initial competition between flﬁoroac@tic acid and acetic
acid for the enuyme responeidle for the activation, bdut
it waes not to this that the toxic effects were due.

In the abasnce of oxalacetic acid, scetic acid ruther
than citric scid would acuumulate. |

Isolation of & fluqrotricarbaxz&}u sgid

Elliott & Lelnitexy (19%0) presented evidence which
they 1nter;;ted ug bsing support for the formation of a
fluorocitric acid, but their methnde have been etrongly
criticised by reters ¢t al. (1953a). More conclusive
evidence was present¢i by Buffa et sl. (1951). They
guoceeded in ivolating tric.rboxylic seid fructions from
kidney tiesue poiconed with fluoroacetic acid which
gcontained fluorine and which werc potent inhibitors of
citric wold oxidation. Later 'etere et al. (1951) and

reters et al. (1953a) iesolated the umctive principle in
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a orystulline form and showed that it wae a monofluoro-
tricurboxylic ucid. at the time, it was not certuiln
whether the inhibitor wae fluorocitric or fluoroisocitric
acid. The poesibility that it wae fluoro-gcis-aconitic
wcld woae eliminuted ae the molecule did not contain a
double bond. Further wors by Peterz et al. (1953Db)
showed t.uat synthetic fluorocitrie scild had the spamo
infra red absorpiion spectrum as 414 the enzymically
gynthesisezd compound. ‘herefore, the inhibitory
eubstunce was actually fluorocitriec asocid.

Site of uction of fluorogitric acid

The hypothesig of Li‘beeq & Petere (1949) that
fluoroacetie aciﬂfgétivated and condensed with oxalacetlic
acid to form a fluorotricarboxylic mcid which inhibited
the Tricardoxylic acid Cycle st the citric acid stage
was ztrengthened by the work of Buffr & Petere (1949).
They found that in vivo fluorozcetic ucid gave rise %o
lurge sccumalationg of citric ucid in many unimsl tissues.
Thege results were confirmed by Potter & Busch (1¢50),
Lindenbaum et ale (1951) and .andel et ul. (1991}«  at
the same time, there wag no accumulation of «e-getorlubt-
aric acid so it wes concluded that either isocitrie

dehydrogenace or sconitaee must de inhibited. The
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experiments of Lotepeich et al. (1952) showed that the
oxidation of 1s0citric ucid was not inhibited and
therefore tnut the mccumulation of citric ucid wae not
duc 0 the inhibition of igocitric dehydrogenase. 2hus ,
aconitase must be $the ensyme which is inhibited.
Criginslly, Buffa & :etore (1949) concludedi that
sconitase wac not affected for they found that the tri-
carboxylic aoid fructions which contaiped fluorine did
not inhibit voluble aconitace., Moreover, the aconitace
activity of poi.oned heaurt tiseue wae ag high se that
of nermeal beurt tigeue. However, t.e later work of
Lotepeich et &l. (1552) showed that the reactions citric
acid —> isocitric acid, isocitric acid ey citrie
v«¢id, elg-aconitie scid = citric sold end cis-
aconitic seid ——> isocitric scid were inhibited. Ihe
reactiou citrie ac¢id ——> isooitric acid wae inhiblted
to the same degrese as the revercse resoetion, whilst the
two reactions sgtarting with cis-sconitic acld vcere lees
scnsitive to the inhibitor. Phe previous fullures to
demonetrate the inhibvition were due to the use of too
high & concentrution of subetrute and too low & concentru-

vion of imhibitor eo that the formation otf the en.yme-

ipnnibitor com.lex was prevented. ~reter: & .ilson (1952)
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found that the resctions citric a¢id =——> gig-aconitie
#cid and isocitric ucid —> ¢is-aconitic ncid were ulso
inhibited. in this preliminery work, the inhibition
apopeared to be competitive, the affinity of the fiuoro-
citric acid for sconitaee beling twenty timee gre.ter than
the affinity of citric aeii for the eniyme.

The above studies of the inhibition of .conituse by
fluorocitrioc ncid were curried out with crude uconitase
extracts and impure sclutions of the inhibitur and the
inter.retution of the recults was reudered gomewhat
difficult by the ipnctubility of the enwyme. A8 the
inhiditor had been c¢ryateslil.ed at the time thie work
wug begun, & suiply of synthetie fluorocitric ucid was
uvsallable and & gtuble highly purified solution of
aconiture hed been obtuined, the wwra»ot ‘eters & iiilson

L$5H2) wae re-cxaumined snd extended.
2 Ao DR IMSND AL

Formution of ¢gis-uconlitic ucid

Yhe formution of cis-aconitic wcid from citric and
isoeitric aclide wae followed by the uethod of kacger
(1950 1) In plotsing the gruphs, the point st which the

non-enzymic resction cessed vwas take:: us the <ero point
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(see page 117).

Activution of aconitase

In all inetances, moonitace was setivated with Fez+

and cyeteins as previously desc:ibed (page 19 .

Solution: contained between 30 and 50 pg. of the final
4

aconitese prepmrution/ml. in the presence of % x 10-

e -2
M Pe and 10

heagents
Fluorocitric acid gynthesised sv.ymicall; will be

M cyeteine.

referred t0 & naturul fiuorocitric scid. Semples were
prepared by the wethod of :eters et al. (1953al.
Specimens of synthetic fluorooltric acid hed been
prepared by br. U.:.A.Rivett (1653). Both were supplied
by frofeesor ‘eterec and hued been standardised on xidney

particles by Feters & Wakelin.
HLBULTS

3tmb1§3aation of aconltause during gro-inoubatlcn in the

presence i phoephate

he use ¢l phouphate dbuffer in the irevious
experimente for the determination o7 uconituce activity
had not caured coanrlications wus none invoived ;re-

incubstion oi tihe enuyme wita buffer. however, ag 1t
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wag desired to repeat some of the ex;eriments of eters
& Wileon (1952) in #hich acunitege hed been pre-incubated
with fluorocitric acld for 15 min. in the presence of
phosphate prior to the pddition of substrute, it wae
necegvar; %o find a meansg of preventing or re acing the
yhoepuate inactivatioun of the enzyme in the sbeence of
gubstrate. The experiments coculd have been carrisd out
in the sbsence of buffer, but it seemed preferable to

use & buffer to mauintsin a constant pH.

It wae found that when the uccnituse wctivity of a
CHCls-eitric «cid dbuffer extruct of hoart muscle vwas
deestroyed by tho a2dditicnm of il to pH 4.0, the addition
of this extrect to the aconltase eyston during the pre=-
incabation with phosphate buffer prevented the linuactiva-
tion of the encymce. It wag not clesr from the initisl
experiments whether the function of the crude extruct
wae to st.blli.e the enzyre during the pre-incubation
#i1th phoephate or te uwutivite the en yme directly.
surther experimente eshowed thut the uddition of the
oxtr wct .ftor the pre-incubation 4ii not affect the
pu.yme activity. On the other huni, when the extruct
wiae added to the syetem prior to the pre-incubastion with

phosphate, there was little or no loss of enzyme sotivity.
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Thue the extruct wus oapuble of preventing the inuctiva-
tion of scunituwe by phosovhute in the sisweiice of gubstraute,
ratier thun being cupabls of wctivating the en.yue to a
sreater extent thin thut obtuined with Eed* and ¢;steline.,

aconitage could .lro be stutdliced to sn appreciable
extent by the adiition of emall amounts of <udbstrate to
the eyetem during the yre-incubutlon of the oncyse with
pho gphate. Pige 21 shuve the mar.sd lose of eniyme
activity thut ogeours durinz the pre-in.ubation und that
gnadl lopcressing amounts: of igocitric asecid redice tue
loca of activity. in the wresence of 0.5 umole of
iegelitric seid/3ui., «bout 704 of the cniyme uctivity
rensined after 1% .in. sre-incubation «8 compared with
the noun-incubuted cn.yme. It wiil be seen liuter
(Pable iv) tuet w«: the incubution period 1e increased,
srouzter lio.ges of gnsymic «ctivity oce.r. ‘hege recults
provide farther evidance im fuvo.r of the ides that
vhoephute lnhibite aconituse irreversibly.

isocitrie wcid (0.5 pwole/3ml.) wae choven for
8bubllicing aconituee durling the pre-incubstion puriod
ib the preg=nce ol phocviutc. Althowrh whe logs of
enwyme sctivity wes grester than when the insctivuted

cruda aconitase oxtrauclt wue ased, this method had tne
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Pig. 21. The stubilization of aswnitaee by isocitric acid
during incubuation in the presemce of phosphate. 5 ug. of
the final aconitase nreparation, activated by ?ea* and
cysteine, vere incubated with 0.05 M phosphute buffer
(pE 7.7) for 15 min. in the presence of varicug amounts
of isgoitric aoid. following the incubsation period,

16 pmolies »f isoeitric mcid were added und the reaction
rote determined. lotal volume 3.0 ml., temperature 22°.

1. No pre-incubation 2. 2re-incubetion with 0.5 &
1.0 pmole of isgoitriec ucid
3. pre-incubation with 4e¢ ureeincubstion «ith Q.1
025 mmole of 180~ amoic of isocitric scid

citric ucid
&. vre-ipncubation without 1socitric ucid
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dvantage of not introducing unznowvn components into the

system.

studieg with “ynthetio Fluorocitric icid

an invegtigzation of the inhibition of aconit.ue by
synthetic fluoroclitric scid wae nude firstl, ae relatively
larger amounte of thle compound were avuiliuble. It wae
hoped that the xnowledge geined would permit of a full
investigution of tne effect uf putural fluorocitrie
acid on aconitase with the emaller amounts avall:ble.
Phe re.ction isocitric wcid —) gig-uconitic wcid was
gtudied in most inetunces because of the eaee with which
1t could be rfollowed.

lnhibivion or uscomitare by fluorceliric ncid with

gre~1ncubation

Table § ehowe thut when the envyme is pre-incub.ted
with low concentratione or syanthetle iluorccitric acid
for 15 min. i rior to the addition of substrate, narxed
inhibitione src obtuined; a H-fold increasq in the
concentrsation 0V fluoroeitric aucild increuses the percetit-
age inhibition to only e small extent. In order to
deterwins the type of innibition, t.o dlfferent concentr .-

tions ol mubstrave were udded following pre-incubation
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TABLE 8

inhibition of Aconituse blrﬁxntnatia Fluorocitric scid

(Piuorocitric acid was pre-incubated with 5 pge of the
final aconituce preparation, activsted by Pec® and
cysteine, in the presence of 0.05 i phosphate buffer
(pH 7+7) and 05 pmole of fsgoitric ucid for 15 min.

16 umolee of igocitrio scid were adied and the reaction
rute wae determined in a Beckmun epectrophotomoter .t a
wavelength of 4. am. dotul volume 3.0 ml.,

temperature 22%)

sluorocitric sold

concentration Inhibition
( x 10672 u) (%)

1.2 61

2.4 68

3.0 75

6.0 (5}
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of the enzyme with the inhibitore. ihe results: of fig.
c€ inuicute thnat the ighibition wppesr. to be irreveras-
ible iIor the degree of inhibition wae indegen.ent of the
zubatrete coucentration. A 2 mine Lue ipnnibition was
G3/4~ when ¢ pamcleg of dsocitric wciu were aaded and 79%
wten 16 pmoles o lmocitric ecit were uadsd.

Becuure or tue @mullamount o1 enw,me ugsa in tucse
teste (3-5 mge of protein/3 mi.), tuc molar retio of
fiucrocitric acid tu enciue mwmiezt have beuen high. It
was, thereforc, possitie that the iluorocitric acid could
be scting ues & non-gpecific denaturins agent. AR B8
chisck on thie point, the sbove experimente were carried
out in the unrcsence of cryctalli.ne bovin:e serum albumin
at a concentration ome thousend Vime: that of the enzyme.
~8 the regultc rere not altercd by the usreeence of &
lerge excess 0f inuctive orotein the possibility that
the inhibitlon of acaﬁitu&e by Ciworocitiric woeid was oone-
gpegific was rendered mach les: lisksly. Jhe poesibiiity
that the inhibition wus due to an im.urity in the luoro-
citrio woili i also unlikelye. :dentical resultc were
obtained with s preparation which had been fructionated

by precipitation us a burium salt.
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Pige. 22. 1lnhibition of u.conmitase by synthetic fluorocitric
ascid. 5 ng. of the fin;l woonitase preparation, msctiv-
ated by E32+ snd oyctelne were incubated with fiucro-
oitric weid (z.4 x 1072 w) for 15 win. in the preccnce
of 0.05 M phosphate buffer (ui 7.7/ and 0.5 umole of
isocitric acid. substrate vu: then added and the reuc-
tion ratee determined as described in the text. Total
volume 3.0 ml., temperature 229,

x s reaction rute in the presence of 16 nmoles of
igocitric ucid

® = resction rite in the presence of 2 umoles of
Aggpitric aclid

control sessee fluorogitric =uid
PRI



Inhibition of aconitase by

pre-incubation
1% wae found that the inhibition was very much

flaoroclitric aei@lwithqgﬁ

dependent on the substrute concentration when the entyme
wa8 not pre-lincubated with fluorocitrio scid. Tfable §
ghows & comparison of the inhibitions obtained with and
without pre-incubation. It oan be seen that pre-
incabution makes little difference to the inhibition.
when 2 umoles of isocitriec scid are added, bub when

16 umoies of isocitric wcld are addei, there ic an
appreciable difference. There findings were not consis-
tent with the idesa tuut fluorocitric acld wue an
irreversible inhibitor of sconitase for if tuaut were

the case, the inhibition wouil: be independent of the.
gubstrate concentretion. On the other hand, if the
inhibition were competitive pre-incubation of tne

enwyme and inhibitor chouli not incre.ce the inhibition.
Acgoriing to the theory of #ichaeli: « WKenten (1i913),
the equilibrie botween the enzyme and eubgtrate and
between tne ensuyme and inhibitor should be set up

immed lately.

Cospetitive inhibition of sconituse by fluorocitric acid

A more detaiicd lnveetiget ion wus made of thne etrfect

151
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P4BLE

Ihe Lffect of °re-ingubation of iconitase wvith synthetic

Flucrocitric iscii on tne Inhibition of the Reaction

isocitriec .cid to cies-aconitic acid

{5 ag. of the finul uconitase preparation, activated with
F92+ «nd cystelne, wag sre-incubated with 2.4 x 10'5 il
fluorocitric ucid for 15 min. in the uresence of 0.05 M
phoephate buffer (.H 7.7} and 0.5 pmole of isocitric wcid.
‘he indicuted amounts of ilegcitric aclid were then sd.ed and
the initial reaction rstes determined as described in

Table 8. #hem pre-incubution wae not cerried out, 3 ang.

of the fin.l en.yme preperation vere udded directly to
media contalning buffer and subetrute. Totul volume
3.0 ml., tempersture 220)

Substrate Kete (A€ /min. x 107)
concentration Inhibition
(umoles/3 ml.) control fluorocit. (»)
Pre-incubation

2 23 8 65
24 8 66
16 32 15 53
36 15 58
No_pre-incubation
2 20 10 50
25 12 %
16 32 A 16

34 30 12
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of the subatrate councentration on the inhibition of
avonitase by fluorocitrie acid without pre-incubstion.
¥ige 23 chows that when $he resultc are plotted uccord-
ing %0 the method of Lineweaver i .urk (1934), & grapn
charucterietio of cocpetitive inhibition L= obtained.

It was noted that after a time the resction rates in the
presence of fiuorocitric acid fell off. The time at
~hich they fell off was shorter in tar presence of lower
eubstr:ate concentratione. This could not be axplsined
ae being due to the convereion of cis-aconitic acld to
oitric acld for the control rates, which were faster
thin those with the inhibitor present. were linmear at
this time. The rutes used in t.e plot were those
obt:ined before the change.

Prom the sbove results it must be concluded that
there is at l2se’ an initisl comnstiiion between ieo-
citric scid and fluorocltric acid for tue uctive
cor-tre(s) of the sncyme. Bovertielage, it was difficult
to reconcile this Cindin, wi%h thut of the effect of
prs-inc-ibgtion. an investigation was therefors aasde of
the conditions «ffecting the inhibition and the reversal
of the inhibition.

Table 10 ehows that tne tims of pre-inc bation of
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Fige 23+ Competitive innibition of aconitase by synthetic
fluorocitric acid. ?he gruph ie plotted according to
the methodi of Limeweuver & Burk (1954). aconitace
activity was deter.ined in th- precence of U055 M
phosphate buffer (pH 7.7) using & ng. of the final

aconituse preparation sctivated by §02+

and cysteine.
fotul volume 3.0 ml., temperature 220.

5 = molar concentrution of isocitric acid x 10°¢

Y = c¢hange of log.lo/I per .uin. x 10

o 2 sontrol x = fluorocitric aoid (2.4 x 102 u)
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TABLE 10

The offect of 2re-incubation gﬂme of aconituse with

sgntheble Fluorocitric agid on the inhibition of the

Reagtlon isoCitric acigd to cis~Aoonitic Agld

(Condition: oi the pre-incubation were the same sz those
of T:ble Y. #oilowiny the pre-incubation peried, 2
‘pmoléa of 1ggocitric acid were pdded end the reaction rate
det:rmined for ¢ min. 16 pmoles of igocitric wclid were
then adued und the second re.ction rate determineod.

Totul volume 3.0 ml., temperature 22%).

2re- Rute (A€ fuin. x 103)
: i me .
{min.) Control ®.cit. Inhibi- control F. oit. Iinhible
tionl &) vion(iw)
0 5 22 56 79 54 52
10 42 17 59 57 37 35
20 31 12 61 42 28 33

30 24 8 67 30 23 e3
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the ensyme and {luorocitric .oid does not gignificantly
affeot the inhibition vhen ¢ amoles of isocitric zeid
are esdded. woreover, when the igocitric acid concentra-
tion iz increazed, the degree of reversal is independent
of the pre-incubation time. fhege results eleo show
that the inhibition cun be reversed to some extent by
higher substrute concentrations. ¥ig. <4 showg the
effect of wdding 15 pmoies of isocitric aoid‘immeﬁiately
g comparsed to edding the same amount ufter tue re:sction
has been started with 2 pmoles. A lur-se inhibition is
obtzined with . pmoles uns on the addition of 15 pnolesg,
the inhibition ie reversed, but not Lo the extent that
the resction rate ie the sams ae thet aebteined on adding
15 pmoles at the aturt,

The above results suggest tuat during u pree
incubation period or during the resction with low
substrate concentrationas, a secondary resction occurs
between the enzyme and fluorocitric scii 8o that the
roeversgal of the innuibition ie rendered more difficult.
The gase reaction may ocour with higher concentrutions
of subetrate, but the time rejuired iz greater. Becuuse

of the time factor, further investigation of this point

wae not possible. .hen the resction is ullowed to
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Fige <4« Increased iphibition of aconitase by cyuthetioc
fluorocitric weis & a result of sturtinzg the re.ction
with & lov concentration of isocitric scid. .onditionse
were as doscribed in fig. <3. The concentrution of

fluorocitrio acid was .4 x 10’5 M.

0o = control ) 15 mamoles of igocitric ucid sdded
e = fluorovitric acid) «t the start of the reaction

4 = control ) 2 umoles of isocitric wcid added

x = {luorocitric acid) at the start of the re.ction,
followed by 15 amolec of lsocitric
uelid.

:rrows indicate the time &t which the eubstrale wus adied.
yigures in brucdets show the deuree »f inhibition.



proceed for a longer period of time, it is complicated
by the conversion of cgis-uconitic acid to ¢itric acid.

Reversal of tue inhibition of aconitaagAqZ fluoreocitrie

aeid

A8 seen in fig. 24 the inhibition of sconita:ze by
fluorocitric acid could be reversed to some extent on
the addition of hi.her concentrations of substrute. It
was of interest to determine whether or not the inhibition
coulc be completely reversod. Pize 25 shnows that a
rurtiher increase in the subetrute concentrution reduces
the inhibition still further, but at this ievel of
inhibitor it was not practicnl to add larger amounts of
cubgtrate, It can be geen tnat in t.e control tube
the [inul rate is decreused becsuse of the dilution of
the solution. shen the conocentration of fluorocitrie
aclid wae reduced to one yuarter of the concentration,
that ic to 0.0 x 10‘5 M, tne inhlbition could be
completely reversed as shown in fig. 26. fhe initial
inhibition in thi: cwse wae emall, being oniy 20% as
compared with 60, with Zed X 10'5 M fluorocitric acid.
It canpot be concluded from thie result that the inhibi-
tion of aconitsse by higher concentrations of fluorocitric

acid would be revergod completely 17 the .ubstrate
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Fig. 25. Inhibition :f sconitaseo by syrnthetic fluoro-
citric «oid and rovergal of the inhibition by inoresns-
ing conventrations of {.ocitrie rcid. Conditions were
the sume g= thoe. of fiz. 3.

o = gounirol @ = iluorgcitric welid (2.4 x 10'5 M)
swrrows ndicste the tlme at vhich subutrule vas msdded.

~iguree in vrackcebe ehow the degree of inhibiticn.
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Pige. 26. Inhibition >f wconitose by eyntnetlc Tluoro-
e¢itric scid wrnd revergsl of thne iuhivition by increwving
congentrations of jeoecitric ancide. omd ltione were the
gume ae thoese of flig. 23.

o = contr.. e = fluorveitric acid (0.6 x 1077 )
rrrowe indicate the ties st whion cubstrate was sdded.

Piguree in brackets ehow the dezree of inhibition.



161

concentration could be increased to a sufficiently hizh
level. It iz possible that lower concentrations of the
innibltor 4o not bring ebout the same irreverczible effects.

DlsaoelatiouJaonatant of tne aconitase-fluorocitrie acid

comElex

It was meen in fig. ¢3 tiat when aconitase was nob
pre~incubated with fiuorocitric zeid, there was a true
competitive inhibition between the inhibitor apnd the
gubstrate for tne active ventrele) of the envyme. rom
this gruph 1t wase calculated that the :icunaelie constant
(Kmi for éggeltrio acid wae 4.4 x 10“4 ¥ and the
spperent .ichaelis constant (Kp) in the presence of
rluorocitric seid wss 16 x 10“4 W ¥rom the equation
gy = B % Lo

£p - Kp
fluorocitric acid compliex ‘Ki) wag culculated to be
6 M

. the dissociation conctuut of the aconituse-

Bed x 10°° M. Thae tuc onuyme has a very high afiinity

for fluorocitrie acid.

The same competitive inhibition wae obtalined with
citric wcid ae rubsgtrate. In thie caee the dissoclie~
tion conctant was fo.nd to be 12 X 16- i+, oat the

aifference could smu:ly be acc.unted for by experimental

errore
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The ratio of isocitric wcld to fluorocitric acid
required for 50j% inhibitlon wase approximately 4 to 1,
whereue the ratio of citric wcid to fluorocitric acid
wag approximately 400 to l. Zhus thce inhibition in
the presence of & fixed smoant of citric acid is greuter
thun in the presence of the same amount of isocitric
acid. It also follows that the inhibltiom cuuli be
more readily reversed by igsocitric .oid thaen it cou.d be
by citric .cid. The ability of theee two acids to
reverse the inhibition ie approximately proportionsl to

their Michaclie constante.

Stud.i.g_g wit_n Japturel Fluox:ocgria Ac}_g

The natural fluoroclitric s0id was tested under
the same conditions as those used in the imitial
experiments with the synthetic meteri.l, wuereup.n it
wu8 found that this coupound was very much lese toxic.

5

when used &t 8 concentration of 3.2 x 1077 ¥, only &
small iuhibition wus obtained in the precence of
< umoles of igocitric ucid. This wae surpricing in

view of the mar<cd toxicity of thie comiound in vivo

and the marxed innitkions obtuined with the eynthetio,

tnoazh consistent with the earlier findings of reters
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et al. (1953b). However, it wae possible thut the
naturul fluwerocitrie uzois co.ld inhibit aconitase in a
competivive fashion 1f the subatrute to inhibitor ratio
were reduceds Jeterc 4 Wileon (1952) had conciuded
taat thie was ¢0 usins relatively imp.re preparations

of fluorooltric wcid, but it could not be sesumed taat
thie was the case with the oryst.lline fluorocitric .cid.
48 the amounts of fluorocitrie scid av.il.ble were
limited, it wue not poesible to use high concentrations,
80 the substrate cvoncmatrution waes reduced. this wus
not ideul as it mesnt tnat the reuction rutee were
congiderably redugcd with a corresponding reduction in
BOLCUrucy o But, neverthelese, under these conditione the
iohibition of aconituse could be shown.

Inhibition and reversgal of tne inhibitiou oi uconitase

erflucroaibria acid

Fige. 27 iilluetretes the initisl inhibition of

-4 M fiuorocitric ucid und the

aconituse by l.6 x 10
subsequent overcomin: of this inhibition by incressed
swounts of gubatri.te. 3imiler resulte wmere obtuined
using the inhibitor at & concentration of 3.2 x 10-5 M.
fre-incubation of the en.yme with fluorocitric .cid prior

to the wddition ol subetrate muay incresse the initiul
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Pig. 27+ lIohibition of uconitase by natural fluorocitric

scild and reversal of the inhibition by inereucing

concentratione of ieocitric acid. Conditione were

the same ae thoze of fig. 23.

o 2 gontrol x = fluorocitric wcid (1.6 x 10‘4 )

arrowe ipdicate the time at which cubstrute was sdded.

figuree in brac<et: show the degree of inhibition.
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inhibition. “nly one GOmquinH wae modc and thie dia
2how that pre-lincubation increuced the initisl inhibition.
Howaver, definite conclueions ¢.nnot be drawn from thie
gin;le experiment, besides which the gom urison w:is made
with low concentrations of the inhibitor where the deyree
of inhibition wus small.

compebitive inhibition of aconitese by fiaorogitric ucid

Although 1t was olewr {rom the above resu.tes thut
fluorocitric acld was & competitive inhibitor of wconite
age, 1t wam 0of interest Lo determine the diszociation
constunt of the aconituse-fluorocitric scid complex for
comparison with the vulue obtained uegin, the synthetic
muteri:l. Pige <8 confirms the fuct that the inhibi-
tion is competitive. By wean: 0f the equation .eed
previonsly (page 161), the dissoclation constant of the
en.yme-inhibitor coi. lex was casluulated to be 5.7 x 10°5 M.
This value ig ten timee gre.ter than that obtained with
the synthetie fluorocitric scid and is consigtent with
the lowef order of inhibilion obtuined with nuaturul
fluorocitric acid.

Aﬁg&rent nggveraible inphibition v aconitase

retere {1952) ehowed that tie scneitivity of thne

isolated wconitase to uubtural fliorocitric acid was
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Fige 28.“ Cdﬁpetitive inhibition of :conitase by natursl
fluorocitrio acid. ?he gruph is plotted wccording to
the meﬁhea of Lineweaver = durk (1934). .iconitase
cctivity was determined in the presence of 0.05 M
phogphute dbuffer (pH T.7) using 5 uge. of the final
asoconituse preparation activated by g.2+ and cystc ine.
fotsl volume 3.0 ml., temperature 22°.

S * molar concentration of deocitric acid x 1500

V = change of lo~. Io/I per 1Y eece. x 10

> = control ¢ = fluorocitric woid (3.. x 10=5 )
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vory much lese than that of the sconiteee present in

the kidney particlss. boreover, wiereas the inhibition
of sconitase of the kidney particles was apparently
irrevergible, that with the isolated uconituse wae
aspparently reversible. The resulte us far as the
isolated aconitase is concerned@ have bdeen confirmed
nere. Yeters (1992) has vroposed that thie difference
18 due to two factore, firstly to the concentrstion of
the fluorecitiric acid within the .idney particlee and
secondly to an exag. erution of the inhibition due to the
intervention of structural factors. The result is that
tae cvoncentration of fluorocitric within ti: particlies
ie relatively high whereas tue concentrgtion of citrie
wcid is relatively low. fhus the inh.bitor behavez us
thiough it were irreverecible.

It wue aleo poccible that the fluorccitric acid
i:oluted from the kidney partic.es wut not the inhibitory
. ubgtance, dbut was converted to the inhibitory eubst.nce
when incubsted with the kidney purticle test system.
Thie idea waz consistent with a findin- of Peters
(pereonal cosmunication) thet the disappearance of
aitric soid wae not innibited immediately by fluoro-

citric scid and that the inhibltion was a purently
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irreversible. It was reslized that thie result coild
«180 be explained ue being due Lo permeability factors.
there was no doubt, however, thut t.ere was an initial
competition between c ltric .cid and fluorocitric ucid
because the inhibition ol citrie acid dis..pearance was
desendent on the initisl concentration of citric wcid.
In order to determine whetuer or not this wus the
cace, fluorocitric wcid was incubated by Peters &
#axclin with the sidney partlioles under tie usual tost
conditions. After .cid inactivation of the aconitas:,
the rupernatant wae teated for the presence of an
irrever:zible innhibitor in the systoem glg-aconitic acid
- citric acid. Thle system waus used on account of
the hi-h absorption of the extruct at 240 mp waich did
nos permit of the study of the reusction iscoitric acid
——y gi8~aconitic wcid. No eviience was found for the
pregsenve of wn irrevercible 1phibitor, but it must be
pointed out that the technical difficulties were
~reat on sccount o the relutivel; large umo.nte of
eitric aeclild which were pregent in the exlract cont.iniog
fluorocitric «cide Clitric aoid uad to be ndded during
the incubstion so that the kidney particier Jdid not

become inzctivuted.
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iffect of fluorocitric scid on & erude preparation of

aconitase

the effect of natural fluorocitric scid on the
sconitu-e of a crude heart extract and of an extr.ct of
iidney particles wus tested. In both cusgee only emall
inhibitions were obtained with 3.2 x 103 M fluoroeitric
acid when the enzyme and inhibitor were incubated for
15 min. before the sddition of 16 pmoles of isocitric
acide Thus no irrevereible inhibition could be shown
with orude enzyme preparations. Jn the other hand,

large inhibitione were obtuined with synthetic fluoro-

citric wcid under tne same conditionse.
L1ovUSEION

At the outeet, it i: cleur that the inhibitory
agtion of the synthetic fluorocitric acid is not only
gresater, but aleo differy in some respects from that
obtained with the naturul rluorocitric ucid. A
discuseion of the possibls reasone for this difference
will be deferred until the mode of .ction of eaock is
discussed sepurately.

Szntbetic fluoggeitric unoid

The resulte obtained with synthetic fluorooitric

acid cun best be interpreted by comsisering that two
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typee of inhibition occur, one being competitive or
reverzible snd the other being irreversible.

Aecoraing to the enzyme-substrute theory of Michaelis
& Menten (191%), with competitive inhibiition the
e;uilibria between the enzyme, substr.te and inhibitor
is set up rapidly. Consequently, pre-incubation of
the inhibitor with the enzyme should have no effect.
dowever, with this inhibitor pre-incubstion does have
un appreciable effect on the degree of inhibition. On
the other hand, when the encyme is not pre-incubated with
the inhibitor and the reciprocals of the initial
velocities obtained in the presence and absence of the
inhibitor are plotted aguinst the reciproc.le oi the
gabetrate concentrations sccording to the wmethodi of
Lineweaver & Burk (1934), a graph chuaracteristic of
competitive inhibition 1s obtuined. 2hie result is
coneistent with the idea thut there is & true comretit-
ive iphibition between the substrute and the inhibitor
for the aotive centre(s) of the enzyme, at least during
the initiul stages of the reuction. he fullure of
nigh substrate concentrations to completely reverce the
tnhibition with the fluorocitric acid at a concentration

of 2.4 x 10'5 M m.y mean that a croportion of the
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inhibition ie not revereible; 4t muy sleo have bsen due
to the technloul limitationme of lacressing the :ubatrate
concentration to u safiiciently high level. Although
the resuite indiocated that the inhibition of .conitase
by 0.6 x 10'5 M fluorocitric acid oouli be completely
reversed, 1£ is pouslible thut ae the imhibition wue
sasll, anytgeversihle inhibition would not have been
detected, It c.onot be concluded from these results
whethc} or no% synthetie fluorocitric wcid sleo cuuses
an irreversible inhidbition of aconituse.

The concept of irrevercible inhibitiom comes from
twvo findings. In the first plsce, the marked effect
¢f pre-~incubation on the inhitition; in the second
place, the fact that the reusctionm rutes in the presence
of the iahibiteor full after a time, even tho.:h the
control rates which ure fuster, are gtill linear.

These results suggest tuel & clow irrevereible inhibi-
tion is8 taking place. 1f the rescotion r.tee could have
been studied for a longer period, 4t ic likely tunut the
change of rate wouild have bcen emphaalsed. Towever,
the reaction iggcitric 4614 w—ey gig-uconitic ucid

could not be studied for long verlode on zccount of the

further converaion of cie-aconitic acld to citric wcid
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which complicutes the measurement of eis-aconitic :cid
production. 'he reeults suggeet that the time at which
the irreversible inhibiiion manifeste iteelf is &
Tunction of the substrute concentration. It would
also goem as though the wddition of low wsubetrate
concentrations was eguivalent to pre-incubation.
frolonged pre-incubation rollowed by a low msubstrate
voncentration ie no acre effedtive thanm the sddition
Ol & low gubstrate concentrution alon:. it pre-incubae
tion does incresee the inhibition when higher concentra-
tiouns of subastrute are used.

It would seem a® though the results cam be beet

explained according to the following equutione:

E+SS=ES e b ¢ P
E + 1S ') EI

where & = enzyme, S = gabsetrate, I = imnhibitor

ES = enc.yme-sudbstrate complex,

P 2 resction produncts

£l & enryme-inhibitor couvplex,

“~I' % pecondary complex formed between the enuyne
and ilahibitor.

firstly, there 18 a competitive inhibition bvetween the
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inhibitor and the substrate for the sctive ventre(s; of
tne enwyue; thag egaiiibrium is set up Lwucdiotely.

Thig ic followed by « slowcer re.ctiou on the ensyne

gurface sucin that the inhibitor uebts either in an irrevers-
ible fushion, or in o« way that makes displacement of it
trom the enzyme surf.ce more difficult. It i: this
iatter resction which weeure during the reriocd of pre-
incubation of the en«<yue witu the inhibitor, or during

the courge of the rewuct ion.

If the second resction betwcen the encyme and the
inhibitor were irreveraible, it mi- -t be expectcd that
gre-incuvation of the en.yze with fluorouvitric aecid for
pralepnged periods would lcad to compliute insotivation
ot the en.ymo. Unfortun.tely, it wue not possidble to
determine tinls because of the loce of zncyme sctivity
that ococ.rs when ths ensyme & Lept in 4llute solution.

Although there i: no conclueive prooi’ of the
irreversible inhibition ¢f aconituce by synthetic
fiuorocitric acld, iV does seem &8 though the above
hypothesis offere the bect exnlunation of tie reeults.

Haturul figroeitria acid

There is no evidence uf complivuting fuctorse in

the inhibition of aconituse by uatursli fluorocitric acid.
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The inhibition is competitive sni cun be reaiily
reverczed by higher substrate concentrat ions. one
outstanding faot with this compound which is confirmed
here, 1s the difference in the toxicity of it in vivo
and in the (idpey partiocle test eystem of Buffe et al.
(1951) a8 compared with its toxicity in the isolated
aconitase aystem. ‘ernape the best explanation of
thi: is the suggestiou of cetere (1952) that the inhib-
itor is concentrated within the xidney particles or the
mitochondria of celle mo that the molar ratio of the
inhibitor Lo en.yme is very miucu higher than that
obtained in the iegolated system with the amounts of
fluorocitric sold used.

From the results obtained with the isolated aconit-
.80 it would sappear ws though the iunhibition sh.uli be
readily reversed, but the attempte made by retere &
wazelin (195%) with the <idney varticle system and by
 Hastings, setere « Wagelin (1953) and other:s with the
intact unimul have been 20 far ansuccessful. HNo evidence
wag obtuined for un irrevereible inhibition, o it seems
us though the inhibition in vivo is competitive. It 1e
gignificant that emaller dosee of fluoroscetic acid,
which give rige to emaller mmounte of fluorocitric wc:d

in vivo, do cause an accumuistion of citric acid in

D SR
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animul tiesaee, presumsbly by the ivhibiiion of wconitase,
but the snima.= regover. dinie could be dus to the fuct
that higher concentrutione of citric «cid within the
mitochondria overcome the imhibiticao. “hen larger
susunte of fluorogitric aeld are farimed snd concentrated
within the mitochondria, larzer .a. nte of citric acid
accumniabe and the unimalaz dle, thie coal!l be due to
the f.ct thet very hioh concentratious of citrie ucid
wiald be re.iired to overcoms the inhibition, a0 that
before the eitric acid to inhidvitor ratio re.ches a
aufficiontly ghigh vaiue, the secondary eif-uts of nigh
voncentrationeg of citric «cid bring zboat the death of
the animal. The recondary effecte coul: include changes
within the mitoihondri: zuch ae zl.eration:s in the ionic
strength snd binilpg of metullic lom: {(wee lelers, 1952).
Citrioc ccld would be the lewnst effective uubstrate
of aecnitese in overcoming the inhibition ws it hae the
lovest «ffinity for tie eniymoe If gig-aconitic acia
could be concentrates within the mitouncndria, emaller
pmounts would be requ.red for the reverezl uof the inhibi-
tlon, sc the =nsyme Lur the highest affivity; for this
subgtrata. In these circuset.neec, the inhibition might

be ovarcome wilhout the devalopment ol the sscondary
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effeotsn. ihe diffioulty 1s in getting the tricarboxylic
ucids through the ¢ell membrane; it is ul.o poasiolce
that they pass through the mitochondrial membrane only

at o slow rate. Phese perwmesbility troubies mizht be
eliminated if gis-uoonitic acid were added to the kidney
particle preparastion or injected into the intuct unimal
a8 un sater or amide. The suvcess of thic therapy would
depend not only on the aubility of the tiscue to hydrolyse
the ester or amide, but also on the rate of the hydrolysis.
If nigh concentraticne of glg-aconitic acii were to give
rise to iohibitory trans-aconitic seid, the use of the
sgter or amlde of ieocitric acid might be bdetter.

vomparieson of the uction of natursal und synthetic

£luorocitric acids

The difference in the inkbitory action of the nutural
and synthetic fluorocitric scides on the igolat.-d usconitase
can be moest readily expluained as being due to the
presence of different eteraoisomera in each prepsraiion.
although no ulrect evidence ic aveiiable to support this
conclusion, 1t ie clear that the mode of syntheeis of the
aynthetic compo.nd would give rise to the fornubtion of
thu four stereoisomers. On the other hund, it is

unlikely that more thun tio stereoiromer: would be iJormed
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enxymionlly. Peters et al. (195%) found that there was
& difference in the ability of natural and synthetie
fiuorocitric tcide to inhibit the disappearznce of citrie
eeid in kidney particles, but in this instance the
eynthetic fluorocitric acid was only one half se uctive
a8 the natursl fluorocitric scid. These guthore concluded
on the basis that the four sterecoiwomere of the synthetic
preparation are present in eyual amounte, th:t only one
optically sctive aahtre ie conceru=d in the inhibition,
In the experiments with the isolated sconituue, the
eynthetic material is far more sctive thun the natural.
Hot only is thers a difference in degree as fur ss the
competitive inhibition ie concerned, but the synthetic
fluorocitric scid also exhibites un irreversible inhibition.
It would geem aé thsugh the isomers pregsent in the
aynthqtia material, but not present in the natural
fluorocitric acid, sre respopnsible for the different
effcots.

fhe reazon: for the difference in the action of the
two fluorocitric socl. preparation: on the sconituse of
the kidney particles and on the isolated aconit.:e nuve
been discussed with :rofessor reters, From the results

obteined with the isolated aconitese, it would be
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expacted that the eynthetic fluorocitric acid would
inhibit the aconitase >f the <iine, particles "0 & gre.ter
extent than the natural flaorocitric acii, but thi:s is not
the case. The results of ‘eter: et al. (1953b) suggest
thut the 'unnataral' stervociasomers of the synthetic
naterial 40 not enter the xiiney vartioclee, or if they
10, they do nobt come into contuact with the aconitase.

-If on the other hand, sll four stereoileomers of the
synthetic muteriul are free to resct with the aconitase,
but no reuction taiee place, 1t xust be postuluted that
there ie some structural difference between the enzyme
%ithin the kidney particles and in the isol.ted stu.te.
Ferhape with th: lsolated enzym:=, the 'uanaturcl'! stereo-
isomer: of the synthetic fluorocitric ucid re.ct with
groupe on the enwyme surfuce which are not exposed when
the enzyme is fixed und surrounied by other enzyme
molecules in the «idney particlec. ~& the imhibition of
the isolated aconitsase by eynthetio fiworocitric ucid is
at leust partislly competitive, thie resction yrobably
involves one or more of the active centres .: well ue
other group:s on the en.yme gurface.

A more concliusive explanation of theese differenc:s

must swalt the separution of the etereoisomerc of



179

synthetic fluorocitricv scid snd the determination of

which stereoicomer(s) iz formed enzymicslly.
JUuMARY

l. The cowpetitive inhibition of uconitese by nat.r:l
fluorocitric ucid has been confir:cd.

€. lynthetic fluorocitric sci: hae been shown to inhibit
aconitasze in both & ¢supebtitivs amd irrevercible
fashlion.

5. The dissociustion constant: of the enzyme~inhibitor
comalexes for both the nat.r:l ani synthetic
flaorccitric ucids have been measursd. The afiinity
of aconitase for the syathetic compoun. i much
greater thun for the natur.li compound.

4. The poseible reusors for the difference between the
two prepar.tione of fiuorocvitric acid in inhibiting
the 1golated aconitzee have been d iscusesdi. The
difference betwecn the action of theee compounde on
the isolated soonitaee syetem as compars’ L0 their
action in vivo snd on the «iiney purticle system of

Buffa et sl. (1951 has aleo been diecuseed.
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Dickmen & Clo.tier (1¢51) foumd that uconitice was
inhihltad.whun the asctivation o1 the encyme by Ee2+ and
4800rbic sold was curried out in the presence of 10-‘ 4
p-chloromercuribenzoute. ‘hie suggest«d that sconitaue
wu8 dependent :n the presence of & tree ~3iH group for
azcbivity. The resulte of .rebs = 'grieston (1944) that
aconitu.e is inhivited by ng*, 0112+ and alloxun vere also
consistent witu thie idea.

Phe inaibizion of sconituze by o~ tiehanthroline
(Uicimen @ Cloutier, 195li, sodium sulvinide, HCH and
pyrophosphate (irebs & bgjieston, 1Y44) wae iu Leeping
with the fuoct thut aconituce ig u Fa?+ GLnuyme .

~& the preliminary resuite of the effect of
2~ahloromercuribenzaate,.g-phanunthrolina. 2:2V=-4ipyridyl.
vergene, (ethylenedismine tetra-acetic uci@. ¢cyuwnide und

aiide on the activity of uconltase seem:d oL interest,
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they ure reported in thiu whapter.
<Xy RIMENT L

e thods

Avonitace was asctiv:.ted by ﬂaz* and either cysteine
or sscorbic scid and the enwyms sctivity wus determined
by the methods previuu:ly described (pagel9fo).
heagente

p-<hbromercuriben.oate was Kindly eucplied by
¥r'e Lede Stocken. O-bhenunthroline, 2:c'-disyridyl,
snd verseunc were B.D.H. products. <he other reagents

were oither a«R. or ae previouely described.

Essuns

pfggipromermuriganaoate

Puble 11 showe the inhibition of aconitase by
increasing concentrations of p-chloromcrcuribenzoate
'and the effect of ¢yasteine in revercins the innibition
when ndded immediately uiter the p-ohloromsercuribencoate.
The concentration of pPreulorvm:rcuribencsoate reyuired to
inhibil the enzyme wae relatively high, but us8 the
en«yme had boen wctivited by uysteine (the concentrution

in the medium We: co3 x 10~ M), the effective
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TaBLE 11

Iphibition of aeomit:ce by p-Chloromercuribenscate.

Reversul of the Inhibition by Cysteine.

(The syste.. contuincd 5.08% i phogohate ovuffer (vH Te7)y
eig~aconitic acid (5.7 x lﬁ~3 M) «nd variocus concentra-
tions of p-chloromcreuribencoate. Aconitaee (equivalent

to iﬁ_pg. of the finel greperation) activated by ﬁea‘

and cysteine wue added. “Xoees cystelins (13’2 Ml was

adaad after tie wdditlon of the zu.jme. fotul volume

3.0 nl. hesetion vus gtopped after 15 win. by the
siditlon of Q.5 wmi. o 50k {(w/v, trichloroscetic acid

and the rolutions anulysed for oitric zuil. Jemperature 220)

p-uhleorocmercuritencoate
ccﬁcaﬁfrgfinn - lohibition

{ x 1G B )
No excess LXCeRe
cyrteline cycteine
10 83 33
1 76 19

58 12
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concentration of the inhivitor would be considerably

reduced, Phe en.yme wag not pre-incubsted vith the

inhibitor on account of the incctivation of aconitase
by phaaphate in the ubsence of & .bstrate.

Table 12 showe that the inhibition i increased when
Le=vhloromercuribensoate is added to the eniyme before the
substrate, whereas there is no difference between wdding
the enuyme to = mixture of Bubstrute and inhibitor and
addin. the inhiuvitor si¥ter the addition of substrate.
Phese recults indicate % .t the subastrate does rotect
tue enzymz from the imhivitor during the initi.l :=tagee
of the resctiun and suggest that the imhibition is due
o p-chloromercuribenzoate rescting with the aciive
centre(s) o the enzyme. acoording to the Kichaelige
«enten theory of enxyuc sotion, the innidbition should
increase with time «: there i alusye a proportion of
the cucyme not in combimation with s.bstrate which oan
" react with the inbibitor. Pize 29 phows tnat thise is so.
The innibition celculated at 15 min. is 59% and ::rees
well with the srevious results, but it is clear that this
ie onl, 3 qualitative result. “he inhibl'ion increupes
during the initi:l stagcs of the re.ction so that wheu the
reaction l& carriec out for u fixed perio. oi time tue

innibition founi 18 not & guuntitutive reswlt, bubl uiorely
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T..‘f:i, JB wa l 2

The Baaggtion ot the iunlbitioqﬂgf Aconitase

By p-uhloromercuribessoate by Substrate

{Condition: were gg¢ described in T:ble il. The
conecentration of p-chloror-reuribenzsule was 4 X 10'4 live

Total voluse 3.0 wle., Vempurubare 229,

le eonzyms added to substrate
e @nwyme adied o substratce plus imhibitor
3. enzy.e added to inhibitor, followed by substrate

4+ enzyme adied to substrate, followed by inhibitor |

Ho e Rate Inhibition

{ag. clitric ecid
formed/1l%5 min.)

Le 128 -
2. 54 58
5e 19 86

4. 55 58
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Fige 29« DYime curvie U~r tue lphibition of sconitace by
g-chiorOmyrcuribenaoate. wond isione vare ue doperibed
for 5%uble li. The councentrati ... of gfahlgromurcuri-

baenwo.te wae 4§ X 10"4 e
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indicates tuut 1lnmh.bition does occur.

It cunpnot be concluded froum these rec.lts tust un
-3H group on the surf.ce of the envyme is concerned
with asconitaece activity for the p-chloromercuribensoste
could also brin; sbout inhibpition b, ursetting the
sguilibrium thet exinstc between Lue encyme wnd cyesteine.
The addition of excese cysteine could then overcome the
inhibition by restoring the egquilibrium. +ne problem
va8 resolved by sctivating the en.yme with ascorbic acld
rather than with oysteine for ascorbic acid does not
react with p-chloromercuribenwoate.

The time course of the inhibiticn of sconitase,
activated with usoorbic acid, by p-chloromsrcuribenzoate
was similar to that obtained when t.¢ enuyme wus
activuted with cysteine (fig. 29), dbut the enuyue
activated with ascorbio acid was more sensitive to the
inhibivor. The inhibition calculated at 15 win. with
10'4 W p-enloroumercuribenzoato wae T3» whereas with the
cysteine activ.ted ensyne, there wae no inhibition with
twice this conscentration of inhibitor.

iA¢ the maximum iphibition of the ensyme by p-
¢nloromercuriben<oate 413 not develop until between 5

and 10 min. after the astart of the reucticn, it wae
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ro88ible that the suppoeed reversal of the inhibition
of the oystelne wctivuted encyme wag, in fact, a
vreventlon of the development of the inh:bition.
Yherefore, attempte were made to reverse tue inhibition
0!l the uscorbic wcid activased €r.,.0 Dy adaiin: excesy
cysteine 5 min. after thne etart of the resciion. g
JO @howe the murg<ed inhibition tuut develope and the
partisal reversal of the imhibition by cyueteine, but not by
agoorbic acid.

rhe above evidence suggeste that aconituse rejuires
& free ~8H group for asctivity.
o-‘henunturoline, 2:2'-dipyridyl and verseune

o-Phenanthroline, 2:2'«dipyridyl and versene are
snown to form .omplexee with Fez'. However, concentrae~
tione of these substances up to 10”2 M d4d not inhivit
the reaction gggfaconitie #Cld =—> citrioc acid when sdded
gimultsneously with subatrate. From the colour of the
golutlons to which g-phensnthroline emd 2:2'-dipyridyl
had been adde.i, It was clear tnat at least some of the
?ez+ preeent hud rewcted to form » compleXe. On the
othner nani, when thege sub:utunges were added to the en., me

solution at the sbart of the 1 hr. period of uctivetion

or at the end of the activutlion perioi fPollowed bvy a
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Fig. 30. Time curve for the inhibition of aconitese by
pP-chloromarcuribenwoate; vart reversul of the inhibition
by cyeteline and non-reversul of the inhibition by
ascorbic aucid. vonditions were seg described in Table
11, except that the enzyme was sotivated with Fea* and
asgorbic seid and 1% upg. of the finsl aconitase
.reparation wae used. Cyetelne and sscorbic acid were
added 5 min. after the addition of the enuyme, final
concentration 10-2 M. The concentration of
p-chloromercuribensoate wss 1074 i,

x = gontrol oltlgyohloromercuribenzoate
® = p-chloromercuribonzoate + agcorbic acld

A = p-chloromerc.ribensoute ¢ cyeteine
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further incubation perioi of i hr., or pre~incubated

with the enzyme in the presence of low concentrations of
substrate, maf&od inhibitions of the enuyme were ob-azined.
Table 13 shows the ef ect of adding versene and
9-phenanthroline to the enzyme solution during the

period of activation.

Elanide ggd azide

The reasctione cia-aeonitic acid > oitrio scid
and jisocitric acii —=> gig-sconitic acid were not
inhibited by concentrutions of cysnide and acide ap teo

10“2 M. boreover, when the aetivation of sconitace wus

garried out in %the prevence of 10'2 M cy.nide, there was
littie or no inhibition of either resction, although the
colour of the en.yue solution indicuted that ferrocysanide
had been formed. Further test: chowed that oyanide was
not ceupable of repiscing the other rea.cing agents in
activating aconituse, Arebe & rgileston (1944) claiied
that asconitase wae inhibited by gunide, wheress
Jacobsohn (1940) concluded that the proethetic group of
aconitase did not contain a heavy wet:l as the enxyme
setivity wae not inhibit4d by even hish cuncentrations
of oyanide. The above resulte are in agreement with

those of Jacobsohn (1940).



190

T:BLE 13

Inhibition of .conitese by Vereene and o-’ hensnthroline

(avonitase wus incubated in tne presence of 5 x 10'4 1

<

i+ -2 O
Fe and }JO M cysteine for 1 hr. at (0 ufter the

addition of the inh.bitor. The encyme activity was

then determined us desgcribed in Table ll. 15 ug. of
3

tue finul sconituse preparation, temperature 22 )

¢

Inhibitor concentration Time of Inhibition
§I’I§EIET§2£ add1tTon
{(8) (min.) {»)
-

Vorgene 10 0 T2
\ 60 ST

-33‘
o- henanthroline 5 x 10 0 64
60 60

0

Xiiizner concentratione precipitated from eolution at 0
O7he time of ad-ition imdicutes the ,eriod for which the
en.yne nwd bseu incubated with Fez* ani eysteine prior

to the wddition of the inhibitor.
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PISCUSSION

As it le known that versene and o-phensnthroline
have ui-n affinities for ?ez*, it scems reasonable to
conclude that the inhibition of aconitage g due to tneir
interaction with Feaﬁ, 8¢ that ?eg¢ ceages 10 play its
normal roie in the mechsniem of sconitsse action. +»hen
thege ¢Oompoundsg are uddcod at the sturt of the activation
period, the inhibition coald be due to the prevention
of the formation of the Eoz*-enayme gcomplex; when added
after the formation of $he ?ez*—enzyme cinpleX 1.@.
followins & 1 hAr. pserioed of uctivation, the inhibition
¢0.ild be due to !

(a) reaction of the inhibitor with the froe Fed*
in equildibriuy with the 302+-en¢yme complex

(b) direct reuction o the iohibitor with the Fez+
on the sur’ace oL the ensyune

(c) a combination of both.

(e) and (b) sre illustrated by rexctions (3 and (4)

of the scheme below:
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2+ 2+
Fe -inhibitor inhibitor-¥Fe -un.yme
e I
inhibitor inhivitor
+ +
L 2w 1 24
e + COiyme Tmmmmm—ccmemmy f@  -oncyme
4
substrate

I

subatrate~?ez*~anayma

L\ 4

P « ?oa¢-enzyme

if ?‘2+ functione 28 a means of linking the substrate
to the ensyme, the above guoheme illustrutee the re.ctions
that could oceur when substrate and Inhibltor sre added
gslmuitaneocusly to the uctivated en.Lyme . It mi:ht be
expoected that the inhibitore éould corpate -ith the
subgtrate for the en.,ine (reuctions 2 & 3) ss they both
react ~ith Faa+ and 20 cause inhibition. The fact that
inhibition wae not found even with hizh concentrations
of the inhibitors is not surprieing in view ui the high
affinity of the enzymc for eig~-aconitic ucid

(Km = le2 x 19'4 M) snd the hish suvetr.te concentration



195

uced (6.7 x 10-5 Mi, It le possible that competitive

inhibition may be obtained in the presence of lower
cubgtrate concentratione, but thic point has not yet been
investigated,

Inhibition could also conceivably oec.r g 8 resalt
of the reuction between the inhibitor snd the free Fez'
11 eyuilibrium with the ?ea*aenzyma (resction 4. {The
colour of the eolution: on the eddition of o-phenanthroline
or 2:2'-dipyriiyl iniiceted that thic rewction had vocurred
to at lecat sowe evxteut). The rseeult of thie would be a
<1ir% of the ernullibriwn of re.ction (1) to the left.,
put dus tv the high affinity of the ?ea*uenzyme complex
for sabgtrute, the amount of free Fa2‘~en¢yme cregent
would be gmsgll. thae only & small rroportion of the
totul encyme wouls be insctivated. 0f couree, if the
theory of isighaelie & leonten (1913) 4uolde, inhibision
woilt oecur in time. ‘here is wslso .notner factor which
wold tend to delay the onsget of the inhibition. The

€* . hizh (diseociation

6 )

& {inite time ie rejuired for the establishment of the

e
cyullibrius of re.ction (1) sturbing wiih Fe  and

affinity -f the zn.yme for e

conetant of the ?ae’-enbyme cowniax e 3.9 x 107

e

ensyme, ©80 the rate oif estuvlishment of the new equiibrium
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would be elow even in the absence of subetrate. The
rate in the presence of substrate would be elower etill.‘

No allowance has been made in the above scheme for
tho fuct that cysteine which was uged to uctivate tae
eil.yme, uld the subastraies of .conituse ure also cupable
of reacting with Eez’ and mey influence the reactions
tauking piace. However, it does seew =& though tne
feiiure of compouands gapable o1 foruing cowmplexes with
Fez* to inhibit aconituse can be res:onably exvlalined
if the ﬁoz* 18 concernsd in the Linkage ol the substrate
to the aniyme.

ihe fez* could aleo function by fixing the degrees
oV freedom vi the eniywe molecule 80 that substrute couwld
combing at another site on the enwyme s.uface. In thie
cate, tihe resson for the protection of the encyme from
ighibvition by cabstrate ie not eo apperent, but there do
acen 0 be two plausible explanation:. It s poesible
tuat the inhibitors camot approach the Eeg* wnils®
substrate is linked to the enuyiis. However, reuct ion
#ith the {ree ﬁez* wo.li 8till be poesible, but the rate
of dissuciation ol the Fez’ from the surface of the enzyme

may be slowed down even further whilst the eniyme ie in

combination with substrute. ilierefore, inhibition mey
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not be obuerved over the period for whicii the reaction
was carried out,.

the fzllure of oyanide to inhibit a neav, metal
encyme ig sn imterccoting phenomenon in view of the general
ageeptance of the idex that metulloeniymes wre¢ gensitive
Vo oyanide. The fuilure of c¢yanide to inhibit t.e
agtivation of sconitase coui: be die to the fuct that
the aifinlity of the eniyme for Fee+ iz greuter than that
of eyunide, or that ferrouyanide is copabio of wctivating
the enzyme. It i8 aleo poscivle thnat il the substrate
is linked (o the enayme by wuy of the ?ee*, that the
gyanide molscules ia combina. ion with the Fez* can bve
repidly dispiaced by the substrate.

The gompounds whien recct with Ee2+ can be divided
iato threo clasess as for w8 Laeir effect on scon.itase is
conuerned. In the first clase are thoge compounds which
acbavube, namely cyebaine, thioglycollate, cecorbie scid
sid glububiiione. In tone secune are cyenide und a« ide
which do not effect tuc wctivity of the en«yie, whilet
in the third &re those conpounds which uo inhibit the
gn.yme, lLw®ly Veruene, g_ng"ahfz:nmxbhroline and ¢:8'=
dipyridyl. Ihe activators doubtlessly oseeag gpeciaml

properties g distinct from the other two clemwes, ovut it
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does ssam ae though the ability of a ¢ompound, which 1is

b

capable of forming a ¥e° complex, to inhibit aconituse

wight be related to oh=z d ienociation constant of the

complex.

Lo

s UME Y

sAcopituse was inhibited by E—uhloromereuribenmoate

and the :nhibition was paurtly reversed by excess
cysbeine.

The iphibition of acunitase by g-nhlorumerearibenwoata
developed with time when gubestr.te wae  resent. It
was greater when p-culoromercirivenzoute was addead
prior to tue addition of cubslrate.

Versene, o-phensathroline snd 2.2'-4ipyridyl iohibited
sconitase ouly in the sbsence of substrate. Cysnide
did not ipnhibit the enayie.

The inaibition of acouitave hue beer discueeed.
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