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AtsST]-LÀCT

The purification of phosphofru,ctokina.se (about lO5-

fold.) from hlg:her plant tissue and. sone properties of the

enzyme are described.. P1e-'nt tissue phosphofructoklnase is
activated. by surflryo.ryl agents, both cruring macera.t j-on and-

dial¡rsis, and" is protected by sodium chloride d-uring yye*e-

tiona.'bion. The enzyme ls highly unstable No storage,
hoi,veverrstorage in satura.tecl ammonium su-rphate soluùlon
malntains 1ts activity for 5 d.a¡rs.

Besides a.denosine triphosphate, cytoslne, guanoslne,

and uridine triphosphates an<l a.d.enosine dlphosphate ce:rr

dona'be phosphabe to fr.uctose-6-phosphateo cìlucose-6-phosphate

a.nd ribul-o-se-5-phosphate àTe phosphoryJ.ated, by the enzyme,

bu'b fructose-6-phosphate and inagnesium-adenoslne triphosphate
complex are preferred co-substra.tesu

The most potent inllibitors of the gnzyme from peameal

a.nd whea.t en'bryos, are ciùrate and zinc (zncl-); sod-ium

pyrophosphate, imiclazole and iron (l'ecJ-3) a.re a-ctivators"

Cl-ear evidence is obtained- as to the af Iosteric
nature of tkre enzyme. sigmoidal, ploi;s of verocity versu.s

fructose-6-phosphate concen|rations l.rere obtained_u Adenosine

tri'ohosphate and substrate for phosohofruc'bokinase aE low

concentration is a negatlve effector a.'b ]nign concentrations"

Àd.enoslne monophos-olrzr-te reverses the inhibli;ory effect of
ud-enosine triphrosphate thus actlng a.s a posttive effector
for ùhe enzymeo

i i.i
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The optimal pH for maximal phosphofructoklnase

acùivlty is between 8"0 and 8"5" Short d"uratlon of heat

acl)ivates u¡hile longer duratlon lead"s to rapid loss of

enzyrne act1vlty.

Benzinid-azole (50 ng/lit,re) appears to malntaln the

level of phosphofrucüokina.se in wheat leaveso

Si part of the stud-ies carried" out lndicate that the

crude ex'brac'bs from wheat embryos possess a oompleie

glycolyblc system, and that the glycolytlc actl-vity of the

extracts 1s lnh1blted by aeroblc cond.itionsð

Evid.ence is also presented. tlnat phosphofructol<lnase

is a rate-limitlng step ln the Embd-en-lieyerhof-Pa.rnas'

pathway, and that the control- of glycolysls by the inhibi-
ùion of fhls enzyme may be responslbl-e for the Pasbeur

effect ln ptrant tlssuesn
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ir,BBIìBVIATI0l"t-S

.,\bbrevia.tions used 'blrroughout ihe text:

Ai\iP, ÄDP, råTP t?re J-mono-, di* and- Lriphosph:t.Nçs

of adenos ine ; CoI coenzyme I; CTP - cyilos irÌe triphospha'be ;

DIliE cell-utl-ose diethyJ- a.rnin.oet?ty1 cellltlose; ü^\DI-l*d.ihydro-

nico'binanide adeninenucleotide ; Dll\- - diphosphop¡r¡id.ine

nucl eotid.e; iiDTA - eihylene dia.ullno''re'bracetic acld; F-6-P:

frncto se:6-phosphate, F-I, 6-C"iP ( or !'DF ) -Fructose-I , 6-

cì ipho sphate ; C+ata-6-P-ga.!a.ctose -6-phosphate ; G-l-P , G*6-F-

glucose-l- and- -6*phosphates ; GTP-guanosine triphosphate ;

ilCl -. hydrochl-ori-c acid; Pl-lrorgenlc phospha.te; I'igCl2-

magrlesiun chl-oricle ; um - rnicromofar; umole*rnicromole;

i\ii:iD - n.icotina.¡nid.e adenine di.nucl-eotide; Jr'riÌDP - ni.coti:namid-e

adeninine dinucleotide phosphate ; PE-pa.steur effect;

3-fGe-3-phosphoglyceraldehyde ; KCl-potasslum chl-orioe ;

R-5-P-r'ibose-5-phosphate ; Ru-J-P- ribulose-J-phosphate,

ä;aCl socliun chl-oride; liaOli - sodium h]¡droxlde; itrfs-HC-r--

Tris (hJ.droxyrnethyl) arninometh.ane hydroctrlorid.e; UTP -
ur Ld-ine'bri;oho spha.te 

"

GI(N) carbon cl.ioxi.d-e produced 1n nitrogen (a.na.erobic

cond 1t ton )

Gl(0) - carbon iìioxide prod-uced in. air (aeroblc. condi-

tion).

I



Iitl'lìEODUCTIOlit

The purpose of tiiis study was tv¡o-f old. i+irstly to
pa.rtle;.1ly purify the enzyme phosphofrurcùokinÊ.se (li.C. I'ioo

2"7 "1,11-) fron higher ;ola.nt 'bissues and- stud-y the kineiics
of the reaction it catalyzes, Second,ly to ascertain the

role t'ne.t ihis enzyme pla.ys in the aerobic inhibition of

Alycolysis, a phenornenon obhervrise referred to as the
rrj'as'beur Ef f e ctrr 

"

I'hosphofru.ciokina.se cata.lyses the phosphory1a.rion of
ji'ructose-6-phospha.te according to the follor,iing irreversible
re:;.ct ion:

fructosu=-6-phos;cha"te + e.denosine triphosr¡hate 

-È

f ruc'bose-lr 6-ciiphosnhe.te + adenos ine diphosphate

-r:.rnongst all ihe enzynes in the Embden-lteyerhof Ely-
colytic ;:athway, ihe role played. by phoslohofructokinase rna.y

yet prove to be unique"

fnvesûigations of ¿ikinson et al (l-961+1l-965), iuïe,nsour

a.nd" i'ia"nsour (L962), i''lansou-r e! al (1965), l:'iansour (1965),

Bitensky et al (l-965), Parmeggia-nla.nc. B,o¡'¡rnan (L963) a.mong

others have esta.irlished ihe kineties of p?iosphofructokine.se

in anima.] tissues a.nd- in microorganisms, v;hile i¡iu (L961+rL965),

Passonneau and Lor,vr.y (1962) a-nd. Tarui et el (1965) have

el-'":.cide.tec1 ihe possible r.ole of tnls ertzyme in ihe aerobic

inhibltion of giucose util-isa.tion in anine.l tissues a.nd"

2
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ln microorganisms. fn plant tlssue, however, very Iittle
is lcrotnrn abou.t the kinetlcs ancl properties of this enzymeo

Phosphorylated compounds eÊsentlally forn the ba-ck-

bone of rnost metabrol-ic pa.thways, and- 'bhrough the mechanism

of actlon of kinases, phosphorylases, nhosphatases¡ plro-
phosphorylases a:rd pyrophosphorylases bind.lng of energy,

lts ùransference and. release are mad-e posslble. Slnce

phosphofructokinase pla.ys a. prlmary role ln the regulatlon

of the breakd.own of carbohydrates, it becomes necessary

that its propertles be understood-o Tt is therefore with

this ln mlnd., that the present stu.d.ies were und,ertaken.

The enzyne was extracted. from both viabLe wheat

enbryo-" (Tritlcuq aeS.LUIIE L,, va]". Selktrk) and. pea

cotyled"ons (Plsum qa.[l@ L", var, Tall Tslephone or Al-der-

man) 
"

Parmeggiani and Bowman (t963), Atklnson et al (t964,

f965)rand many others have establlshed. that a.nlmal tissue

as well as phosphofiuctokinase from microorganlsms show allo-
sterlc propertleso In these stu,d.ies, the posslbllil;y of

higher plant tlssue phosphofrul<to1<ina-se belirg an all-osteric

ellzyme has been lnvestlgated.
t¡l1th the api:I1catlon of the properties of t{heat

phosphofructoklnase as known, lts possible rel-atlonshlp

to the Pasteur effect has also been lnvestlgated. In
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plants it has been general-Iy regard,ed that oxygen affects

d.irectly or ind.lrectly one of the enzymes lnvol-ved in the

collverslon of fructose-lr6-atphosphate into 3-phospho-

glyceraldehyde, Hatch and. Turner (1959) " However, the

results of thls sùudy ind-icate the.t while 3-ptrosphogly-

cerald.ehyde d.ehydrogenase may also be affected", the

primary enzyme affected by oxygen ln carbohyd"raþe break-

Cown lead-ing to the esta'olishment of the Pasteur effect

I s pho sphofructokinase.



LfTE¡iATUlig REVfitlT

.ALLOS'IE'IIC PI.L)'IEIIì']S Ai.tD i'IïT¿IJOLIC IìIJGUL¿TOi1
SYSTEI'IS.

4..

$ince .ohosphofructokina.se ha.s been corlsldered io have

al-Iosi;eric propepbles, e¡d it is the rna.in enzS't1¡6 stu.died,

ancr O-iscu.ssed in this rìanu.Scr'lpt, the follor¡¡lng 1s a reviet¡'¡

of l-ii;erature on the propertles of alloste::ic -oroteins.

I'iuch proÊrress lias been made in ùhe stud.y of regula-ilon

a.nô control of cellul-ar metaoollsm" It is not¡ clearly esta.b-

Iished" that in nost orgainisrns, even ba.cteria, there exisls

e cornplex circuit oÍ' regulation slrstems i^:hich govern the

ra.Le of flow of iletabolites as well as Lhe syntir.esis of

;orotein and oNher macromolecu.les"

Urobarger (l-956rl-958) supplled the initia.I stud-y on

the operation of regulatory controls through specific i.aier-

actions of sy:nthet,ic .oroducts I'rith en enzyae in its

syntheSiS. ile proirided, tire experinenra.I demonstration of

such a control by sholving that in exiz'a.cts of d,isrui:ted

ce11s, lsoleucine strongly and specifically inhibits

threonine d.eh¡'drase, the first enzyÍle in its synihetlc

;catht^ray. Ìie compa.red" su.ch a control to technological feed-

back control d.evices" irround, the sã-Íje per'lod, Y¿Ltes e.nd-

Fa.rd-ee G956) unveiled the same type oÍ' regula,iion in the

oiosyn'bhesis of pyrinaidlnes 
"

l'lany of these cont:'ol sysLeras have þeen a-na"l-;'rsed in
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cretail a.nd. lt ha.s been shor,,¡n ihat the elementary interaction

involves a protein vlith a s.Üecific 'olologica1 activity, and-

Eeneï.eiIIy a low-rnoIeCUla.r 1/,leight rneta-bolite. The ineia'oolite

ei'ûher activates or inhibits the system"

,lliesesystensalthouglrveryna.rked-lydifferentboth

chemically a.nd in neta.bolic functlons, ha'tre a number of

kinetic features in common, In rnost cÐ'ses, itLe kinetics

may vary from Inormallt l,iichaelis beilar¡lour (formerly con-

sidered as first order reaction in substraue interaction

with enzyme) irii;h a generally low value of Substrate Km,

lo a sigmoidal relationshi;o between ra.le a"nd substra'te

concentration (fornnerly collsid.ered- a-s higher ordei' veec'

tion) l¡ith e- rnuch higher

required íor ha.l-f-rnaxirnal

i*ionod- et aL 1L963)

concerning the functional

regulatory competence of

posed- a. moclel schenatizin¿ tne funciional s'tructure con-

trolli.ng prot ein, t hi:.t ,

.. othese proteins a'::e a'ssumed to possess tvlo'
or a.t fea-it tv;o, stereospecifically different'
non-overlappinS receptor sites. One of these'
the active- =i¡ã, binäs ihe sr'Lbstra'te and iÙ
is responsible îor.btre bioJ-o¿.ica.l a.ctivity of
the pròlein" The oi,her, or all-osteEic sile,
isconp}emen1aryl'otire-sir'urctureofa.no'Lher
uretaboliie, ihe allosteric effecior, vihich it
binds specif icatly and T'eversiblyo

ì*ionod. et al further ilroposeo -r,ha'i the enzyme-allosteric

effector d-oes not ¿.ctiva,te a. rea.ct:-on in¡rolving the

substrate concentra"iion being

rea.ction veloctty (Jrtkinson, Lg'oLl) "

forrnulated certaln generalisations

structures respor-lsible for the

controll-ing ¡rrotelns " They pro-
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ef f'ector itself, but only brings a.boui Li reversible at-tera.-

tion of tne rnolecular structulre of the -ciroï;ein. Thus it
i'nod"if ies the nroperties of the a.ctive site, and. changes

one or nore of lts kinetic paraneters,

Since 'r,he a.csence of a.ny chernical obllgatory anal.ogy

or ¡çactivity be'b-ø¡een su,.bsirate and" allosieric ef fector
e"Þpears to be of exi;rene biological signif icellce, it
becones necessary to esta'blish a d lstinctlon betv¡een ì;he

a.cüions of coenzymes, second.ary su-bsira.tes or su.bstrate

a.nalogues before olle ca-n establish a clear and- prouer

elef inltlon of a.Il-osteric effects" In general, it can be

conclud"ed that an allosLeric effect is o]¡te.ined if :

(a) ¿ mol-ecule (nodifter) unrele.ted to the

substrate is found to bino a pa.rticular pro-

teln,
(b) This rnol-ecuIe (modifier) af'ter conbining v;ith

the urotein shou.ld" al-ter the kinetic properbies

of the active centre forbhe substraùe, and-,

(c) For. suca a modlfier, all eìlzyme-substrate-

mod.lfier complex can be denonstrated".

irionod et al (L963) proposed that the specificlty of arry

allosteric effect and. its a.c'bual- nanifestation is exclus-

ively d"ependent on ihe specific construcùion of the

protein nolecu.le itself, bhat it is this construcLion

that enabl-es lt to und"ergo rrreirerslble conforn¿;tional



Ð.lberatioä", triggered by the rcinding of an all-osteric

ef fector" The cor,:plexliy of the mechanism of allosterlc

protein 1s furt.ner intensified- by the fe.ct ET:rat the action

of certa.in coenzyrnes or oiher enzyne-effeciors may involve

allosteric ef fects in add-itlon to thelr classica.l role as

lransient reactants or transporters.

Koshland, (I95B rL96O) proposed the ttind,utced-fltt'

theory of eïLzyme a.ction" His 'theory is 'oased on the

f oIloi'ring pos tula.te:

(a) a. ,oreclse orieniation of cate"Lytic groups

1s requf-red" f'or enzyne action;

(b) the substrate may ca.u.se a.n âpÐreciabl-e cha.nge

in the ihree-dinenslonal rela.i;ionshlp of a-mino

acids at the active slte;
(c) the changes in protein stru.cture caused" by a

substrate l','il-l bring the ca1;alyiic groups into
proper orientation for reaciion, rqhereas e

non-subslrate t'tiI1 not.

See a.lso kinetlc ð.ata. (i{oshland", !9ær!964) 
"

i'ionod et a.l {L963) proposed ihree mod.els of inter-

a.ction betv¡een a su'pstrate ano an iniribiior binding res-

pectively l'¡ith oifferent groups on enz)¡me surface,

i.;here-oy the¡r d.educed. Ltia.t e.l-losteric effects are caused"

by rrconforma.tional- altere.tionstr. To support thej-r' con-

clu-sion, 'c,hey revielqed. kinetic daia. on beef l.iver g,lutanelc
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d-eh¡id.rogenase, acetyl-Coli carboxyleise f rorn adi;oo se t issu'e,

riuscle phosphoryl-ase b a-nd haenoglobin.

The aciual nolecul-ar 'oasis for noo.ula.tion of enzymesJ

kinetic beh¡:viour by lnteraction t^;ith a si¡a.]I noIecu.le is

hower¡er, st111 unknor¡m" This ha.s been a subject of con-

sic.er¿..b]-e speculation, (Ta.tes and Pa-rdee, l-956; Umberrger,

L958; lioshland, L95B1196A; G'erhart and. Pa¡dee, L962; irionod

et af, 196211963; Frieden, L96+; Get;6a.rt and Pa.r¿ee, I)64;

!¡-tkinson et al, L965; ir'.ionod et al, 1965),

It ls sufficient to nention that the suggesÙions of

most of these investigators, boially or in part advocate

stereos;oeciflca.Ily specific a.nd funcÙional s1¿pifica.nt

interactions between protelns and small aol-eculeso

Before tlr.e CLirect d-emonstratio¡. of end--prod,uct

inhibition for lsoleucin.e-valine a.no pyrirnidine pa.thwe.ys

by llmbarger {]-958) and Yates (1956) respectively, the on}y

type of feeciback effects known ltas tha-t oue to repression

of erìzyme forma.iion. Um'oarger Qg5A) ern-oha.sized the

unique role oí the first and usually only one e-nzyme of a

sequence in feed-back inhibibion, in. conirest, to nany or

a-11 of Nhe enzymes of a sequence tirat ¿.re oíten repressed

slnlul-'baneously a sibua.tion terned, I'co-ord-ina.te repress-

ionrt, (Umba.rgerr ]964) 
"

The neck¡a.nism of enzyme regulabion, throu-gh lnduct-

ion anO repression of enzyrne fornation 'vüas establisheÕ ln

tlre decade of l-950" [ve]] d,eíined single enzymes were used.
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to establlsh thls phenonenon, and. were Shown to occur i^iith

many d-lfferent errzynes in the same pathway. It was dls-

covered, for example, tlnat an enzymi-a block late in a

sequence dtd- not prevent an amlno aclÕ from repressing

formation of earlier enzyme ln the sequence. tsurthermoret

whlle intermed.iates ln a sequence could" a.lso repress, they

ooutd. no longer d.o so t¡rhen a genetic block preventeÕ them

from belng oonverted to the end-product. lrrom these dis-

eoverles, lt became clear blner the end-product plays a

speolal role in represslon. Stud.les on intaot ceIls, of

genetics of represslon has led" to nost of the recent

d"evelopments of the concept of regulatory genes as opposed.

to genes öeterminlng proteln structure. ft is a prod"ucf

of this regulatory gene that combines with an approprlate

small mol-ecule ùo form the repressor.

End--product represslon has been d"emonstrated (ln
microorganlsms) for most of the vrell-known þlosynthetio

pathways. Notabl-e among these pathways are: tryptophart

biosynthesls, (Cohen and" Jacob, lr95Ð, hlsbldine blosynthe-

sis, (r\nes and Hartmats, ir962'), arginlne blosynthesis, (l'taas

et a!, 1963), alkaline phosphaËe synthesls, (callant a-nd

Stapleton, 1963) rp -e"faotosld.ase in E. coll (Loomts a.nd"

$fa.gasanik, 1963), and l-actose utlllsation, (Jacob and.

trionod., ]961). From these stud.ies, a model has emerged,

r^¡lth the folloning featuresl

:ì.;.:,!:.]t,.1 
i.l

t'! 
-,..: 

:: ¿:.

1- i'_:.i -
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(a) i\ cytoplasrnic repressor, i'¡hose forrnation is

geneùically de'be::mined-rregula:ies the raíe a-t

which ¿iIl .bne etLzyr:;es of a' systein a.re prod-uced'.

In bhe ca.se oi' biosynthetic ¡;a,thv;ays the re-

pressor reouires the end-proouct (for activity) 
"

('o) 'Ihe genes controlling ì,he production of the

enzymes of e. i:athr,la.y are a-cijacent to ea.ch other

on the linkage riap e.nd. theit a'ctivities are

control-le d by a peLrt of tiris genetic segnaent

caIled. the operator (t'ta.as ei aI, 1963) '
This S;'s'bern constitu-tes a u-nit unôer ihe conÙr'o} of a single

cytoplasmic repressor, a.nd. a genetic unit; e region of the

genetic rna.j:erial control-led by a sin¿.}e operator. This

ha.s been cgl-l-ed. a.n trOperonrr , (Ja.cob et a.l-, 1960) 
"

trþ'eed-Dack inhibition irnplie s ifur:,.-v na.ture ha.s found

ib economical- to evol-ve certain enzymes l^iiih tvro kinos of

specif icity" says Davis (1963), in reference to a g-roup

of allosteric et1zymes tirat a,ce capa.ble of ìrlnd.ing with

bheir respective substra.Ùes to produce biologica.I activitl¡

e.nd e.t sone other site bind- r¡; ith a.nother sma1l mol-ecu1e

(modifier), reversibly .bo ;oroduce or create regula-tory

uetabolic systems" i'eedback control of the kinefic

behe.viou.r of enzymes augrnents the re,oression system briefl¡'

di-ecussed- above. It Ìra"s ihroi^¡n rnuch light on the acùion

of a.ntime'ba.bolites ¿.nð- lnhibition of grot'rth by Soae coÛl-
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pound.Ë" It has al-so provided some interesting proÌ:lems

for prol,eln blochemists 
"

Of the regulatory effectors thus far stud.ied. ln
deùail, adenyla.tes appear to be of very slgniflcant import-

ance ln the control- of cellular rnetabol-lsm" iìecent obser-

vatlons ha.ve shoi¡¡n tlnat both the inhibitioi: by é,Tp and

stimulation by AIIP play important rol_es ln the regulation
of energ'y metabol-ismo

Ì'iansour (1963) d-iscovered tìrat both AITIP and cycli-e

.¿tiriP stimula.be guinea p1g phosphofru.c'boklnase, which in the

present day connotation means that both these nìononucl-eotides

ací as positive effeciors for the enzyme. Simllar effects
of AìviP on phosphofructokinases ha.ve been reported- by

Pa.sson-neau and- Lowry (1-962) and }ia.maih ei ¿i1., (f96¿t). Other

sysùems in v'ihich ¿¡.i'iP acts a.s positive or iregative effector
âre ciied in. Table f" I'll'{D wa.s found to replace AI'IP as

¿à posltj-ve effector for the DPI\T-specific isocitric dehydro-

gienese f rom animal cells n

ÀTP has also been shown to influence the lcinetic

properties of citrate synthetase (Ì¡afhaway a.tid, Atl(inson

1.965), snd. 'r+lviP amii:.ohyd-rol-ase (Cunnlngltam anõ- Lowenstein

1965) " The signlf icance of these fiircllngs cannot be over-

esiira;ited-, especie.lly in th.e regulation of phosphofructo-

kj-:nase, DPi'J-specif ic isocitrate deh¡r¿rogena.se and c itrate

synihetase - al-l of w?rich "pa.rticipa.ie in 'bhe util-isation of

carbohydre.Le tr¡hich is directly connected l'¡ith bhe generation



Enzyme
+:^f f ected

Pho sphof'ru.cto-
kine.se

'j}itsLE I" Êegula.tory Effectors

DPiri-speci f 1c
i so citr¿ite
d"eh}rfl¡egenase

Fif f ector

Air'IP
l, allT:

¡II T

Type of
Effector

!-i'P
Citrate

C iirate
Synthetase

Fo s ii, ive
1''regat ive

Glulanirre phos-
phoribosyl-
pyropho spha.te
a.mido irans-
f'era. se

t3

Pos it ive
Positlve

i"ransour , Lg63 i
Passonneau &,

Lorury t963;
'l"amaja.h et aL

t96t+

Eeference

Gl-utama.te d-ehy-
d.rogenase

ATP

Purine Biosyn-
thesis enzymeii

Ir.i'ry
ADP
ATP

Gi'iP ¡ GIIP
fl,iP

Hathallay a"nd
*itkin.son ,L963;

Chen and- Pl-aut
!963; Bernof-
sky & Utter,
L96+; Sanvral
eü a 1.., L96l+;
Sa,nl^ra.l- &
Siacho'¡¡ ,L965

¿ivia.n gluia"nine
ri'i:o sylpyro-
pho splra.te 5-
phosphate a.mid.o
ira.ns f erase

liega.t ive

ADP

Adenine &
Gue,nine
Coropound s

i\regative

i{athatva-Y &
¿tkinson,L965

6-rnerca;oto
purine,
B-aza-
guanine

Po s it ive

Ca.skey et a.l
L96t+

irlegative

Bltensky
L964

I'tegal ive

iuîay a.nd Kock,
L964

et al

I'icColl i ster
af , I96t+

et

continued.
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¡:,f f ect ed

L-glutarnine-Ð-
ir-6-P trans-
amii:.e se

TJi]]L.H I COiii,IIi\iUED

Cllutamate
d ehyd-rogen-
aÞc

Effecior

Thyrnid lne
kina.se

uilP-vi-
acetyl
gIu.co s-
amine

Thynioine
kinase

Type of
Effector

L.
leucine

j'iega.t ive

Thymid-1rte
¡i[P

of e^ergy in forn of ,+IIP ,oy oxld.ative phosphoryLaiion"

Àtkinson tL965) ira.s proposed a schenatic iIlus'bra'tion

ernpha-sislng bhe r.ole of aoenyla.tes in regulation of energy

inetaboli sm"

oiherregulatoryeffeotors,thesystemsaffected.and'

references are sktou¡n in Table f .

The biological significa,nce of al-losteric systens cê'n

be a-ppreci¿rted in the lighi of the lacL tha.t this class

of intera-ctions pla.ys a. specie'I role in the conlrol of

livingsystems.Therea.reoihertypesofnechanismssuch
â,s ïnass a"ction effects l,:hich a.ugment celluiar con'Lrol-

rnecha.nis¡nso Ìrietabolic feedþack regulations aPDeàr to

-,qork in the same direction as does mass action' although

d.-thymi-
o.ine
triphos-
phai;e

14

Eeference

Ironfeld et al
t96t+

Fo s it ive

l"legative

BitenskY et a]
L96t+

Ives et à!,
l-963

Ir¡es et af 
"E6T'
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ib is a much nore pov;erful system. Feeo-oacl< controls a.nd

rna.intains :letabolites ai relatively constant concentrations,

l,rherea.s iliass action is dependent on thermodynamic equil-i'criurn,

fhe thernooyna.nic slgnifice.rrce of speeific eontrol systems

(r'Tonc.o e! al, 1963; l:,tkinson, L965), is that 'bhey success-

ful-ly circurnvent bhermod.yna.nic equilibrium. This siaternerlt

is il-Iustra.ted by

{a) the synthesis of glycogen from g,Iu-cose-1-phospha-te

a-1.1,d,

(b) the in'berconversion of iróP ¿i,nd. i+DP"

fn case (a) Krebs a.nd Fisclier, (l-962) t hall- ancl Sui,her'l-and

(1961); and, Leloir (L96L) have nacle lt clear that the sa.me

pathvra.y is not used by cell-s in'bhe synthesis and- degz'ada-

tio,n of gl¡rss€,en¡ that each of the i:aihways is governed" by

specific controls, involving hormones and netabolites,

none of l.¡hich therqselves i:ariicipate ciirectly ln the

reacLions" Átkinson (1965), r;oinied out i-nzit. in case (b)

if b?rere i¡iere no coritrol on the €[z¡r¡¡çs'chaü catal¡rge the

i:nterconversion, both reaction rnrould- occur at the sa,me iime

and 1n the direciion shown beloir:

à condition tnal'¡¡ould lead to a. silort circult in the cellrs

energy netabolisrrì. rrThis f¿.tal result is prevented- by the

control- of both enZ¡r¡¡ss by :-i'IP a.nd iil'iPrr. ¿itkinson câ.lled.

this raCvaniage I 'rf rreversibiliiy loopsrr.

¿TP + HZO -***-t ,A.DP + Ii3P04
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ft v¡ou.Id tf)pea.T that aass action alone ca.nnot satisfy

the cond.ltlons tìecessary or required to control- these

systerns, since the s}:rthesis and. degra.dation of g,lycogen

are tlrernodyna,nically a.nd. physiologica.Ily reversible, and'

ihe following rea.ctions (interconversion of F6P and" FDF):

F6P + ¿iTP _-à -n'DP + ;üP

FDP + HZo 

-t 
F6P + H3eO4

Ð-Te ca.i,a.Lysed, by t-v,¡o clifferent enizyrnes thai a'Te oppositely

directed, "

lhespecula,tionihatllgenetlcz.epreSsiont'me.yccnirol

;orotein synthesis - when.croven - will be of great si8nif i-

cence s

:rlthough nost of the regulator¡r systems discussed

here have .oeen easiest io study in single-celfed orga'nisms,

bhere can be no qures'Ûion that they also exis'b in the cells

of most hip;her organismso control rnecha.nisms have dernon-

strated- bha.t there is a direct i-,a-ra,llel 'ce'r,lveen u'ni- and'

multicellular organisms. They ne.ve also provid"ed- t}rat

bhere exiStS Sorne relevancy beti',reen them, d-ifferentiation

and regenera.lion pi'ienomena both of v'¡hich are comÌnon to

higher orga.nismso Feedback lnhibiiion and repression

lnvolve negative feed-ìcack; they keep netaì:olic l-eve1s in

a celI constant, while oifferentiatlon on the other Y:e,nð"

brings a-oout dlfferences among cells tha.t will be nain-

-bained in each cell a.nd. its pro8eny, It bherefore could'
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be assumed. Lhat difíerenliz"iion is governed no| only by

negetive feed-ba.ck but ¡;.1so by positive f eedback. On the

basis of al-l- these consiCera.tions, ihe ä1oSi iropori;ant

consequerlce of feed,ba.cl< control to biologf is pe¡ha;os

the !'act bhat it itta-kes rrirreversibility Ioopsn poSSible 
"

B. l-r-r.È i'¡.Sîul]j]

i¡lth the possibitii,y Lna.t phosphofructoklnase he-'q

¿;Ilosteric properiies, it cculd- be a regula.tory ellzyme

in con|rolling ihe Pasteu-r ef fect, 'rhe follolr,'ing is a

rer¡iet,r oí literature on the Pa-steur eff eci'

The ï"ept"ÈFl.(ïlon of carbolr.ydràLe brea.kcrol.ún 
"by living

orga.nisns in the pre sence of oxlrgen l{as f irst observed by

Pårsteur (18?6). Pa.sieur found. t:¡¡ei alooho}lc fermentaiion

of yeast lvas severely requ.ced in the Presence of gaseous

ot(ygen" Pasleur also observed that in ihe presence of

i:ncreased concentration oí orygen, r'ermentatlon t'¡as

progressively re;ola.ceo by the synthesis of cellul-ar nat-

erie.f s" severai- investigators since ihen have demonstrated.

and esta.blished. that cerbohydrD.Ne u.tilisaiion in nornally

âerobic organisms, e ,8" 1:lâ.ntS, ânimel-s a.nd rÛicroorganiSmst

becornes sig-nif icantly increased und.er anaero'Ðic cond"i.bions.

'i.hese investigations have eqìlall-y confirmed tÌ'iat on transfer

ironi anqerobiosis io aerobiosis, the r¿r'te of car"ooh)'drate

uNllisatlon becomes significantly reouced "

Dixon ttg3?); ij,urk (L93Ð ; lurner (t95L) and irioler

.1--ñ;r;'rim
li -1, r,JJ v r
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(f9¿l.B), observed- ihat carbohydraie loss und.er anaerooic

condiLions far exceed-ed EnaL und.er aerobiç cond-itions.trld-ler

(f g51) in his experiments wiih a.pples o'oserved these sa.me

co:nd i bions.

;ilthough the ra.te a.t l.;hich respira.Eory interrnediates

are utilized uzld-er aerobic conclitions is nuch decrea.sed",

aerol¡1c respira.tion iS neverthelesS collsiOev'eO e. rnore

efficien'b,ûrocesso 'fhis efficiency is based on energy

proctu.ction by the iv;o processes. There is nore suge'r

breakdoivn and l-ess enerÊ;y relea.se und-er anaerobic con-

d ii ions l.lhile the reverse is true f or aerobiosis . The

conserving effect of oxygen on ca.rbohyd-ra.te and, respiratory

interr¡red,iates leading i;o the prevention of inefficient

d-rain of food-siuffs ùhat l,¡ould. occur if fermentalion 'irere

to o;oerate inoei:end-ently and unlimlteö. is calied ihe

'tPasteur Effect'r, after ì'asteur who first observed- the

phenomenon"

The exisience of ihe Pa.sbeur EffecÙ tp-s long been

established. in yea,st a.nd. i¿ anina;l i issues. It has a.lso

been reported, tne.t ù?iis phenornenon occttz's in the iissues

of nany higher pla.nts - aÞple fruit¡ Þeâ, rice, be'rley,

parsnip roots¡ poiato tu'oers âre '¿. few of the plant tissues

in -v,¡h.ich the P¿Lsteur t:ffect has been denonstråìf6fl,

Bl-a.ckrnan (1928) a.mongst early workers on the elucidation

of ihe Pasieur Effec'L, prepared e. f ormal catal-ytical- scherne
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f'or a-pple respiration" rrGlycolysisil said B1a-cknan,

t'siSnified- the coTlversion of a rea.ctant C to e.nother reac-

ta.nt l)tr i¡;here C is an a"ctiva-ted- hexose, ¿.nd. D a Substrete

fr¡r bhe last s'bages 1ri Sugar breakd.ou¡n" IE is this last

stage ¿ìccoyd.ing to 'gau.st&mr-,n tnat ha.s alternative f¿'teS in

a.ir (o;cygen) e.nd nitrogen (a.naero"olosis). Bla.ckrna.n calIed

his reacte"irt D, trioseso

i'urner (195l) expanOin¿; on Bl-acklqanf s views ctefined

glycolysisasl|tiredegr¿l-da'tionofhexosesbya,seriesof

reactions inrrolving arr oxid"o-reduction r'lith the produ-ction

of a simpler su.'ostraie ilr ';rhich he"s alternative fates in

alr a.nd in nitrogerr". 'Iurner conjectured- that hls sub-

strate D could- :oossibly be pyruvàte,

The l_i¡eratur.e 1s full of d.efinitions proposed to

cl-escribe the Pasteur effect, iâ terms of ihe ra-Ee of cat-

bohyd.rate utillsation or forrnation of f'ermentaticn end-'*

Orocucts. Dixon (L93? ) proposeCr a. very convincing definl-

tion of this effeci a"s "the action of oxygen in olrninishing

carbohydxa.te desÙruction, a.nd. in suppressing or o.ecreaslng

thre ¿iggumulation of 'Ûhe 1:r'oc1u.cts of anaeroi:ic respirationrr.

Burk (1939) r^rho oid not subscribe to the Dixon schocl of

i;hought propo sed. iha"t I'Pa-Steur ef'f'ect i s the sullpre s s ion

of fermentatlon by ox¡rgenrr, tsurk's a"rguments a'ga"inst

Dixon I s d-ef init ion v'iere :

{a) Ihai there àTe fevr eryerinental d.etermination

of carboh¡rflraie loss
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(b) That in the ae robic cel-l-s, enä-erobic orocesses

lvith ca.rbohydre.te as su.bsirates nay often go

on fast enough to ¡:ask the conserving effect
of oxygen, a:rd.,

(c) Thai the dtmlnutioir oí carbohyd.re.te destr.uction

does noi allvays accompâny suppression of f er¡nen-

tationè

Burkts a.rgurnents have become inaqecue,te on ihe basis of
recent stu.dies e.ir.d. reports. The literatu.re now shov¡s vna.t

several exper.imen-ts have been conducied on carbohydrate

J-oss ¿rno the signif ic¿Lnce cf this a,nd its rerationship to
ùhe Pasireur iiffect" Arso it is now cl-ear that most orga.n-

isrns do not cayry ou'i; ¿;11 of ùhe processes of glycolysls
at the sâne time i.ira,i resþira.tlon is ,;;oing oh, so the

second a.rgument'oecones untena.ble " i'iany e,:qterimenta.I

resul-ts ha.ve eoua.lly shown that there is nore forila,tion

of ferrnent¿ition i:roducis und"er a.na.erobiosis tb,an und_er

aerobiosis, 'bliu.s liq.uid-å.ting Burk ¡ s ihird argument agairrst

l;ixonrs oefinition.

I'leyerhof ar-no ï¡ia.la (f ç50) o,ef ined the Pe.steu.r effect
in a. r¡ery s,uecif ic rnanner a.s rrthe sirictly reversibl_e a-nd.

noiir.-progressive inhibition proouced. in air or ox}¡gen on

the sbead-y ra.'be of g'Iycolysis,rn ¡"noiher oef inition "oro-
posed by itier.ry ¿inq üoctdard (I94I) is 'chat, rr'Ihe inhib,ition
of Í'ermenta.tion by oxygen is kno-r¡¡n a-s the Paisteur Hffectil"
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iriany theor.ies ha.ve been pu.t forwaro for erpla-lning

the Pas'ûeur efÍ'ect, a feit of them are nentioned hereo

'Ikre Pasieur effect 1s usually ascribed to either
incr.easeo gl¡rs.slysis in ihe absence of oxyten and of its
accoatralr.ying z'espira.tion or to oxida.bi¡¡e anabolism a.ccom-

pa.nying re spiration. The a"bove is based on tl¡o assumptions:

(1) ( a.) r'ha.'b Pasieur ef f ect is d,ue to rtthe o>lii.ative

renor¡al of acetald-ehyd-etr, Dixon (1937) , D. substance necessÐ.1:y

fo¡' the continuation of glycolysis " irlo substantiative

explanation v¡a.s offered for this assuml:tlon uniil 8a.11 (1939)

st¿.ted tirat rrSuppression of f errnentation is due to 'bhe

oxice.tive remove.l- of aceta.ld-eh¡rfls, and the su-bsequent in-
a'oiliiy of COf (i.e. DPt{ or lrjiD) ¡o be returned into the

oxid.lzeù i'orm a.f'ter it has been red"ucedtr. Gottshal-k,{1941),

picked the argument up viirere Eal-I left 1t, a"nd postulated-

that in the presence of oxygen, sornehow part of the COI ln
yeas'b ceIl is put out of a-ction beca.u.se ii persists in
the reduceo state, 'Ihe applice.tlon of Gottshalkrs theories

tc¡ higher pl-e--nt cells yieloed. very little evidence in

support of this theory. Gobtshalkrs schene is knol';n bo

r¿;ork well- if pyruvate were oriclzed in air via the 'ilri-
car'ooxylic *lcid Cycle" This process proouces excess NliDilz

i,¡hich has to be removed oxi.d-atively. Su.cla a nechanism ha.s

been shor¡m to exist ln barley by Je.rûes (1946), in pea by

Loci<hart a.nd Da.vidson (L939,L950) a.nd in r¡hea.t by rlaygood-

(1950)" It h.a"s n.ov; been shovrn that t\AÐ (lfä) can be



oxidized by ';he coupted oxiC.a.tion-reiì-u.ction system as

shor¡n 1n the íollowing systen:

C1u.co se

3 -Phosphoglyceral
hyd,e

(o:rioatlon)

' 
d.1

l 13Jphospho¿lyceric

d-e-

ac id

3-Phosphoglycera.ld€nyoe 1s oxidized to 1 r3-diphosphoglyceric

acici., eind i\AÐ 1s red.u.ced. to iiriLDi-{r" llhil-e il'LJ)Ii2 is reoxi-

riizeo to i';g-D, aceíaLdehyÕe is oxid-ized to ei;hanol. ihis

sys'ben i,,,¡orks Very nicely in iriitrogeir (anaercbic condi'bions).

-lhe link betr,¡een this scheme and the Fasteur effect is t?Lat,

',.rheït acete.liehyde is renioved- a.erobically¡ reol{ida.Ùion of

ixi{DäZ siops" Under this condltion bhe sy-cten is un¿"ble

to proceecl, since t'ir,Dlt2 accumulates e.ne,. the ra.tio ä*.Di:I2/iV¿'O

i¡creases So nuch so tha.t the ra.Le of oxldaiion oí 3-PGlt

is decreased. The d-ecrea.se is er¡entual-Iy follcr'rerl by a

decrea.se in. |he rate of glycolysis a.nd, an increase in

fern:ent¿i.tion ra.ie. Goitslialk (1941) oemonstrated that no

oxid.a.tive ariabolisn õoeS on in yea.st ce]1s, and a-rgued

Ena.t reolcioation of iu!DH2*--;i\iåD by acei;aldehyde j-s

pr€sìlaebly the cau.se of the PasLeur ¡:ffect in yeast,

(

i'rAÐ

i:ìeclutct ion
of

Coenzyme

2Z

i\,nDHt

C2n5ôF,

äeoxidatlon

cH3cHo
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(b) Another lvay in i'rhich a change frcm aerobic to

a"naero'iric coi:oii;ions rnight i.z-icrease the raEe of glycolysis

tnus }ee.'iing to the esta.blishmeni of the Fa.sieur" iìffect,

is a.scrlbed i;o the phos;otra.te cycle, Go'ctshalk postulaf ed.

th¿it ihe concentr¿ltlon of coenzyne I may liniit the rate

of glycolysis tkrrougÌr the ree.ction:

3-phosphoglyceralC.ehyC.e + Pi + coenzyne I + J+ÐP

------+ phosphopyruvic acld + coenzyme TTt, + tiTP;

one of tlre steps in ihe €;lycolytic cycle. Johnson (1941)

argueo that the Pasteur lìffect is due io a. reduction of

glycolysis in air, a. condltion hrought a.bou,t by the lower-

lng of the concentr=ai;lon of phospha.te aoceptors, because

of the rapid" esteriflcatlon of phospha.te in respiration"

Direct evid-ence for' 'bhis hypothesis Ìie.s not been reported.

f'or plant t 1s sue s 
"

(2) Blackman (l-928; proposed the name rroxid-ative

¿inaboliSmrr to the anaeroblc rea.ction conserving carbon in

air. Ear'Iier, irieyerhof (]-925) haA proposed that the ¡a-steur

Effect v;as due to the existence of 'toxicre.tive resynthesisì!o

Among oth.er hypotheses proposeo- to er-Olain the Pa-steur

Effect â.re those postula.tlng the inhibition of certai'n

enzynes. Pa.ssortreau and. Lowry (1961), Lol'lry and- Pa'ssoru1e€'u

(Ig6L!) , 1n tl:eir experlmenis v¡ith i;'êasi, ascites tumor'

ce1-1s, dla;ohragm anö. skeletal muscle proposed ihat the



enzpne reaction primarily responsible for the Pasieur

ilffect is phosphofructoklnase (Pfä) . 'Iheir siudy was

based. on the nteasurement of substrate levels. They

observed that when ATP, the negative effector of PFii, is
l-owered and Pi, a stiniulator of Ptr'i'i, is raised, the

activity of the enzyme is increasecl /+O-íoId. The studies

of ]:r\r (1965) , also based on measurement of substrates

confirrn that substances that stirnulate PFií activity also

stfu,rulated glycolysis. Imidazole, high l-evel of inorganic

phosphate are tr,vo of the agencies reported to stimulate

P!-K and glycolysis (iilu, 1964)" ',lu (L965) also reporied

that inosine and soae other compounds that have inhibi-

tory effects on glycolysis do so¡ by affecting (inhibiting)

PI'K activity. l',iansour and l'lansour (t962) suggested the

possil¡le relationship betirieen the increase in PFK activj-ty

that acconpanies lolr lel¡els of X,TP and g;lycolysis. Salas

et at (L965); Parmeggiani and Boi,uman , (L9'o5) , have estab-

lished that citrate inhibition of PFä has direct relation-
ship to glycolysis, in yeast and rabbit skeletal rnuscles,

respecti-vely"

Other explanations include the rol-e of phosphate.

This states that a.higher concen'Lration of phosphate is

essential- for glycolysis than for respirabion. Fiigh }evels

of phosphate probably act 'oy stj-mulating the activity of

the kinases, notably hexokinase and PFK.

2Lþ "
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lSarker ef ?f (L96+) e,'-çÌa.1ned, the Pasteur Effect

Dy postu.l-:iting tnat mitochond.ria.l- ;iTP i^¡hich though

is read-i1y aval]able bo c¡'¡oplasmic e.nzlrrcic sy'stems is

not freely accessl-ol-e -r,o 'bhe sLlga.r phosphorylating enzynes Þ

Ihe;v postulaùed. t"lLaù there is LTr iniiial a.cceleration of

Pi:ìF kinase rea.ction in riitrogen, which resu.lts in a-

grea.ber rate of production of glycolytlc G6P and. irDPr and

ilris hasl;ens glycol¡rsi5. JJhey d.o not, holvever, ind-icaf e

the nechanisur by which the FEF kinase reacùion is accele-

r¿¡,te d 
"

Of Lhe ma.n¡r possible ceuses of 'bhe Pasteur Sffecb

repor-'bed in the Iiterature, the fol-1ol'¡ing are clted-:

(a) 0:<idative syntiresis of carbohydr'¿.Les from

products of glycolysis (iiieyerhof ,1925; Blackrnan,

l-95l-; Turner, 1958).

(-o) Disturbance of the phosphate cycle und.er aerobic

conaitions (Goùusha.Ikrl-941), Johnson, (1941) .

(c) Ïiate of' gener¿ltion of iriAD from ii.ÀDIiZ d,urlng the

oxid,atlon of the triose phospha.tes (Oottshe.l-kr1p41;

BaIl , L939; Dixon, 193?; Turner r]-g5l) "

(d) i'iigh ratio of l+TF;'iDP in oxrvgen (B.olva-n e! ?1,

1956; iio',van a.nd. lurnev'rL957; Irlu and ljiacker,

1959b; Beevers, 1960).

(e) ¿va1la-bility of nitochond-rial :rTP to ihe phos-

phory-t-ailng enzymes ( Lynen and l'iartnanïLrlg59;
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L¡rnen,1963; Barker et, aI,196+) 
"

(f) fna.ctivation of ceriain errzyrl.es of the glycoly-

Lic cycle - FFK, J-phospho¿-lyceraldehyd"e deh¡rfl-¡q-

genase ano hexokine.se - 'oy oxJgen or aerobic

condlbions, anÕ high ATP level (Hatch and. furner,

L959; Pa.ssonneau ¿.nd. Lolti"y rli6Z; ì'iurl!6&;

Salas et a}, 1965) 
"

the hypotheses (f) regardtng: the inactivation of Pfk

aÐpee"r io be the mostplausible ceuse of the Pasteur Effeci,

ìr.ecent stuc-ies apcear to su.pport it,

The exisi;erlce of' the Pasteur Effect ha.s long been

establishecl in rnost living orga.nisrns o This ls based on

several- l-ines of er,.id.ence. ,fhe Pasieur Ef fect is con-

sidereC. to be operating in a respiring cell or tissue, ifI
(a) On passa.ge of iire cel] or tissue from tYLe.t

oxygen conceniration i{nor,,,In as the extinction

;ooint (-ïi"it" ) or f rora ¿Lirbo anaerobiosis, carbon

1o ss is reLat ively increa.sed-.

(b) The I/tit ra.tio, where I - C02 F,roo-uction in the

absence of' oxygen, and- N = CO2 Þroductlon in

oxygen or in air, âssuming tYLa.t aerobic CAZ

production is represented by

C5Ha2O 6+60 2 -----å 6u,ro + 6co,

a.nd anaelobic C02 Þrocl-uction by

C5Ha20 6 

--ì2C 
2H 5oH + 2C0 2,



is g,r'ea.ter i¡nan l/3. 'Ihe ra'tio L/3 is er"pected on the

i¡a.sis of the f'o1lor'¡ing a'ssu.nptions:

(i) that the rela'.bionship can be expressed by

a sinple ra'tio , tna'L ihe C0, Produced in ¿iir

andinnitrogend-onotctrifla,longpa,z.a'}lel

paths, since, o'bherv"ise the ratlo t¡¡ill va'rY

with t ime 
"

(ii)'bhattheraieinairistheon}yaerobicra'Nen

Sirrce,ifaerobicC02Prod'u.ctionshould-Very
r,vith oxygen concentration, the I/¡l ra-tio wil}

also vtry anC. beco¡ne inconsistent '
(lii)ttratSu6¿Lrcontinuesbobeconsumeda:¡the

same rate -ooth in a'ir anö. in nitroS€rr'

Ihere have been lflany argunents aga.inst basing the operation

of tYLe Fasteur iiffect on this ratio' slnce it was shor^In

tha| co, productlon in nitrogen is lia.ble to wide fluctua-

tions" Blaclcman (l.qZB) extra.polated his data to correct

tirese fluctuations. The assunpbion lhat if S/t't>l/3

indica.tes the oper.ation of ihe Pasteur .effeci has been

seriously cha.llenged.. Phillips (l9l+? ) pointed out Lhal

il:is ratio can only be val-id-Iy accepted if it has'oeen

d-euro'stra.ted Lhai the ferneniation is pu.rel-y a-rcohol-ic and

thz:c all the c}z 1s of the fermenta.tive origin. Jt is now

accepted tha.t, if 1/1'{ ra.tio is grea.ier t'flÐ'rt unity, that

oneca-ninfertinati;he?a'steureffectexisfsu

27



(c) x

where I = ràle of a.rÊ.exobic CO2 Orocru.ciion, a'nd

ffi ".rresents 
anouni of c¿"cbort loss

r2t{
= râ.Ee of a-ero'oic C02 Þrod-üciiont a.nd Ãç

represents a.rnount of carþon loss, and'

= ra*e of alcohol prod-u.ction , anÔ' ry' +'o

represents amount of carbon loss"

âre o-otained -iry cietermining fermen'ta'tion'Ihese figures

prod ucts o

lr

(Hil 7 o

(d) The l,le¡rerhof (.ìuotient 7l/1" Ihe ra.iio is arrived

ai by subtraciing the ainount of C02 Produced- in air fron

c02 prod.uceo. in nitrogen a.no dlviõ-ing by the amount of

oxj/gen ltroouced", io€ o,

COz in 4itrogen - C-0^ in a-ir (oxygen)
liQ =-- 02uPiake

a.nd

(e) f.f: there is an increâse in i¡DP leve} in ritrogen

over tit¿Lt jx e-ir ¿.nd a correspondin.g; ctecrease in F6F l-evel

in N} over tha.t i-n aitl a" condiiion aÙtri'oute d to the

acNiva.tion of },FK lry increaised contents of rii'iP, P1 and to

e d.ecrea-sed- conÙent of aIP, coupled r,¡ith increa"sed C02

production. Dif'ferent suLlsÛra.tes in the glycolytic cycle

i:.re neasureóL irefore and- after exi:eriments in air and- 1n

niûr'ogen lo ¿irrive at ihese concl-usions"

Each of these 1ines of evldence or a corabina'iion have

been used to estabiish the existen.ce of the Pasteur effect

1vl li¡¡ing orga-nisms Ð
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certain compounds are capable of abolishing or

stinrulating the Pasteur effect.

Hatch and Turner (L959) demonstrated that removal of

oxygen, i-ncreased DPN concentration, addition of cysteine,

and reduced glutathione (GSH) reversed the aerobic inhi-

bition of glycolysis by pea exl;racts. Dinitrophenol r N-

ethylmaleimide, and ii'I-ethyldiarni-no diphenoxyhexane, all of

which stimulates glycolysis shol'¡ inhibitory effects on the

P.E. fndoleacetic acicl which stimulates glycolysis by

lov,rering the amount of intracellular ATP, is also capable

of inhibiting the P"E. (I,tarre and ilianchetti, 1961) . i;iiu

(Lg65) also d.emonstrated. that high ]eve1s of P1 and irnida-

zoLe wiLl stimulate glycolysis to the extent that the P"E'

can be significantly decreased. Sodiun fluoride at high

concentrations will also acL as an inhibitor of the P"E"

Ferricyanide, r,vhich asserts its effect by lowering

i-ntracellular P1r uridj-ne, cytosine and 5-fluorouridine,

acting 5y depleting intracellular Pi and' Iowering the rate

of glucose uptake and inosine on the other hand stimulate

or activate the Pasteur effect. These conpounds are cap-

able of inhibiting aerobic glycolysis while they siimula.be

or show no effects on anaerobic glycolysis"

C. i(Ii{J\SES

The large majority of phosphorylation uõilize ÄTP as

e Pasteur Effect

?9"



the phosphate donor" The enzyrnes involved in the reac-

tions are knov,rn as }<inases (sub-groups 2"7.L-l+; Dixon and

'üJ'ebb). The }<j-nases are of wide disiribution in plants,

animals and microorganisms. The reactions catalyzed by

thern v¡hich invol-ve the transferring of energy from one

systeln to another in the form of energy-rich phosphate

bondsare of very significant importance to the biological

systems" In the majori'r,y oí the cases, the phosphate is

transferred to a hydroxyl group in a sugar or an alcohol.

The reactions they catalyze may be irreversible as in

,rj,TP + D-Flexose ----; liDP * D-Hexose-phosphate

and. such other reactions caialyzed by galactokÍnaser

phosphofructokinase, ri-bokinase and fructokinase to rnenLion

a few, or reversible aS is the case of the reacti-ons cata-

lyzed by acetate kinase, carbamate kinase, aspartate

icinase, creatine kinase eic. The exient of reversibitity

of these reacbions is dependent on the location of the

high energy bonds" In the flrst examples given, the high

energy bond. is only on the substrate sid.e of the reaclion

while the prod.uct has a }ow energy ester bond, thus making

it thermodynamicatly impossible to reverse the reacÛions.

In the reversible reaction, high energy bonds are locateO.

on both sid.es of the reaction rvith no thermodynamic barrier

preventing reversal"

It has been shown that most of the enzymes that

30"
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;ohos¡-.rhorylate sl¡.gars do so speciíically at one or ùhe

other termi:nal carbon" rhe pref'erence hol'iever, Ð-s ha.s

been shown is for ihe fou'mabion of arl ester on the terrrrinal

¡:rime.ry hyoroxyl groupr L"€" position 5 or 6 enÔ' aosition

l_ in the ketoses, ithe ellzyrûes ere also capa.ble of forning

glyco sld"ic phosPhaf es .

tiuþlit z anÕ, Kennedy (L955) showeo that the sa.me end.

of the glycerol moleoule is alvra.ys phosphorylated by gly-

cerol .t<ina-se. Burnett and ?iennedy (L955) also d'emonstra'ted"

that p¡otein kinases always a.nd excl-usively phosphorylate

i;he serine hycroxyl groups of -oroteins. These ]/rorkers

deinonstra.ted. the specif icity of bhese enzymes '

;mother set of kina.ses that ha.ve þeen recognized

are those ihat cataLy.ze the tra.i-rsfer reactions involving

.ûhe nuLcleoside polyphosphates. These groutrF ce.talyse a

reã.ction such as

ÀTP + Al,iP_) ADF + iiÐP

Io fu.rther demonstra.be the speciflcity of these enzymes,

there is a.nother group (tne a-d.enylate kirrases) r,¡hich

caia-lyses a reaction simil-¿ir i:o i,he one a.l¡ove, however,

i'l; is essentially restricted" to the ad-enosine deriva'tir¡es"

Some transfer pyrophosphabe groups (e.g. ribosephospha'fe

pyro;chosphate kinase) while o|hers f'orm glucosyl-pyrophos-

pha.te, (e"8" thlamine pyrophosphokinase), a group tha"t is

essenlia.l in the synthesis of nu'cieoiides '
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.t\:lo'Lher grou'o of enzyroes th.at -nave been recenfly
d"iscovered- are the pyrophosplioryfases. These enzynes

cr,iùalyze lhe tra-nsfer of e. su"os'bituùeci phosphate group

from a pyropLrospha.te io another pyrophosphate group to
I'orm Ð- new cyrophospLra.ie bond" in the ,oroouct, i,rAD pyro-
phosphorylase v;hich ce.te"lyzes the rea.ction:

;iTP + nicot lna.,te ri bonucleotlde ---> pyrophosphrate

+ Õe sanino r'j¿Ð

is typical of this group.
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A'IP, ÀDPr iil'iP, UTP, CTP, ITP' GTF, G-l-P' G-ó-P'

,.i'-ó-p, I-r l-ó-ùiphosphate , 3-PGÀr R'-5-P, gale'cto se-ó-P t

ii'-l-P, i\ìilD(DPi{), ìTLADH (npi'IH), EDTA, cys.üeine, rabblt

muscle ald-ol-ase and. ÐL-81-ycerophosphate aeh¡'fl¡egenase +

triose isomerase crys.tals îùere puircha.sed- from the slgrna

Cher:nical Conpany, St. Louis, Iriissouri; Clelendt s reagent

(d,irhioihreitol) f'rom Calbiochem, Los "lngeles' 
fnosine

f rom !¿ibst Lai:oratories, i'Iilwaukee, r"linsconsin' U"S'Ao ¡

benzinid-azoleand.imid.azolefronEa.stmanorganicChen-

ica.ls, Prochesier, irievr York, -ü.Sui!', DEiijì cellul-ose from

Bror."m Compa.ny, äesearch a-ncl Developmeni Depariment '
Eerlin, l{ei^¡ Ha-npshire, carioezirÕ'e 'reÐ'Zeî" and' sephad"ex

from Bri'Lish Drug iouses, loronto, Cana'da"

,I,he barium sailts of the sugar phosphabes l¡Iere con-

verted.intotheirrespectiVesodiu'nrsal'bsbeforeuse.

Ihe a.uxil-liar¡ errzymes vlere .orepa'reo- ln 0'02 I'i Tris-

HCl buffer, pH 8"0, a.nd- oia'lysed'oefore u'seç

*i11 o-i;her chemical cornpound-s líere useCL '";ithou-t fur-

ihere Purificailon"

B" Pl'i.ijFAh¡r'Ì'IOt',1 OF' ÐCF.I-iTTÉD PijrJ'EAJ'

I,iATERIAÍ,S ¿ri\D ì'.E'filoDS

jlPProximaicel-Y L45

(i,isum sativum J:" varo

g batches of Pea co'bYledons

Tal-} TelePhone SYn. e'ld'erman)

??
JJ



obtained from steele'Briggs LLd., of Ïíinnipeg ulere cooled

to about t+o and homogenized in a cooled i'faring blendor for

?O second.s. 'I'he homogenized tissue $Ias sieved through

1l+ ancl 28 mesh Tyler sieves. The fraciions on and below

the 28 mesh were collecled v¡hile the Íraction on the fl+

mesh vIaS re-homogenized for 20 seCs and sieved" The írac-

tions on and below the 28 mesh weT'e agai-n collected and

combined. l,¡ith the first frac-r,ionsr ancl were then procesSed

according to the methocl of Hatch and. jlurner (L957) as

follows.
The sj-eved. peameal was poured into a beal<er contain-

ing ether (f :3 w/v), stirred for tt^ro minutes and allorved

to stand for fifteen lninutes, after rt'hich the ether-fat
Iayer lvas cLecanted. off " Defatting i'{as repeated three times

or until no more chlorophyllous material appeared in the

ether-layer" P"esid-ual ether was filtered frorrr 1;he defatted

peameal, lvith the aid of suction. The resultant, defatted

pearneal was air-d.ried in a fume cupboard and storeci at l+o

until reqr.rired. 'lhe yield i^ias about 72'/,'

C. PnEPARA,TTOi"I OF DEITA'IT.ED '¡üHEAT flvìBRYOS

2'.

hrere prepared accorcling to the method described by Johnston

and Stern (19¿lg) and stored at 40" The embryos rvere

defatted by honogenizing fot 2-3 minutes with ether (1:3r

Viable lvheat ernbryos (Triticr¡Ê aestivu¡n L" var. Setkirk)
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w/v) in a mortar, The honogenized. tlssue was allowed. to

stand- for 15 mlnutes, fol1or'rring which the e'bher-fat la'yer

was d.ecanted. off . Homogenlzat,Ton waS l:epeated' until the

ether-layer was cl-ear. Iroll-olving this, the ether was

fil-tered off by sucÙIon, and. then the d.efatted. wh.eat

em'oryos were air drled 1n a fume cupboard, a'nd- stored at ll,O"

D. CUL'IIVATION AND TBIJÀTI\ENT O}- III-IBAT LEAVBS

The primary leaves of Trltic-uq ae.stivum L. varö

selklrk, were exclsed when ?-g da.ys o1r1,, except otherv¡ise

stated.. Selklrk wheat leaves were growrl. in flats under

greenhouse condltlons in bhe sumner and" fa]l, and. ln growth

chambers durlng the wlnter months when they mature ]a'te under

greenhouse cond-ltlonso Groltth ohamber condltions incl-ud-ed- a

photoperlod of 16 hours at a llght lntensity of ]000 ft-c

at 2?o 
"

Tostud.ytheeffectofbenzlmld"azolerflvegram

batches of ?-9 eay -o}d" leaves were harvested,, washed',

d-rled" between pa.^þer towels and. floated, on 500 m] of 50 rn'/

l-1tre benzlmid.azoJ-e or delonlzed- water contained in a g1asS

tray.fhetra¡,gwerecovered-withsaranwraptonain|ain
a b,\gjt humidlty, and. I{ere funmed-iately transferl:ed. to a

growth charober, where they were allowed to remaln untll-

requj-red for enzyme extracti-on. This usu.alfy was a.fter

one, three, and" flve daYs.
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E " äiiJ'JJ]fuJ PíüPAfu*T]OIÙS

(]-) Peameal

r+ifty grams of defatted peariteal tqas su.spenÓed- in

zrppr.oxiroately 4. volu;nes of eiiher 0.02 i'¡i Tr1-"-HC1¡ or one

of the following: O.OZ l,l Tris-licl, IO-3 lli EDTA; 0"02 i'i fris-

-? r¡o.t-aina. ô fì2 l;î fÌrr.i s--¡llll I " O-3 lIi.,CI, l-0-J i'i cys'beine; O "02 I'i Tris-iig1, IO-r Ì't jiDTA, fr

cysteine; 0"02 t¡.t Tris-Flcl, 0'03 I\t iCF; 0"02 iti 'Iris-ätI,

f0-3 i,I Cleland.ts rea€;etrt (dithiothreiÙol) buffer, þH 7 "4i

O.0j I,l IG,, a-nð. necha.nically stirred. a-t 4o for slxty rnin-

uies" The extract was ,oressed- throu.gh four la-yers of

cireese clo.bh, a"nd the homogenate v¡as centrif uged- a.i; 20 r 000

X g Í'or 20 minutes. '-lhe Su^pernabarrt íluid. lras dialysed

a¡..ainsõ ZO vol-utnes of the extracti-rrg- buff er aL 40 for

short perioC.s. 'Ihe d.ia.lysed- exiract is referred- to as the

Itc rude íleameâl- enzyüe , rr

(2'),,',ileeai Ernbryos

Defatted- or non-d.efa.iteo einbi'yos (6 "5 8m) luere ho¡ro-

genized in a morta.r v¡ibh I volumes of buffer used for the

enzyile preparation in (I). The brei v¡as Þregsed, through

I layers of cheese cloi;h and- the homogenate centrifuged-

at 2Or00O x g at Oo for 30 ininu'bes. The Supernata.T]'b fluld-

was ciialysed. for four hours al 40 against 20 vol-uares of

ihe extra.c'bing buffer. 'Ihe dialysed- extract is

referr.ed- to as the rrcru.d,e ltheai enbryo enzymerr' The enzylle
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from the clefatteO. embryoS general-Iy -ehowed- lolver aciivi'by

tlne.n the non-def atted- embryos, but thre f orme r were

preferred, because oefattirrg: offerred some purlfica.tion'

( 3 ) iiheat lqave s

Five gra-ns of ?-9 days old, Sel-kirk i,'¡heat lea.ves

eibher imrned,iately d,etached. or í]oated" on either ïíater or

benzinid"azole T¡ere ground in a chilled. mortar i,vlth or

nithoul a.cid-'r¡ashed. sand, and" 5 volu¡nes oÍ' buffer¡ Þrefer-

a.bLy O "OZ iri Tris-r,Cl-, 1O-3 -u, tlelanots reagent, PH ? J+

(see Section E (1), page 36) " The brei ?üas pressed

ùhrough four la.yers of cheese cl-o'Lh and the homogenate

centrifuged. at 20rOO0 x g at Oo f or 15 nini.ttes. The super-

na1uani. fluid, is ref erred, bo as arcrude i¡ireat l-eaf €rtZ¡r¡¡stt"

(4) Splnach Leaves

Spinach leaves (obtained- from the suirerrnarket) I'rere

ltashed. first l,']lth tap water eno- then with distilled

water, drieo betr,veen pa.per towels a.nd. ground in a- chilled"

rqortar v¡ith iruf fer a.s above" 'I'he brei tva.s ilressed. through

i+ layers of cheese cloth and- the homogenate centrifuged"

ei,20rO0O x g at 0o for 15 rninutes. The Êuperna.ta-nt'ühereof

1s reí'erred- to a.s the rtcrud-e spina.ch enzymerr o

li'. ¡'i,i:-iO'IIohrA']-'Ioi\ i¿-iTij nl,;irjoNfuiri sULPH/iTÍi((ivH4)2s04)

Only the rrcrud,e peameal enzymerr and, crud"e wheat
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einbryo enzyrue were frac'bionai;ed i,r,'iih (i,;U4)2504" 'l'he

proceclure for fra.ctionaÌ;ion of lhe peaneal enzyme incl-u.d,ed.

tÌre a-d.oition of solicl (1'rll4)2$04 to a. coitce:ntration oi 33i'"

(v/w) -¡¡ith rnechanical stirring at 4o f or 6O ninutes" ?he

protein precipitate (if a.n¡') ita.s re;noved. by centrifugation

at lOr0OO x g e,E 0o for 10 minutes, The (lül{4)eS04

concentz'ation in the supernatarnt fluicl was ra.lsed to 65íá

dv/r,r) a.nc-t after a f urùher óo rninute.e s';irring¡ the ;rrotein
preeipitaùe ',vas collected by cenirifugation a.i; 10r000 x g at

0o, for 10 ninutes" This was suspend.ed. ln a small volume

of the exiracting buffer, and. dialysed a"¿la"inst 2Q volumes

of ihe se.me buffer for four hours at 40" I'he resulting

prepa¡ation 1s referred i;o as the '33-65ià ammonl-u.m sulphate

fractionrr . g tt 20-Ll0ib amnonium sulpha.te f ractlontr i"ias

obtairted from the I'crude wheat enbryo enz¡rmerr, by ihe same

procedure o-escribed for" the e¡ìz)¡me preparation from llea*

lllg éLI 6

G. CitiiOi'Lr-TOGi'APHY

(1) Paper C-hromatoÊraphJ: This was used. for ihe

sepa-ration of' sLlgar phosphates, specLf ica.lIy F-6-P, F-f ,

6-Aip, 3-FGri a.nd" Cì-I-P" Spots or streaks of samples were

¡Jla'ceii on -;ihatnan l'io.1 Í'ilter pâ'þer (unl'ra'shed) and-

develo¡red. in phenol-:water (72:ZB) solvent for l-0-12 hrs.

'llhe ch¡.omatograms vÍere sprayed. r¡ith both aniline hydrogen
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ptrtlra.la"te (930 mg aniline ancl 1"6 g* phthalic acld in

lOO rnl of v¡¿.ter satura.ted vtith n-bui,anol) ¿rno. acidic

naptrthoresorcinol. ()l'.1i rn]- of 2'/á napiLtthoresorcinol +

l+"?5 nI of 2iÁ aqu.ecus trichloracetic acld + 0,J nil 60fi

nclO4), ancl heated. a'b B5o for 5 ninutesu

!.'viei:.ty grålils of d-ieihyla.urlnoethyl celfulose was

'ur¡ashed i,,,'i'bh 0.5 N NaOH, 0,5 l\ HCI-, artd. distil-led water

successively to remove all yelloþr colour a.ppeari.ng in the

i,va.shings, The IJAilE cellulose wa,s then su.spended. in 0,02 I'T

Trls-HC}, pH 8"0, and pa.cked- into a column (rnea.suring

35 cnl x 2.5 cm) a,nd- equi-l-i-brated agairisb the same rcuf f er

by pa.ssirrg tr^;o l-itres of the 'ouffer slot¡}y t?irough 'bhe

column, 'Iv¡en'by nillili'bers of eiiher the ^33-65/" artmoniuro

sulphabe fra-cbionft of the peaneal eïjzyme or ttZQ-LþAi/" arnmonlum

sulpheÌþs irr¡cI:iortit of the whea.t enbryo enzymert vras loadetl

on to the column, and the ,orobein el-uteo t',;ll,h a. l-irrea.r

graillent" Five n11lll-iter-fractions vrere collected and.

assayed- for a.lclolase as irell a.s ph.osphofructokinase eictivity"

'ilhose ffact ions co,nt¿lining phosphoiructol<inase ac1; it¡ ity ¡

the ttpartially purif ied enzymerr urere pooleri a-nd- corlÌ:ined 
"

l'iftyrnillil-iber-porùions of the corbined, fractlons

(g;enerally about one hund-red inilli-lli;ers) was loaded on 'bo

a G-ZJ Sephadex col-u.mn(measuring 55 crn x 2 cm), and'

(2) Colutqn Chroqìatography
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equllbrated. agalnst o"02 I{ Trls-}lcl buffer, pH B'0 to

remove NaCl and' excess Trls -puffer' The el-uate was quan'-

tltatlvely oollected- ln 10 mI allquots"

H. ASSAYS T.'OR PHOSPHO!-RUC'IOKINASE

(1) Colorlmetrlc Diethod.

The method used- was based" on a nodlflcatl0n of t]naþ

gtven by Dounce and. Beyer (1948) and. slbIey an.d. Lehnlnger

(L9l+9) which makes use of colorlmetrlc d-eterminatlon of

trloseso Hydrazlne ls used- to fix the trloses formed"

At the end- of the lncubatton perlod. (30 nlnutes), tlne Teac-

tlon ls stopped by the ad.d.iblon of IO/, trlchloroacetlc acl6"

The re¿Lotlon mixture ls then centrifuged aþ 101000 x 8 for

2 nrlnutes, and allquots are removed a:ld. mad'e alkallne u¡1th

O.?5 tri NaOH, followed. by addition of a.ciô,-2, þ-d-lnltrophenyl-

hyd-razlne, The mixture ls lncubated. in a water bath a't 3Bo

for 10 mrnutes, and. agarn rnade arkallne wlth 0"75 }i NaoH.

Fo1lor,,¡lng thls a charaoterlstlc color due to a 2r&-d-ln1tro-

phenylhyð-raz]rrie d.erivatlve of the brloses developed" ThlS

d.erl-vatlve exhiblüs a maxlmum absorptlon a.t J40 m¡r, a'nd" the

lntensltyofthecolorlsd.irectlyproportlonaltothe
trlose concenbratlon (Siuf ey a'nd' Lehninger' 1949) " The

color vfas measured on a. Specüronlo 20 colorimeter (gaush

antl. I'onrb) after 10 mlnn

The assaY sYstem contalned':



O,O25 ii Trls-FiCI burffer', pll B"J
O , ¡ r,i Flyd.ra.zine sulf¿rte , ÞH 8.6
o . 041 II/ml FDP , nlrt " 

o

,025 ii I¡6P, pii 7,0
0"020 I'irlmt ÀTP, PH 7.0
g "05--1'r-_Ifa2-KllrP04t 

pH 7 "00-1 I"1 I'isCle
f mg ;u"õtuín,/*t of ,025 M Tris-HCl

¡uffer, pi{ 8"5 commerclal ald'ol-ase
or Pea a.ld-olase

Enzyme preparation

HZO to a- 'bota.l volume of I'50 ml

.¿runitofPFKlsdeflned-a-stheanountofthe

enzyme r,nrhich r^rill- cause an OD change of O.OI a.t 540 üËu

(2) Sr¡ectroohotometric I'ietl:oÈ

Fhosphofructokinase actir¡ity v¡as neasured a.b 25 þa

29o by a. proced.ure described by Pa'ssonneau and Lowry

(Ig62) " This involved coupling ihe phosphofructoklna-se

reaction to the< - glycerophospha.te d,ehydrogenase and-

br j.oSe isomerase reaction, the fa.r¡oured end ,orod-u'ct belng

glycerol phospha-te " The velocity of the reaction l^¡a-s

rneasured. in silica cr,rvettes of I0 Íìn light path, by

follovti:ag the rate of d.isappeararice of liL¿DIl at 340 mi-r"

ilhe ïneasltremç1f, was d.one on a Gilford- optical denslty

converter, mod-el 220, seria] 603 atiach.ed. to a liilger

Spectrophotome'ber arid. a recorder with a c[a-rt dr|ve. ll'he

record.er curves v\rere extrapola,ted and. the slopes taken

aì.S i.nii;1aI veloclties. The reaciion mixiure vlhlch collSisted'

of:
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0.10 rnl
0"1-5 ¡nl
0,10 ml

0,10-0o2 ml
0"05 ml
0,1 ml
0"0J rn1

0.05 ml
O-I-0"4 rnl
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0,025 lt [rts-ticl buffer, pH 8.5 1.0 mI
O-f l*i iuigCf Z OnI mI
o"O5 lti Ña216¡1 ,POt", PH ?"0 uI .ml
e'^il^t- niÁnn- f" fiiË bufrer, ÞH B 0"06 ml-

1 nrf prot ein/rcI (-gfyceroph.osphate
Dehyclroge:n¿ìse - trlose p?ñsphãte isornera.se 0.05 ml-

I toä o"õt eLn/n! ardolasé (nãirnrt muscle) 0"0J m]
o ,o"zs- H F6P, PH ? ,o o "20 mI
o.oãó lt/ml Á"rÞ, pH ?"0 o'oJ ml.
Iìnzyme prepa.ra! iõn O . 10 -O ' 4 mI

and"
U2O to a total volume of 3"0 ml

was started, by ad,ding ATP or F6P. A unit of phosphofruc'bo-

klnase is d.efined, as that amount of it that v¡ill- cauÊe arl

optlcal density cha.nge of O"01 a.! !+0 mp,/mlnuüe.

stand.ard vJarburg respiromebers l^Iere used. for the

es'bj-matlon of ca-rbon dioxid,e evolt-tti-on, ae::oblcally and-

anaerobically. Jn the anaerobic experlruents, reactlon

vessels r¡rere gassed- r¡¡ith 99 "995/; nitroger-contalnlng O'OO5i6

oxygen and- a t,race of hydrogeÐ-- for 15 minutes' C02 Pro-

duction was rneasured. over 10 minutes and 15 minutes inter-

va.ls a.t Z5o a.fter equilibratj-on anð- lipplng lri, of the

substrate and the cofa-ctors' Car'oon dioxlðe was determined'

by the rtdirect method-it, Um'oreit et a} (f964). The reaction

mi-xtrlre contain.ed. :

finzyme prepara.tion ].0 ml
o"o3 u î'la2--KHZf9U, pH^?".O 0"I rnl-

oióás"t; rlis-frcl, pH B"J o"J ml
ó. r-ú i,ir<cl2, ' 'L 0.15 ml

ß) t'la.nometrlc ltlethod. s
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(0.1 M NAD (nnm) pH 7'o o'10 mI
+ç io"r iui E;r[.1p, ph ?.0 0.40 mr except other-
Sa( wlse statedo

(o.t ryi ÀTP¡ pH ?,0 o'05 mI'o.r u Kcl; o.o6 mI
t¡Iater to á total volume of 3"0 ml

Note; 
.-

rÈ Sa = (sLd-e arm) *x l'6P¡FDPr3 PGA were also usedo

wlth 0.2 mI ot 4A/" KOH ln the central well- where requlred"

Ethanol, Sugar phosphates etc., were estiurated- fron samples

from the reactlon mlxtures after 1-2 'kr'ours"

T. ANAI,YÎICAL IIIFÌTHODS

(1) PToteln Deterrnlna.tlons

Proteln contents of oruÖe enzyme prepara-tlons were

calcgl-ated. fron d.eterrninaÙlons of üotal nltrogen by a

Mlcro-KJeldah] procedure (Kock a:rd. ItlcMeekln, l92L+) usi-ng

peroxld.e dlgestlon as d.escrlbed" by conway (19571 . rn the

partlally purlfled. enzyme preparatlons, proteltl vìIa's d'eter-

nlned- according to the nethod- of lüarburg and. Chrlsflano

(1941) 
"

Eozymic dlgest samples were steam d.lstll]ed after

stopplng the rea.otlon vr tt]n lOÚ/" trlchloroa-cetlc acld, and"

the ethanol ln the ð1stlIla-te r¡fas d.eüermlned, (a) coIorl-

netrloally aocord.lng to the metbod. of þü1111a-ms and Reese

(1g50) and (þ) lod.ometrlcally acoorcllng to the method. of

Peel (1951) 
"

(2) Ethanol Determinatlqn -



Sugar phosphates üiere determined from the same

enzymic systerns from v'rhich C02 evolution i,ras estinated.

At the end of 10, 60, 90 and 120 minutes of incubation,

the reaction was stopped with LO'þ tríchl-oroacetic acid.

l,"olloiving certrifugation, the aliquoLs were collected and

concentrated.. One hundred Lambda of the concentrated.

samples urere applied. to chromatography papers, cleveloped

and sprayed as outlined in chrornatograplyprocedure, (Section

G (1), page 38)" The spots l/\rere cut out and eluted i,¡ith

v¡ater and estimated using the anthrone reagent test for
sugars ( Harrov¿ et al, f960). This procedure consists of

placing five mitliliters of freshly prepared anthrolle re'
agent (t grrr/100 rnl conc. H2S04) in a tesl tube, and the

samples carefully overlaid" This is follor",ied by rapid mixing

of the two phases, and boiting at 9Oo for 16 minutes" The

color developed was rneasureci at 625 rn¡t" The values in r-unoles

ï¡ere read off a standard prepared from kno',nTt concentrations

of individual Ínterrnediates deterrnined"

(3 ) Sugar Phosphate _ùe!çrrnine!ioq

l+l+ "



E}GERI}TEI'íTAL RESULTS

A. PUIìÏFICATTON OF PHOSPHO}-RUCTOK]},I-ASE

Phosphofructol<lnase from elther peameal, wheat

embryos or splnach and wheat leaves was extracted. as d.es-

cribed. und.er i{ethod-s. ft was found that for maximal lnltlal
activlty, ad-dlt1on of sulfhydryl compounds to the extractlng

med-lum was essentlal. Of the sulfhydryl compound.s tested.

Cleland.rs reagent ( dlthlothref-tol) proved" most acù lve o

Little or no lnitlal acti.vity was obtained" ln wheat or

splnach l-eaf extracüs, 1f sulfhyd.ryl compound.s were not

present ln ühe grlnd.lng med.lum"

$venty mlllllltre portlons of tlne 33-65/i, (NH4) ZS04

fractlon of the peameal or 2}-40rt (NH4) ?S}t+ fractlon of the

wheat embryo enzyme prepa.ra.tions were loaded- oir. to a DEAS

cel-lul-ose col-umn prepared. as d.escribed. ln Method.s. The

proteln was eluùed from the eolur¡n with a grad"ient of

lncreasing salt concentratlon" A flve-hund.red nlll-l}lter
1lnear grad-lent wâs generated. wlth a grad"lent d.evise having

two chambers of equal volume and diameters" The mlxlng

chamber Initlally contained 250 mI of 0.05 I{ Trls-HCl

0,2 lvl NaCl buffer¡ pH ?"4, and the reservolr chamber, 2.50 nl
of 0.5 M Trls-HCL - 0.2 I{ itiaCl buffer¡ pH 7"4o Fractlons

of 5 mJ- were collected. at a raþe of one mlIllIiter per

mlnute" The fractions conüalning enzyme of hlghest actlvlty

Lt,5

(1) Purlflcatlon on DïJI\E Ce]-lulose Column
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(fractlons 20-40 or 34. 51+) were pooled- (Flgs la and' Ib).

(2) Fractlonatign- on SgJ¡hadex G-25 ColumB-

A 50 ml al.iquct of the pooled. fractlons from ühe

D!ìAE cellulose column was ]oaded- on a Sephad.ex G'25 column

prepared. as described ln Methods. The proteln v¡as eluted-

with O"O2 ivl Tris-HC] buffer, pH ?"1+. Fractlons of I0 mI

T^rere collected" Thls process wag lncLud-ed prlma"rlly to

remove salt and. excess Trls-HC} buffer', a.nd resulted- In a

further puriflcatlon" However, these fractlonÉ were hlghly

unsta.ole. Unsuccessful attem,otÊ Were mad"e to stablli.ze

these relatlvely pure fractions wlth the ad.dltlon to the

el-utln.g buffer of low concentratlons of one of the folloiv-

lngr FóP, ATP, AlvlP and- Mg-ATP'

A sumlnary of the proeed.ure and. the purlflcatlon for

the errzyme from wheaü enbryos Is given ln Table IIo

B. PROPERTIES

Phosphofructokinase ls very un.stable during Ínacerà-

tj.on. and. d"tlutton in bhe absence of sulfhyd"ryl compotrnd's'

Thls is particularly so v¡j-th the wheat }eaf g¡zyme (table

III). iviaceration ln the absence of ad.d-ed sulfhydryl com-

pounds yleld-erJ. very ]lttl-e or no initial activltyr whereas

on add.ltion of either cystelne t oT a comblnatlon of EDl'Ae

cystelne an¿ gelatln or p -*er"tphoethanol, or ClelanÖrs

(1)



TABLE IT" Purj-fication of Phosphofructokj-nase
from lrlheat &nbryos.

Protein vitY PFI( Activi-tY
Fraction mg/mf (units) ulait/mgo Purification

Io Crud.e ljÞcbract 702.1+ 23O O"33 x

II" Ammonii¡n SulPhate
(o.eo - o"4o)

TII. DEAE Cellulose

IV" Sephadex C'-25

Total Acti- SPecifi-c

390

0"65

0"30

l+7

350

20

r0.5

o,90

30.8

35

2"7

Y) ")

TOó,06



TABI,EIII'EffeetofsomeSulfhyd.rylCompoundsonthe
Activity of l'lheat Leaf Phosphofructokinase'

Exbracting
lvledium

O"O2 lul Tris-HCl Buffer
PH 7 "l+

n

n

ll

n

u

ll

Addition to
Þcbracti.ng l'{ediunt

0.02 I,I oeHpO4r PH 8.0
ll

ll

0"02 lvl Tris-HC] Buffer,
pH 7.h

ro-3 t{ cysteine
ro-3 tt cyst., ro-3t'I EDt¿

fO-3 u P-mercaptoethanol
to-3 u ¡pra
to-3 u cyst, ro-3 t'[ ÐTA,
to-4 l,t tqscre

ro-3 t{ cyst, to-3 lt EDTA,

1% C,etatin

O.O5 II Fructose, tO-3 iq

EDTA, 1O-3 M Cyst.

ro-3 u EDTA, to-3 u cvst",
1% Bovine sernm

fo-3 ¡t Clelandrs Reagent
(oitrriotrrreitol)

48

Enzy:ire ActivitY
in Units

?0

80

60

90

5O

L20

95

25

150

u0

270
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FIGURE 2. Enz¡rme concentration effect.
Enzyme concentration effect on
purified r'¡heat embrYo PFK.
Enz¡nne ac'bivitY was determined
Photometrica$r.

the partialþ

spectro-
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rea.gent (¿ftnfothreltol), there ls an funproved" lnltlal

a.ctivlty" Htgher 1nltlal actlvitles were also oþtained- for

the pea. and. wheat emlrryo enzymes followin¿: the ad.d-ltion

of any of the sulfhydryl compound.s shoi¡¡n 1n Taþle fIJ. For

tnls reason, a sulfhyd.ryl compound. was ad-ded. to the grind.lng

or extracting media. Table IÏI shows the actlvatlon of

wheat leaf phosphofructoklnase by some of the compound-s

tested-. Dlthlothreliol proved. to be the most potent actl-

vator at a concentration of 1 x 1O-3 H" It was also o'pserved'

tLtab ad-d.ltlon of fluoride to the extractlng med'ium or fluo-

rld.e by itseLf resuli;ed- 1n lncreased initlal actlvlty"

Fol-Iowingfractlonatlononsephad-exG-?Jrastep

d.evised. to remove sod.lum chl0rlde which was used- as the

eluting agen.b wlth DEI\E cellulose, PFK becomes hlghly un-

stable.

From mar3.y d.lfferent experlments Lt appeared' tlnat }iacl

was stabilizlng the enzyme ln some mannero

Mansour et al (f965) found tltat purlfled sheep ltearþ

pFK ls j-n the form or aggregates of several sizes and-

that these d-lssoclate to small-er polymers v¡hen d'lluted-

wi-th or in the presence of hlgh concentrations of Nacl.

on removal of NaCl by d-lalysis, however, the snaLler poly-

ners revert to the aggregate forms'

(2) Protectlon bv SolLIun Chforide



50

It is signlflcant ilnat ln the stud-les carrled out

hereo the partlãl}y purlfled. planì; PFK becones hlghly

unstable followlng removaL of NaCI by column chromato-

graphy. This suggesùs tlnat the purlfled enzyme (ln the

presence of NaCl-) ls pro'oably in the form of small-er

polymers at whlch lt ls falrly stable, and. that removal

of NaCl reverts the enzyne lnto the aggregate form whlch

1s highly unstable"

(3) Effect _çf pH

The pH optlmum was measured. ln the rallge 6.5 to 9.5.

ït was found. Ùhat the pea. e1¡-'zyme hafl a broad plateau of

actlvlty from pH 8.0 to 8,5 (nfg 3a) and. the wheat ernbryo

enzyme has a broad" peak at pH 8.0 (Fig 3b), The a-ctivlty

d.ecreased" marked.ly above and" below these valuesn

(4) Bffec! of Temperature Tre-atmeql

A d.la1ysed. ammonlum sulphate fractlon of the wheat

enbryo PFK was heated- ln a water-bath at 5go for 10 mlnutes,

55o for 10 n1nutes and- at 5Oo for 6O mlnutes " Preclpltated.

proteln was removed. by centrifugatlon and" the supernatant

flu1d. tested. for PFK actj-vlty at varlous time lntervals.

¡i very short tlme at 59o results in acÙlvatlon of the enzyme

while longer perlod. at 5go results ln rapid- loss of enzyme

actlvlty. Flgure 4 shows Ùyplcal results oþtained-.

(5)

Attenpts were mad"e to store the enzyme unÖer varylmg

Stablllty ln Storase
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cond,ltlons" By far the most successful of these attempts

r,'rag storage in a saturated" solution of ammonium sulphate"

A dialysed amnonlum sulphate fractlon of the enzJtme was

stored- in 65/" (NH4) 2504 at 4o for a perlod. of J.4 Oays and.

assays I^Iere made on the d-ialysed. enzyme at various tlme

intervalso At 5 d.ays, the enzyme preparatJ.ons hacl retalned-

about BO"l of tts lnltlal- aetlvi-ty, After 6 days storage,

the enzyme rapidly l-ost lts actlvity, and- at the end. of

8 d-ays less tlnan TOi" of ùhe orlglnal activlty was retalneÖ

(tauIe rv) "

Enzyme preparatlons that had und-ergone complete

lnacùlvaùlon were lncubated" witkr ATP, Á.TP-Mg, ÐP, A-l'¡P,

P1 and. n6p at varlous bemperatures for varled, perlod.s,

Very weak reactivatlon was obtalned- wtth ti{P, Ai{P and. P1

together, while no measurable actlvlty was record.ed, after

lncubatlon with ATP, ADP, F6P, or P1 alone,

C " SIIRSTBATE STUDIES

(6) Reactlvatlon of Inactlve Phosphofructoklnase

(1)

IT

the phosphofructoklnase from the yeast and- anlmal tissues,

the enzyne from ptant tissues fal-Is into the ca.tegory of

those enzymes the klnetlcs of which are expressed by

si-gmoldal curves of reactlon rate agalnst substraËe concen-

Eratlonn Á. typlcal slgmold. curve lrt the plo'bs of velocity

was found- from many experlments that simll-ar to



TABLE fV" Effect of Storage on the Actj-vity of
1¡üheat Bnbryo Phosphofructokinase.

Days Stored

0

I
2

)

l+

5

L

7

ö

9

10

(freshly prePared
enz¡me)

Activityl(- in
&raynre Units

550

500

505

500

480

l+5o

300

52

Ø ¿.ctivity

r00

90"9

9)

go.9

87 "3

81.8

55.5

L9 '2
9"6

5,5

+fr,esults represent the mean of three different experi-
*urrt", eacir of ¡rlnich follorr¡ed the same trend. 2O'4V"
fl¡H, )^SO, fracÌ;i-ons of the eîzyrfle preparation from
,fr"âtz"rfi*yo Wet-e stored. in 65f" s6ttrated solution of
iltr, )^so, ät ¿oo' Two ¡niJ-IiJ-itre aliquots were i¡rithdrawn

,"¿aáî"ffsed before assay by the colorimetric method"

The anount of enz¡nne used. j-n each assay is 0"I mJ-'

r00

50

30
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agalnst F-6-P concentratlon ls shoun: in -lllgure 5" The

d"ouble reciprocal plots (sa¡le data as 'bhe osLes plotted.

ln Fig 5) gave a parabollc curve lnstead. of the llnear

relationshlp found with classical enzymesG

Adenoslne triphosphate together wlth F-6-P and- lu1g++

form the su.bsürate complex for the reactlon:

F-6-P + å.TP-) F-f ,6-ofP + ADP

caùalysed by phosphofruotoklnase ! It 1s relevant to noi;e

that thls nucleotide which Serves as a substrate for PFK

at low concentra'Þlons has been shown to have inhibltory

eff ects on the onzyúe at hlgh concentra-bions. 'Ihe inhibl-

tory effeot of ATP on the en.zyme from llver fluke (Mansour

and- Iviansour, l.962); rab''olü muscle (Passoru:eau and- Lowry,

1962), Escherlclrla eoI1 (Atktnson and- -tnåa1tonr1964) and-

yeast (Vlnuela et ù, L963; Atklnson et aL, l965) has been

invesblgated. and" j.b has been concLud.ed thaþ ATP nay have

a regulatory effect on PFK"

In the present stud.ies, lt was o'oserved. that phospho-

fruotoklnase from higher plant tlssues - partlcularly from

pea cotlrl-ed.ons and wheat embryos, is al-so lnhlblüed by

hlgh concentratlon of ATP" Beyond a. concentratlon of

l"O ¡rmoIe, wlth 2,50 lrmoles of F-6-P, ATP beglns to show

inhibltory effects (Flgs f and. B)' the K6 of 2"? x fO-5 lf

cal-culated froir Fig ? compares very well wlth 3 '0 x tO-5 tul

(2)

53
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re;oorted. for the rabl¡lt nuscle enzyme by L1n8 et a}. (L955) 
"

several. investlgations have been carrled. out on

the mechanlsm of actlon of ATP as a negative effector

for PtrK. It has been suggested. that the enzyme ls probably

a flexlbl-e proteln (Àtkinson and. Wal!onr1965), the confor-

mation of whlch is changed. by bind.ing of ATP or AlfP , àt

orre or more effector sites. Vlnuela et A]- (1963) sugg;ested'

that ATP nay be consld,ered. as the end product of the path-

way whose first lrreversible step ls the PFK reacti-on,

tha.þ the end--prod.uct inhibition by ATP posslbly acte as

a feed.back controlu In thls investigatlon, il,o attempt

has been mad.e to demonstrate how .ATP inay segulate PFK

actlvlty" It j-s however shoi¡m þb.at other nucleotides

tested. d.o not have such a pronolrnced. lnhiþitory effecf

on the enzyme, âJso that AIqP, Pt and- Irig++ are capable

of reverslng or overcomlng A'IP lnhlbltlon'

D. SUBST]ÌATtr SPEC]FfCITY

The purified. wheat embryo PFK requlres F6P, ATP'

.L.L
Mg, 

, and. al¿olase (col-orlmetrlc Assay), F6P, ATP, I{gtt,

al_d.ol-ase, ü.-glycerophosphate oehydrogenase and- trlose

lsomerase (spectrophotometrlc Assay), for aotivltyu Table

v shows the speciflclty of wheat embryo PtrK' Fron the

da'ba lt would- appear that the enzyme can only phosphorylate

the l'üo.1 carbon atom, Glucose-6-phospha"te and" not G-l-P

was phosphorylated. up to about ?5/" of t¡'e control (F6P) '
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ì'rì

TABLE V. Substrate Specificity of Phosphofructo-
ki¡rase.

Substrate ar¡d
ConcentraÈion

Co-Substrate
and

Substitutes

Activíty
i¡r

Brzyane Units

Activíty
As it of
F6P+ATP

(Control)
1 .--

)?r.5 
pmo]es F6P

n

n

..n
L

ll

2.5 :r¡rroI.es GIP

tr GóP

N FÐP

rr JpGA

*1 pnole ATP

'I ADP

ll A],[p

¡I CTP

II GTP

il tEP

1 pnole
n

ft

n

ATP

ll

1t

lt

ll

ll

tr Ribu-lose-5-P
¡r Galactose-GP

u

n

59.O

26.o

nil-
20.0
l+7.O

30.0

nil
l+l+.O

190.0
ni]-

lr.0
nil

100

Il+

ni1

3h

80

50.8

niJ-

7Lt,.5

322.3
nil

6.9

iliI

*bh" 
"orr"entrations 

given were in a total volrrme of 1.5 ml.

The system for the assaü ís the sarne as descríbed for colorj¡netric
method,s ur¡d.er tr{aterials and Methods. R¡rifíed wheat embryo
enzyme was used'
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The phosphorylatlon of G-6-P probably may be d.ue to the

presence of a glucose phospha|e isomerase (E"C'l{on5.3"1"9) 
"

Ribulose-5-phosphate was very weakly phosphorylated vrhlle

Galactose-6-phosphate showed- no actlvity' The resulbs

obta,ined v¡ith F-Ir 6-aip servlng as substrate agrees with

that of Atklnson and t¡iaLton (L965) , who found tinat in Ùhelr

control eryerimenÙs in which F-}r6-Afp was add-ed ùo assay

mixtures lacklng F6P, the change 1n absorbanc e at 340 mu

correspond-ed- to tr'-lr6-aiP levels between 9? a;5'ù IOO'/, of

the knor^¡n amounts ad.dedo

Fructose-Ir6-Oiphosphate is probably an actlvator

of the wheat embryo PFK, fn the assay systems in which

ts-Ir6-afp served. as substrate lnstead. of I'6P (Table V),

lt is noter¡¡orthy that a hlgher actlvlty than that obtained-

for F6P, was record-ed-. irllhough the posslblllty of this

htgh actlvity belng due to aldolase, which has to be

ad-d.ed to the assay system is not over-ruled,, buf in

other control experlnents, the assay of whlch d-id- not

requlre al-d.olase, a hig-her actlvlty wlth F-]r6-atP as

subsùrate over F6P v¡as also recorded.

Iü is also interes'blng that aDP r^¡hlch actually

inhlblts the activlty of the enzyme ln the presence of

ATp, can by itSelf serve as a phosphate donor" Also of

interest i-s ùhe fact Ùhat some of the sugars that were

not phosphorylated. (Table V) d"o not appear to have arly



parblcLtlar effect on the enzyme. Àdenosine monophospha'te

v¡h.ich ls unable to donate phosph.ate to F6P, reversed the

inhibitory effect of high *iTP concentl?a'tlonu

E o EIr.L¡llCT OF I'ìUCLEOTIDES gI\D COIACTORS

(1) Effect of liiucleotid-eË

Tal:l-e v si'lows the effec'b of the nucleotides tested"

adenoslne diphosphater cltosinetriphosphate, guanosine

triphos¡rhate aÏld urid.inetriphoSphate can a.l-l donate phos-

phate

v¡ith

CTP

with

and.

to F6?. 'lhese resul-ts do not agree cornpletely

those of Atki::.son a.nd i'ra.lton (l-965) who reported' that

a.nd GTP have onIY sllght activltY

the enzyme frorn

these nurcleotid.es a.re not lnhlbitory e't covlcentrailons

much greater than ttrat optlmal for" ATP. Beyond a CoRCen-

tration of one ¡.rnole, JiTP ì:egins to inhi'Oit the actlv1by

of wheat embryo a.nÖ peameal F'FK, v¡krereas no inhibition

by GTP for example, is o'oserved until i,vel-l- beyond- I"J pmoles'

uTP are Iess effective than ATP at low conceTrtratlons,

57

Escherichia

ofthed'lva}entcationstes|ednagneslumshouied-

bhe highest actlvity in the reaction" other ca'bions

teslecl i^¡ith the exception of I'e+++ shov¡ed- inhibitory effects

(Ta¡le Vt) ¡ even ln the presence of ltig++, The results

obta.ined are consistent with the hypothesis t?ra-t an ILÍg-

ATP complex ls the actual substra-ie fo¡ the klnase reactlonso

l2)

co1i.

as phosphate donors,

Although CTP' GTP,

Effect of Cofactors



TABIJ¡ VI" Effect
Higher

fon

Sodiur'r Acetate

Irerri-c Chloride

Srrophosptrate (Na)

fmidazole

Arnmonir¡n Chloride

Por¡¡ate (Na)

PLuoride (Na)

Ì'Iercr¡ric Chloride
j]DTA

Cya¡uide (K)

Arsenate (I'Ia)

Sodir¡ra Azide

.A¡nraonir¡n i4olybd enat e

Cupric Chlorj-de

Inosi¡e
Na-i(-Tartarate
Zinc Chloride

citrate (Na)

of Activators
Plan'b Tissue

and Inhibitors on
Phosphofructoki¡ase.

Enz¡rme
Source

^

a¡b

arb

b

a

arb

alb

a

a¡b

arb

arb

a¡b

d.

a¡b

b

a

a¡b

arb

fon
Concentraiion

58

10 * l,t

fl

lt

ll

il

u

il

n

il

n

dþ
Activity

rar refers
îbÎ refers
-)i FigUrtes

116 (-)t'
11t+"7 (103)

rLO (roó)
(107)

105 (-)
r04"4 (103)

104.1 (r02)

e7 (-)
95 "5 (le¡
g4.1 (?o"B)

92.6 (94"3¡

85 "3 (S2)

83.8 (-)
82.3 (75 "4)

(s0)

76"4 (-)
5l+"h Ufi.2)
t+5 (io¡

to Peaneal enz¡nne
to lttreat ernbryo enzJnlie.

in bracket are those for r,¡treat embryo enzJrme.

I

I

n

ll

II

ll

n

ü
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Magnesium significantly reversed. .¡r.TP inhlbitlon of

,,vhea.t embryo (a.nd peameal) PFK, while P1 d1d' so very wea'kly.

Figure g shows the effects of ivlg++ and- P1 on wheât erubryo

PFK in the presenoe of an lnhibltory lerrel- of ATP.

F. EFI¡IÏCTOR FOR THE I,'JI.JEAT EiqBRYO PtrK

Direct evidence for the lnhlbltlon of PFK by exeess

"A.TP and- its counteractlon by Some meta.bol-ites has been

reported for Fasci-Q:]g hepatica., muscle, yeast an'd' Escherichia

col-l (}Iansour an¿ Mansour, Lg6?; Passoirneau and. Lowry , L962;

Ramatah et a], 1964; Atkinson a.nd, Walton, 1965; and- Atkin.son

et al, t965).

Fol-lorn¡lng the observabion tha-t high a,TP concentra-

tlon inhlblts the activity of both peameal and- wheat embryo

PIK, Some erqperiments were carried. out to test the effeet

of AI,IP, ADP, Pi and I'ig++ on the enzyne at an inhtbltory

level- of -A'TP.

_as shown ln Table VII, the effector" for pea,aea] and.

luheat enbryo pFK 1s sirntl-ar to bhat of yeast and- EscherlcrC.Lg

coIl €nZ¡r¡¡¡ss. Ad.enosine rnonophosphate serves as a posi-

tlve effector whlle ATP at high concentrations serves as a

negative effector. It ls al-so observed" that beyond" a

cer.tain concentration of AI,{P, a,t r,vhich perhaps the enzyme

ls saturated, further add"liion of ainiP to the system lend's

to d^ecrease the rate. These results (Table vII) aTe

simllar wlth those of AÙklnson a-nd- Walton (1965) 
"
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TABLE VII. Adenosi-ne-5r-a6nophosphate as a Specific
Positíve Effector for Pearneal and Wheat
hrbrYo PhosPhofructokinase .

Experiment
Itlo "

Concentrati-on
of ATP

1.0 ïmo1es
2.0 pmoles

n

Addition to SYstem
and Conceni;ra-bion

¡t

¡l

lt
il
ll

II

:
0.5 pmoles

1"0 pmoJ.e

2.O ll

O"5 rr

1.0 n

2"o ¡l

1"0 'prnole
2"0 tl

lt
il
n

ll
n

il

ó0

ADP

AÐP
u

A}{P
ll
lt

IÏI

PFI( ActivitY
in Enzy:ne Units

0"5 praole" -t
1,0 tl ll

2"o ll ll

0"5 rr A'UP

1"0 ll ll

Z.O ll tl

0.50
2.o

lmole
n

n

il

l,l+.5
IO
IL

u

ll
il
It

d
C]

A

I8
L5
T2

ff

-
0"5 1r¡nol-es
r,0 1r

o"2 ll

0.5 rr

r"0 ¡1

2"O ll

1,0 pnole
2.0 ll

t¡

n

l¡

ft

ll
lt

PartiaIly purified pea:neal PFK 6as used jn iàcperiments I and II; an

(NH¡)2SOI, fraction of the peameal enzJãne preparation in ErBI.III, and
partialli pqrifieci rn¡heat enrbryo enz¡rote i¡r IV; a¡rd the activity in fV r'¡as

measured with spectrophotoneter"

14.0
6
5
4
2

17
r4

cl

ADP
I
il

AI'IP
ll
It

:
O.f prooles
1.0 ¡l

2.0 ll

0'5 l¡

1.0 rl

2"0 ll

55
26
2L
)1
r8
50
4L
3r

ÀDP
lt
ll

AIiF
ll
il

1g,5
L6.5
L6"5
u"5
L5
r7.5
18
L6
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Atkinson and" 'tlal'bon, suggested that the d-eorea'se ln rate

is d.ue i;o the fact þnaþ lr$iP, beyond. these concentra'tlons

at inihich lt reverts ATP inhiþlilon of glglellgþts e9]Åu

depresses the maxlmal veloclty' lt ls qulte posslble t"lnat

Alvip arso depresses maxlmal veloclty ln lts lntera.ctlons

irlth T,6P, ATP and the peameal and- wheat embr¡rs PFK" ft

hasbeenmentioned.previously(TableV)thatAMPd"oesnof

react wlth F6P in the absence of ¿rTP" Jb also shor¡is no

dlscernibl-e effect at 10w /\TP concentratl0ns' Thls probably

suggests that the effector site ls unoccupled" ln these

câ.se s o

Ad.enosine d,lphosphate uhlcTr was aLso tested (ta-ole

V]])showsnoa-ctj.vityasapositiveeffectorforeither

thepeamealorlhewheaternbryoe:r:zyme'.élnyconcJuslon,s

d.ra.wnontheroleofÀDPinthesestud-lesa.Teprobab}y
no.b plauslble, slnce no speciflc attempt uras rnad'e to

ascertaln that, the pa.rt3-a11y purif ied enzyme preparations

were absol-utely free of adenylate kinase"

G" ÍÎ¡'FECT OI..' IIIHIBITOBS Ai{D ACTIVÂii]]ORS

A nuniber of substances were testeÔ for posslble

effects on the activlty of Ptr'K from peameal and- t¡¡heat" It

is slgnificant to observe trlat cltrate at 1 x 10-4 IvI was

a.pproximately 507ô inhibitory'. This is conststent with

the flnd.lngs of sala.s eÙ aI. Q965) who shovred t]nab cltrate

lnhlblted- the activlty of PFK, and thereby trlggers the
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operatlonofthePasteureffect.TableVlshowstlnat

Zn+*, sodlum azld-e and inosine inhlblted the actlvlty of

the erLzytle fr,om wheat embryo and- peamealo The inhlbltlon

by lnoslne and- az¡ð-e" whlle lmidazole, lrTaPP, KF, Fe**+

actlvate these er-r-zymes 1s stgnlficant" I¡iu (1965) polnted

out that lnosine lnhibits aeroblc glycolysls, perhaps lt

does so indirectfy by lts effect on PFK activltyo Wü (1965)

also reported tltat inid"azole stimul-a.tes aeroblc glycolysls'

On the basJ-s of the results in this study, lf is quite

posslble thal inldazol-e stlnulates PFK aotlvlty ln such

a way as to overcome aeroblc inhibltlon of glycolysls.

H. Eþ'T'ECT OI+ DTAJ,YSIS

Several- d-i-alyslng med-la were tested-' Table VIII

shows that the effect of d-lalysls on plalrt tissue PFK is

depend.entonbothtlmeandthed.ial.yslngmedlum'Wlt,h

the add.ltlon of sulfhydryl compound-s more of wheat leaf PFK

actlvltY 1s Preserved.

Attemptsmadetopreservethetotalinltlalactivity
after dialysls falled. Althor,rgh dialysls does not have

such a Severe effect on wheat embr¡rs and" peameal PtrK

actlvltles, neverthel-ess, it was observed that ad"cll-ii'ons

of sulfhydryl compounds to the d-ialysing medlum, coupled-

v¡lth short perlod- of d.ialysis maintalned- and" often increased

the enzyne actlvity"



TABLE VIIL Effect of
l{heai; Leaf

Dialysis on the Aciivity of
Pho sphof ructokj-nase "

E]æt.
and

Age of
Leaves Di-alysing l,Iedium

Duration
Addi'bion to the of
Dialysine Mediun Dialysis

Activity
irl Aciivity

Enz¡rme as /í
Units of Control

I
9 day

old
leaves

Control (no dialy-
sis)

0.02 M Tris-HCl
Buffer, pH 8 0

0.02 I'f Tris-HCl
l3uffer, pH 8,0

0.02 I'f Tris-HCl

100

l-6 hrs. 0

tt 27 "5

100

0

27.5

3oÐgIlur¿-PE 9:.9--- l+ rr J0

IT Control (no dialy-
sis )

0"O2 M Tris-HCl
Buffer, pH 8,0

ll

il

Deioruized l'¡'ater

ro-3 l¡ ciuranau"
Reagent

10 - ¡{ IIDTA

4rr

4rr
l+ ¡l

,,ll

IL5

35

37 "5
L5

7"5

30"4

32.6

L3 "O4

b"5
cl.
UJ
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I. TNHIE,IISON AND ACTI\TATIIVG EIîI.'ECT OF I,,JI'iF*AT LþjAF
EXTRACT

Because of the low actlvlty of the enzyme from wheat

l-eaves, lt was tested- for 1ts lnhibltory effect on the

enzymes in pea and' wheat embr¡re5' ft was observecl that

crud-e wheat leaf extracts prepared as descrlbed ln ivlethod-s

stgnifica:rtly inhiblted the activltles of the enzyae from

pea s-nd. wheat embryo " The neutrallzed. su;oernatant of

the extract after perchlorlc aci-d. precipltatlon showed no

lnhlbitory effect, but ln sorne experlments lt activated

the system, to Some extentu However, no d.etall-ed- stud-les

viere rnad-e on the actlve anfl inhibltlve prtnclple of the

crude wheat leaf extracts"

JO Etr'¡]ECT OF' BËI{!5II{]DAZOI-.b O\I TiM IEVEL OTI PFK ÏN
TËIEAT LEAVES.

Cu].tlva,Ùlon and- llght treatment of wheat fgâV€S

tveï,e carrled out aS described iir' Iuiethod-s " LeaveS were

floated- for I, 3 a].Id J d-ays respectively" At Ùhe end

of each floalation period-, enzymes were extra.cted from

the l-earres a.ccord.ing to the procedure descrlbed und'er

i{eùhod-s" Jrf leaves floa.ted on water, the level of PFK

actlvlty rema-lns stea.dy after 24 hourrs and decreased

rerpldly thereafter. on the other hand., ln leaves floated

on benzimld-azole (50 ßg/lltre) tne l-evel of PFK actlvlfy

wag found. to be conparabl-e to those in the lmmedlately

d.etached. leaves ('lairte IX) even after 5 daysu



TÀBIE I(' Effect
LeveI

B(p'b.
No"

EnzY:ne units
Days after in immediatelY
detachment detached leaves

*

of Benzjmid.azole on Phosphofructokinase
in Detached Sefkirk Wheat Leaves.

0 r-00
_*1 I 92.5 110.0II 3 82"50 LO? "25

5 - 60"0 LO6.25

il12

Enz¡rme uni-bs
Ieaves floated

on trda'ber

I
3-

65

0
1
a)

et:,s
75 "O

Itrrz¡nne i¡niÙs
Ieaves fl-oated

on Benzimidazole

5o

2
VI,

3_5

Superscripis 1,
in the þ-aIL and
temperature and

t+5.O 55"O
l+3 "75 52.0

0
I
t
5

roõ,0
ro2"5

l+5

25 "O
20.0

2 and, 3 refer-bo leaves gror{n in the Green House

i-n the'trlinler, and. Growbh Chainber at constant
light intensity (in I'rinùer) respectively.

lr"5

15 "0
15 "0

37 "50
36"25

50"0
45 "O
25 "O

:50 -
h2.50
36"25

73 "75
72"5
72"5
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1{. 1!I]¡JAT EiiiERYO PHOSPHOF'RU-CTOIç]NASE A]\D TIJE
PASTffUB. EI'tr'ECI

fnhibition of fernentation or of glucose L¿pùake ii:

the preserÌce of oxygen ha-s been observed ln many orga.nlsms

ancl tlssues and lt is generally referred to e.s the rrPasteur

Effecttr" The rel-at1on of the phosphofructoklrtase rea.ction

to the Pas ueur effect has been suggested for many years o

Ïiecent evidence clearly suggests tkøt the reg'uLe,tion of

phosphofrnctoklrrase activity in animals and" in micro-organ-

isns, ls fundamenta.l ln the control of gIycolysls.

ft ha.s been suiggesied that the control of the Pasteur

effect coul-d- be achleved vl,a- a. series of feed-back necha.n-

isns (Sol.s et al--, L963; Passonnea.u a:rd" Lowry, 1962, 1963,

196ll,), or thr"ough the endproduct lnhlbitlon of phospho-

fructoirtnase activlty by rlTP in certain tlssues (Vinurela.

et al, L963; rrrr,r, L965), and or by an ad-ditlonal feed-back

involvlng the effect of citrate on phosphofructoklnase

activlty 1n yeast cells (Sala.s et al,.r1965),

In the llght of this eviclence, some erçerlments were

cond.ucted in order to ascertaj-n whether the properties of

the phosphofru.ctoklna.se from r¡hea,t embryos ( str,rd.led ln the

previous secti-ons)could be related to tLie control of gfy-

colysis i::

(1)

Prelimiir.aLry investlgatlons shoi¡red, tha.t the cru.rle

extracts from wheat entbryo possessed complete glycolytlc

a-ctivity. l-ilutcose-l-phosphate or glucose-l-phospha.te and.

extracts of wkreat embr;ros"

Gl-vcolvsLs bv the CruÖe i,,¡heat Ernbryo Extra.cf s
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fructose r{ere utili-zed. and. carbon dioxid-e wa's produced-

(Fig 10). The gl-ycolytic a-ctlvlty of' the crud"e extract

measurred, by t02 output was lov¡er, if either G-I-F or a'IP

wåS onitted from the system" Ì'Taximum activity ln the

a.,osence of these compound-s lda' generally about )Oió of the

controL (Fig 10). The absence of ATP alurays lncreased the

Iag Per'lod.o
,Ihe pa.rtial-ly purlf 1ed. extract (2O-+O/" 1UU4)2504

fractionwithhlghPFKactlr¡itYpossessedlittleorno

glycolytic actir¡lty (li'ig 10)" Accordingfy¡ crude wheat

embryoextractsWereused.ina}]-subsequentstud.les'
(2) Aerobic Tnhibition of -Gl-vcolvsis

It rn:as found that ln the'presence of oxygen (air)

g1¡rcsf¡rgis by the nheat embryo extract was consid-era'oly

inhibited. {Irhere was a signiflca'nt d-ec::ease ln both

carbohyörate loss and, c02 outpu'b in systems incuba'ted und'er

aerobic cond-itions (1i'1g 11 and' Tabfes ){ amd- XI) ' The

amount of ca-rbon dioxid.e prod'uced" ln a.lr ls only a,bout

35% of that procluced und'er anaeroblc cond'ltlor'"

C].earevidencetna+.thePasteureffectoperatesln

the l^¡heat embryo exbract was oþtalned' In all ex¡lerlments

cond.ucted- and, rePorted' here

where Gl(I\r) = ÇAZ prod-uction in anaerobic glycofysis
and.,

Gl(o) = C02 Production in aeroblc glycolysis

clearlY exceeds unity"
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TABI,E X. Aerobic Inhibition of Glycolysis

j
il

l(Gluco s e-l-pho sphat e

I
I

l(Gluc o se:I-pho sphat e
and

t(J(-Fructose

V]

óe

-)i GIP concentration : d0 çrrao]-es

JHI Fructose concentrabion = I0 Pnroles

Systeun contaj:reci l-'O ml of wtreat embryo exbract

4B

in a total- vol-ume of 3.0 ml"

GL(N) ana GL(o) are elpressed in 1il Çor/hour/3.0 n-1"

L7l+

tb0

5L

99

l+l+

L,5

I"2

Inb

L.7

2"o



TÁ.BIJI XT. Carbohydrate Loss and C0, Production by Crude
Exi;racts from'lnlheat Enbrfros Under Aerobi-c and
Anaerobi-c Condiùions.

E)çt.
Non

Initial
Conc.
of

Carboh¡'drate Carbohyd'

Firra1 Conc, of Carbohyd"

Time
of

gL$) Incubat,
ct(o) in i.fin,Ànaerobic Aerobic

II]

40.60
l_.80
2"70
2'10

l+2"LO
5 "556.0
r"65

t+O"66
L.65
l+"O5
1.80

l+O.66
2,ro
3.30
L"95

GlP
F6P
F-1,6-d.iP
3-PGA

G]P
F6P
F-lr 6-diP
3-PGA

GlP
F6P
F-1, ó-diP
J-PGA

C¿P

F6P
F-]-r 6-diP
3-PGA

1,40 (-39"20)
5"zo (+ /r.o )
9,80 (+ 7"I0)
o.8o (- 1"30)

2.o (-4o.lo)
6.60(-r- t,o5)

13.8O(+ 7.8O)
o"8o(- 0"85)

o.20(-40"46)
f.o (- 0"65)
h"zo(+ o"f5)
1.20(- o.60)

o.60(-40"06)
3.zo(+ o'11)
?.o (+ 3.7O)
2.20(+ o"25)

5,2O (-35.t+O)
9"2o (+ 7.ho) 40
g.oo (+ 6"30)
2.60 (+ o,5o)

5.t+o (-36.70)
7 "t+o 

(+ 1.85) )f5 "6
11,00 (+ 5.O)
2.60 (+ o.95)

28.2 r"h

56.80

5r"h3 3r"o2 L"7

29 "20 I "l+6

30

ÏI
&2.o3

ó0

303"h

0"48 (-40.18)
4.0 (+ 2.35)
1"óo (- z"Lt5)
4.16 (+ 2.36)

t+.t+o (-36.26)
7"2O (+ 5.10)
6.zo (+ 2"go)
4.go (+ 2.85)

In these erçeriments (Table ,{.I) 4o"0 pmoles of GtP were ad.ded as substrates and endogenous

fevels of the substrate and indicated. intermediates i^¡ere deterrai¡ed in the exbracts.
The values are given in p:iroles/3"O nt contain:ing 1,0 rnl of enzyme preparation"
Gt(I,l) and GL(O) are as previousl¡,r stated.

o.\o
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Stud.les based. on measurement of the level of substrate

and- lnternediates of glycolysis clearly indlcaie that there

1s less carbohyd-rate breakd-ov¡n in alr than in nltrogehr

(fante XI). The ratio of prealcd.or¡rn of F6P ln nitrogen

aS compar.ed. to alr indlcates a greater loss of this lnter-

med.iate under anaeroblc conditlons" In the case of F-Ir6-

d,iP bhe ratlo indlcates a greater breakdown of thls com-

pound- und-er aerobic cond-itlons, or that F-]r6-Afp accumulates

to a g1eater extent und.er anaerobic cond"ltlons' Thls v¡ouLd"

be expected lf PFK is invol-ved" in lhe Pasteur effect o a'

carbon 'oalance SheeÙ has not been caJculateÔ owlng to the

large losses of GIP which ls probably ùue to phosphatase

aotlvlty in the crud-e extracts " Furbher evid-ence ln

support of thls concl-usion ls reported. later ln Èhe manu-

script, Afthough the results obtalned. (Ta'oles XI and- XfI)

co.nflrrnefl the flnd"ings of Hatch a'nd' furner (l-959) that

glycerald.ehyd.e-l-phosphate d.ehydrogenase is affected by

oxygen, hor¡lever in these s'bud.les, it ls clearly shor¡n that

more than one enzyme is affected by oxygenr in the aero'D1c

tnhibttlon of glycolysts, Iia¡ch. and Tu'ner (1-959) lnd"t-

cai;ed. that the lnhibltion of glycolysls ln pea-seed-

ex.bract was d-ue to rroxldative inactlvatlon of glyceralde-

hyd,e-l-phosphate dehyd-rogeïlaserr, that oxygen exerts lts

effect ¡ro11 a step 'beyond :F-]r6-afp in the glycolyl,lc

systemtr, The results thus far given which are slnlla.r to



TABLE XIL /rerobic Inhibi'bion of Glycolysis of
Various Substrates" Glycolybic acti-vity
is iùçressed as an Average of the First
2 Hours of Steady-rate Activity,

ll,x¡pt 
"

No" Substrate

GlP
FóP
F-l, ó-d.iP
3-PGA

GlP
r6P
F-1,6-diP
3.PGA

GlP
F6P
F-lr 6-diP
3.PGA

GlP
FóP
F-1, GdiP
3-PGA

ÏT

ilI

7L

L27
51
80
93 '2

9l+.5
11

73 '2
ILO.6

92"5
48
56
5l+'6

LLz
62
59 "5
72"6

IV

LI6
.l_b.,
72
7l+

81,5
50
bI.2
84

95.6
40"5
5L
h,5

th"6
60
59
57 "2

-)E 40"0 pnoles of
assay systems;
stated"

src!,I
c,L(o)

f .09
3 "o9
1"11-
r"25

T'15
r"42
I"I9
r.31

l- "08
1.19
1.03
1.20

1"18
1,03
r.o
r"26

each substrate were
and Gt(N) ancl cÏ,(o)

used in the
are as previousþ
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those reported- for animal tissues and- nlcro-crganlsms

(Passonneau and. Lowry, l-962t l-963, 1964; Parmegglanl and-

Borvman, 1963; and" Wu,,L965) sbrongly support tnal arr

enzyme (pniç) operatlng prlor to glycerald.ehyds =l-phosphafe

dehydrogenase in the E.lvi,P" pathruay is also affected by

oxygen and. that it 1s probably prlmarily responstble for

the Pasteur effect"

(3)

The d.ata plotted- in Flgure L2 teveal th.at the avall-

abllity of G-l-P ls also capable of controlling aeroblc

glycolysls, Increasing the concentration of G-l-P led-

to a greater stlmulatlon of both aerobic anö' artaeroblc

glycolysis, but the Pasteur effect was almost abolished"

.An lncrease fron 20 ¡rmoles to BO ¡rmoles of GIP decreaseiL

the pasteur ef f ect by about 30"/", The Gl ( I\ ) /G1( 0 ) ratlo

at l_olv G-]-P concentratlon (20 umoles) is equa.l to !,2,

whereas rnrlth G-I-P at B0 Umoles, the ratio ls red-ucetL to

0.89 (Flg l,2)" These results closely parall-el those

reported_ by Wu (1965) for Ehrllch Ascltes tu"mor cells'

He showed. that when the concentratlon of glucose was

lncreased. 10-fold., tire rate of aeroblc Slycolysls was

doubled., a.nd an fns¡sasê ln the PE from 6O'/å at hlgh

glucose leveL s to B0/. at low glucose levels was obtained-"
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In ord,eilbo furüher deterrnlne the polnt ( ln the Elt,IP

pathway) a.t i¡¡hfch oxygen asserts its effect, soü-re experi-

ments were carrled- out in whlch the crude wheat embryo

extracü was lncubated. wlth G-l-P, l¡-6-P, F-1r6-¿iP an¿

3-PGA resPect lr¡ely 
"

The breakdoi¡rn of I'-6-P was generally inhibited' ln

alr more than any of the other compound-s (Table XfI) 
"

,Ihls appears to lnd-lcate ivllab the actlvi-ty of the enzyme

converting n6P---9 !.-f ,6-afp ¡ 1u€, phosphofructokJ-nase ls

being lnhlblted by oxygen, rather than any of .bhe eflzyaes

converting F-Ir6-ate to the Trlosesu There ls however

some evldence that oneJperhaps more enzymes are affected-"

Talrle XI also shows that under anaero'plc cond"ltlon the

ratlo of F6P acculnulating geïleral1y exceed's that of 3-PC:IA

accumul-ating this also is a clear lnd.ication t?iat

phosphofructokinase ls perhaps more severely effected t]nan

glycerald.ehyde-3-phospha.te d.ehydrogenase' These resulbs

supplement those of Hatch a,nd- Turner (l-959) tn tlna.t the

aero1rlc utll-isatlon of F-6-P and. J-PGA are both lnh1blted-"

(4)

73

ft has been reported- in this manuscrlpt (see page 53

that /i,TP et low eonc enþtaþlons serve a6 substrate for PFK,

whiLe at hlgher concentratlons it serves as à negatlve

(5)
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eff'ector, àfl observation that is conslstent with those of

others for the enzyme from other soìrrces (cf ") Atkl-nson

and Walton (1965); Atklnson et al- (t964); Salas et al

(tg63); Passonneau and Lowry (1962r!963), and. ltfansour and

Mansour (I96il . It has been speculated- that the regula,tory

effect of ATP on PFK probably confers on lt the unlque

property of controllJ-ng glycolysls (Lard'y and- Park tI955;

Ivlansour and. I'tansour, 1962; and l,\iurL964)" It 1s lnteresting

that the resul-ts (¡'1g ]3) show bktaí aTP at low concen-

tratlons operates aS a substrate, wh1le at higher coneen-

tratlons both a.erobic and anaerobic glycolysls of wheat

embryos extract are inhlþlted-. .As shounr ln Tabl-e XII] e

both anaerobic and. aerobic C02 Productj-on are decreased-

at a hlgh ATP concentratior:, tr'rom these results It can be

concluded. ühat thls effecÙ of ATP on glycolysls is

brought about by its control on PFK, a speculatlon that

will be consistent with the vlew that the lnhlbltlon of

PFK by hlgh level of ATP may be respol1slbrle for the Pasteur

effect (Lynen eü eI, :.:g5g; Ilaï.l,,sour and ivlansour , :- 962 etc),

(6) Ejlf'ect of At¡iP-

Passonneau and' Lowry Q962); Atktnson and" Walton

(t965¡, arnongst others reported that the inhlbitlon of PFK

activity by lr.TP wa.s relleved- by AliP (see al-so results

obtai.ned. on AIrilP a.s a posltlve effector for wheat embryo

pl,K, page 59 ) . i¡lhen the crud.e wheat embryo exEract was

incubated with ¿liiP at an lnlribltory l-eve] of ATP (nfe f4)
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TABIJI XIII" Effect of Some Compounds on Aerobic
Anaerobic Glycolysis in Crude T¡llheat

lâ'nbrYo ExLracts.

Substra'be

G-].-P Control (no addi-
tion)

P.
,ra

ItTo addi'bion
ATP (inhibitory)
Inh.ATP -l- .1il'P

il

no addition
Inosine

l¡ri-dazole

genzi-ii-dazole

Benzimidazole

Addition

Gl-YcolYbic
Concent- ¡.ctivit.Y
ration. GL(N)- GL{T

10
20

20
l+

l-0

IO

1õ

10

?5

82 6Z

90 7zs7 76

130 88
90 6g
82 83
86 102

Gr(N)
cr(o)

-)í-"systerns conta-ined. l¡0.O p:notes of GIP as substrate'
Tirese sets of results were repeated 3 to 4 ti¡nes
ll.iNþ similar resulbs, and- those on inosinerimi-dazole
and. benzj.nid.azole are averages of three such results.

L"32

L"25
r.14

r.h7
1"30
0.gB
0.9&

140
"t ?o

4)
6ç

94.6
ot

I23 L"L3
r18 1.r7

l-0

37
45

83

-h5

L33
ry1
f!

1"16
L"53

1:or

93 "8 1"4r
_85
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lt was found tyþt lt reverses the aeroblc lnhibitlon of

glycolysis narked-}y, whlle iÙ appeared- to act as a negative

effector on anaeroblc glycolysis, Jn some of the experi-

merìts cond.ucted, after 6O 90 minutes of incubatlon, it

was observed. tinat aeroblc C02 Prodì;ctlon j-n the preselfce

of AI'IP far exceed.ed- anaerobic C02 production" The

stimul-atlon of aerobtc glycolysls found- ln these erqlerl-

ments ls sl.gnlficartt, ln that lt agaln makes lt posslble

to agree with the postulate tinat, PFI( most certalnl-y

controls glycolysls" lrlu (l-964) showed- tnat in aeroblc

experiments wlth kldney cortex silj.ces, there waS a1tltayS

a high level- of ATP a:nd- a low level of AliP " The reversal

of the inhibLtlon of aeroblc glycolysis by AITIP 1s there-

fore significartto The level of intracelfular aiviP must

har¡s been ralsed" by its adôltlon, thus enabling it to

play lts rol-e as a posltive effector for Pt+K,

(7)

Wu Q965) has shor,vn that imid.azol-e activates and-

that inosine inhiblts the glycolysls of Ascites tumor cel-Isu

¿ccord,lngly these compound-s and others Were tested. for

thelr effect on glycolysis in wheat embryo extracls"

'I'yplcal experlments a.re shovnr ln Taþ]e X]II' The crud-e

wheat emlrryo extracts were incubated" ln Ùhe usual assay

system. Inorganic phosphate and" lmid.azole actlvated" both
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aeroblc and- als.a.erobtc glycolysls. On the other hand-

inosine inhibited aero'o1c glycolysis, and- showed no

d.iscernible ef'fect orl arlae3obic glycolysls ' Adenos ine-5 r -

monophospha.te stimulated and- reversed. the lnhibltory

effect of ATP on aeroblc glycolysls, and' lntenslfled- the

lnhlbition of anaero'olc glycolysis " The results obtained-

here are consistent r,vlth th.ose of Wu and- Racker (L959rt963);

and- i¡,iu (l-961+,1965) .
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Experlments have shown tlnat the propertles of 'bhe

phosphofructoklnase from ;oea (ELçqm Fat!zuin L" va.r o TalI

Telephone syll. Alderman) and. wheat ([rltlcum aestivum L"

varo Selkirk) show some unlque fea.tures, whlch are cosL-

sistent v¡lth the view tlnat ühis enzyme falls lnto a cl-ass

of enzymes that serve a regulatory function 1n vivgo The

terra rallosterlc protelnr was coined for this group of

enzymes (lfonod 9!. 3t, 1963) 
"

Phosphofructoklnase was isolated. from varlous plant

ma.ùerial and. partially purlfied" During bhe course of

lsolatlon and. purlficatl-on, it/äãËerve¿ þhat maceratlon

lead-s to tnactlvatlon of the eïLzyme particularly the

enzyme from wheat and. splnach leaves. It ls however

rel-evant to ad.d tìnat add-ltlon of a sulfhyd-ryl compound-

€.go Cleland.t s reagent (d,ithiothreltol) partlally stops

thts lnactivatlon. The protecbion offered" by C]elandrs

reagent for example suggests tlnat in all 1i-ke1lhood-, PFK

possesgeg an -SH group in its active centre or centres,

that thls group or Sroups are probably erposed- and- being

exposed. they are easlly d.estroyed, or interferred- wlth

during maceratlonn The ad.d.ltlon of sulfhyd.ryl compouncl-

proba'oly supplles the l-ost -SH group"

It ls al-so suggested- tlnat PIK ls a flexibl-e proteln,

'bhe flexlbl]lty of which confers on lt, the ease of und.er-

going conformatlonal changes at maceratiol1o It ls also

7B
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signiflcant that in sone experiments in v¡hlch 0"05 ivi fructose

r,vas ad.d-ed. to bhe extracttng med.tum a 6-fot¿ lncrease ln

l:nltlal activity vuas obtained-; ad-dltlon of 1o-4 N D'lgcl2

also Ied. to a J-fold. increase (Table TII). Thls suggests

that these compound.s probably btnd to the eri.zyme surface,

in such a wa¡ that the aotj.ve centre or eenters are no longer

exposed. to lnactivatlon by macerationu

Experiments also show that pla.nt tissue PFK l-s not

only sensitive to maceratlon, but al-so to dlalysis. .Af'ber

d.ialysis, 1t was observed. t:n;aL wheat leaf PFK retained-

tittle or no aciivity. The beha.vlor of this enzyme ls

slmll-ar to most others parttcula.rly glucose-6-phosphate

d-ehydrogenase whlch is inactlvated- by d.ialysls and reacti-

,¡ated by warmlrlg or ad-d-ltlon of N¡\DP (Kirkman and- Hend-rlck-

so¡., 196?) . The fact that d"lalysis ]ead-s to red-uctlon or

complete l-oss of actlvity suggests that the activlty of

the enzyme is d-ue to a small molecule or molecules' chroma-

tography ei1 sephad,ex G-25 columrr (a step used. to remove

l'üaC]) lead.s to insta.'oility of the enzyneo Ib ls probable

that loss of actlvity d.urlng d-ialysls is Ôue to excess

Joss of I'ù-acl, and- this will þe comparable wlth the result

oþtained- following removal of salt from the partially

purlfled-enzyme.Thatthismightbethecase,lssulrported.
by the fact thaþ after the ellzyme has been d"ialysed" for

16 hours, Bo activlty was Oeüected, v'ihereas after d"lal-ysls
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for B hours or 4 hours, 25407å of the inltlal actlvtty
tvas re'balned. (See Table VIII , in the textl. Although

the add"ltion of Clelandts reagent to the d-ialysing med,ium

restored, the activlty to abou'b 351 of the undlalysed. extract,

the mechanlsm of actlon of this sulfhydryl compound., 1rr

thls respect, is not und-erstood.o

Other treatments that lnactivate thls ein.zyne lnclud.e,

storage for over five d"ays, heat und.er any cond.ltlons beyond.

a tlme of 30 second.s and. h1-gh acld- and. a1kallne PH.,

Ad.enosine-5t-nonophosphate, ln the presence of P1

weakly reactlva'bed" the lnactLve ønzyme, It ls relevant

aga.ln to note tttat thls ls consistent with the vlew that

AI'IP ls g posltl-ve effector for the phosphofructoklnase from

lrheat emìcryo and peameal.

It has been sholun ln these studLes that certaln d"ivalen'b

metals and- some compound-s are potent inhlbltors or a.ctl-

vators of plant tissue Plrl(. l\otable amongst bhe lnhlbitors
are cltrate, inosine, C***, Zr:'++ and. cyan1d.e, wh1le acetate,

lmld.azole, pyropliosphate and, F'e*** are activators" The

lnhlbition by cltrate, lnoslne and Zn++, and. the actlvation þy

lmid-azole, P1 and lrlgr* are of partlcula.r interest, slnce

all these compounds have been shourn to be tled. up wlth the

controlling effect of Ptr"K on glycolysis (Salas et aI, 1965t

Parmeggiani and. Bowman, 1963; and hlu, :.-964, 1965) 
"

The generall-y lorv actlvity obtained from the wheat leaf
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extract led to experiments ln whlch the effect of these

extracts were tested. on phosphofructokinase pa.rtlally

purlfied from both peameaL and wheat embryos" The flndlng

that the extracts lnactivated- peaneal and wheat em'oryo

PFi( also led" to the speculation that some lnhibltory

princtple mlght have been lnvolved". l\eu.bralised. Su-oer-

na.banbs after perchlorlc acld- preclpitation however showed" no

lnhiþitory effect" Slnce no conclusive result was obtained,

1E is suggested. that a dlfferent approach for the lsolation

of the inhibitory princlple be mad"e to obüain a more success-

ful result,
In these stud-ies experimentS shor{ that benzlmld"azo|e

malnbalned- the leve1 of PFK in Sstklrk v¡heaü leaves even'

J d.ays after d"etachment. Resul-ts ln Ùhls laboratory have

lnd.lcated" that benzimld.azole treated. Khapll v¡heat l-eaves

general-Iy show hi-gh soluble sLigar levels (Ulshra 11963) "

There is probably a link between these two oþEervatlons"

The increase 1n solubl-e sugar content ln benzlmidazole

treated- leaves ma.y be due to more actj-ve phosphorylatlon

d.ue in part to anple or sufficlent supply of phosphofructo-

klnase.

The enzytne is probably speclflc for tr'-6-P, although

G-6-P and. B-5-P were phosphorylated- (fable V). The d-oubt

as to the specificity of the enzyne for F-6-P ls based.

on the fact that the partlal1y purifleå enzyme mlght not þe
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absolutely free of glucose lsomerage" On the other hand-,

i-t is quite clear bhat the erLzyme 1s non-spectflc for ATP,

the second. Sì.lbgtrate.Cy'bosine, guanosine a"nd- urid-lne-

triphosphates and. even ADP can sllbstltu.be for ATP. Irt

fact 1t ls signlficant tha.t 1f ATP is subsÈituted- by GTP,

there ls no inhibltlon by excegs nucleotlde v¡lÙhln the

same rainge. Thls find.lng d.oes noü completely support the

vlew of Atklnson and- lfal-ton (L965) who ind-icated- that

nucleotldes other than ATP only have slf-ght activlty as

phosphate donorsu

The effects of changes ln concentratlons of substrates

and. or other components in a reactlon, such as cofactorso

or: the binfllng of other reactlon compo1lents by the enzyme

is a Standard. rnethod employed. ln the stud-y of enzyme kinetlcs"

For a reactlon which follows the true lvllchaells predlctlon,

optimal concentrations for eacLt reaction component can be

cal-culated-. 'Ihe vr"* and the ih it sìf,ch clrcumstanoes

vivld.ly deflne the rate-substrate curve. In the case of

an enzyme (allosterlc) reactlon which devlates ma'rked"Iy

fron the normal flllchae}ls patte¡nr calcul-atlon of Ka or

V¡i¿* and lnhlbitLon constants mean very llttIe, Lf at all,

|n eluciclating the true and- actual propertles of the erlzymeo

These coitvenilonal method"s for the study of allosierlc

enzymes are inad.eclua.te, but they would" have to be emplo¡'ed',

if only for the fact that they ald ln deüerntlnlng what en'zlrme

reactlon folloi¡is the nornal irlicha.elis pred'ictlons, and'

v,rhich ones CLo not,



B3

äesul-ts ln these stud.ies shot¡¡ tb'at the plot of ra'te

as et functlon of I-6-P coircentration is marked"ly sigmoldt

i¡hen irTP serves as a phosphate donor " Bhe cLrrve appearÊ

much less so when GTP Serveg as a phosphate d'onor. Afso

when rea.ction rate is plotted a.s a function of ATP conc€n-

tra.tions, raiith tr'-6-P a-t 2,5 ot J'0 ¡rmoles (F1gs 7 and B)

the velocliy attains a maxlmum value aù about 1"0 ¡;mole /\TP,

and d-ecr.easeg at irigher concentra.tions. The af f inity of

the erizyme for tr'-6-F appears to be decreased by hlgh .ilTP

col]centra.tions" The inhibition caused by eTP ls most

probably due to its effeet on enzyme-substra'te 'ofnd-lrg

sltes,
Ad.enoslne-5 t -monophosphate which lncrea.ses the

affinity of the enzyme for 1r-6-P, increases the reactlosL

rate et hlgh ¿tlP concentrationsr probably by repl-eclng i+TP

at the effector slteo As the concen-tratl0n of Al'{P ls

increased, hourever, a polnt is reached at lthich further

ad-dltion of AlfP tends to clecrease Ya.te. 'Ihis ls proba'bly

d-ue to the fact that F-6-P becomes the llmlting factor'

since the blnding of AfP to the effector site on the

enu yme appears to f a.vour the lnactive f orm of the enzyme,

anil. the bind-ing of AItr fa-vours the actlve form, lt could'oe

concl-ud.ed. that ATP ts a negative effector, while AI{P ls

the posltive effector for both peaaeal and wheat embryo

pho spho f rr.tct oklna s e s

AlÙhough no speclfic model is proposed, it would appear
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that the conformatlon of jroth the peaneal and- l'¡?reat embryo

PFI( are similar to the Escherlch-ia coll enzyme (.¿r.tkin.son

and Waltonrl-)6J) whlch ls easily changed or nod.ified. lry

the bind,lng of Ai'1P or ATP at some speclf lc siteu

Passonneau and- Lowry (196211964) i Sols e! aI (1963);

Vinuela et al Gg63); and. t¡iu (f965) have supplled- evid-ence

that the regulation of phosphofructokinase a"etivity from

varlous tlssues of l-lvlng organisms may control- glycolysls

ln ühese organlsms 
"

SJxperirnents reported here support thls view, Flrstly,

the breakd"ov¡n of hexose a.nd- hexose phosphates to carbon

d.ioxld.e and ethanol by the crud-e extracts from viabl-e wheat

embryos suggest the operatlon of a, complete glycolytic

system" Add.ltional- evldence was obtained by th.e conv€r-

sion of tr'-6-P, F-Ir6-OlP and 3-PGA lr.rto carbon d-loxlde

and ethanol by the exbractso

There ls a clear evldence that no alternative pat}tway

r\ias operating to any slgnifieant l-eve]. The ratlo of CQ2t

ethanol was generall-y less than 6!fr, and. thls ts far short

of a greater than unity rat1o, expected, |f the brea-kdoun

of hexose a.nd- hexose phospha.tes was by the pentose phosphaÙe

pathuraY;

Secondly e4per=lments cond.ucted" und-er aeroblc and anae-

roÌclc cond-ltlons showed" that there is more C02 Prod"uctlon ln

anaeroblosls than in, aeroþlosis - a condition suggestive of
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eryer inents, the ratio

fa"r exceeded. unity, lì'urther evidence for the opera.tion of

the Pa"sùeur effect was provid.ed by experlments basecl on

meesurement of the l-er.re1s of certain internediates of the

glycolytic SJ'Stem . Ihe breakdovln of Sì.ìgar phospha.tes u,Ìag

for.rnd to be much higher under anaerobic cond.itlons th.an

und-er aeroblc conditions" Critica.l evalua-tion of the daba

presented, clearly ind"icabe tha.t the control of glycolysis

and consequently the operatS-on of the Pasteur effect is

due to inactivatlon of FFI(, partl¡' by lilP and posslbly

by other conpound.s. ,Salas et al (l-965) and Perrnegglanl

ancl Borvnlan (L963), suggested, the inhibitlon of P¡'K by nTF

al-one c¿rnnoi erpla.in the control of the Pa-cteur effect"

They silowefl that citrate also particlpa.tes 1n the inacti-

vation of the erlzyme, and in the contro] of glycolysis"

*ilthou.gh the effect of citrate on glycolysis of the ex'bracts

from r¡¡heat em'þryo was not directly investigated, the fact

that citrate is one of the çrotent inhibits of tire enzyme

appears to su-pport thi.s viewo

Ilaising the concentratlon of :\TP ls pa.ra1leJ-ed. by a

decrease in C0, outpu"t, both uzrd.er aerobic and. ana.erobic

cond-itions. ThiS again offers a cl-ear evidence that

Gui'{)
G](o)

,COr r:roduction in nitrogen(anaerobic),,\ C02 pr"oductlon in ¿ir (aerobic) I

B5
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lnhlbition of FFK certainly controls glycolysis " It will

be recal-led. 'bir.at 1n ihe kinetic stud,les high ;tTP concen-

tration markedly inhlbited. PFK from wheat embryos"

Perhaps the most ln.teresting and. signiflcant flnd-ing

ls tha.t Ai,lP should- agal:n, rel-ieve the lnhlbltion of glycoly-

sls by a hlgh concentratlon of ATP. It woul-d be recalled-

that
(a) AIIP increases the affinity of PFK for F-6-P

(þ) It has been suggested that Alvip possllrly yeplaces

ATPattheeffectorslteroîPFKmolecuJeolil'
order to ¿rchleve sltual,ion (a) ,

wlth this ln mind., the conclllslon that the regulation of

PFK activlty ccntrols glycolysis of wLreat enibryo extre¿cts

can again be macle o

rutalysis of d-ata obtalned- by measurlng the level of

lrrtermedlates, sholved tnel F-lr6-Afp accumulates more und-er

anaerobic cond.ltions t.¡a-n und.er aeroblc conditl0ns, fructose-

6-phosphate on the other hand- accumulates more under

aerobic condltlons than und.er anaeroblc cond"iÌ;ions" This

sLlggesËs that the enzyme convertlng F-6-P-+F-1'6-aip ls

being lnactivateÕ ln al-r¡ or tYøt It ts more active in nltrogen

than ln air. The exi;ent of inhll¡ltion of PFK by A'llP has

been attributed. to the leve] of lnÙracellula'r P1 (iiru, 1965) "

The lor¡rer the P1 l.eveI, the greater the inhlbltlono Although

the P1 leve] has not been measured' In these siud'les, evldenoe
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was obtalned in support of this view" By raisi.ng the coil-

centratlon of Pt in the assay system, both anaeroblc and"

aeroþ1c glycolysls, lncr-eased., wlth a more pronounced.

lncrease 1n the aeroblc system, fmld.azole showed the sane

effect as P1, r,thlle inoslne and benzlmi-d.azoIe showed. 1nh1-

bltory effects olL aeroblc glycolysis. Benzimld.azoLe also

lnhlblted anaeroblc glycolysis, l^rhile lnosine shot¡¡s no

d.lscernible effecto r^lr,l (l-965) suggested. that lnoslne

lnhiblted. aeroblc glycolysis 1n ascites tumor cell-s by

lolverlng the in,tracel]ula-r P1 levelu \lo evio.ence ls pres-

ented on thls vien, but it would- appear reasonable to assume

ùhat the effect of lnoslne on aerobic glycolysls of wheat

embryo extracts probably fol-l-ows a simllar pattern,

remembering that the lower the P1 l-evel, tkre hlgher the

lnhtbltlon of PFK by ATP" If inoslne lov¡ers the P1 level

a.s t¡iu (J-965) su.ggested-, then ÀTP w111 show more lnhibltory

effect on PFK and consec¿uently on glycolyslso

Other t'oart the actlvation and. lnactlvatlon of PFKt

there appears to be sone other subsidlary rate-]lntitlng

fa"ctors, Hatch and- Turner (l-959) reporteð that the aerobic

inhibltlon of glycolysls ln pea extracts üfas due to oxi-

C.a-tlve ii:activatlon of 3-phosphoglycerald-ehyde deh.yd-ro-

genaseo There Ïfas more C02 Productlon und.er anaeroblc

conclltlon than und.ey aerobic cond"itlon when 3-PGA served

aÊ su"ostrate. There was more accurmulatlon of 3-PGA ln alr
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tlran in nitrogeho All these vüould appear to Support tnat

there is in fact iiractivatlon of 3-PG¡. d.ehyd.rogenaseo The

ratlo Gl(N)/Cf (O) was hov¡ever generally less in experlments

where 3-PGA served as substr.ate than t]naþ obtalned when

I'-6-P served. as substra.te" The ratio of F-6-P lost in air

to that ]ost in nltrogen 1s generall-y hlgher than the ratio

of 3PGA lost und.er the sarue cond-ltions.

Ànother factor that contrlbutes to the control of gly-

colysls observed^ 1n these studles ls the aval]ability of

glucose-I-phospha.te. Ralsing the coir.centratlon of

G-I-P is closel-y paralleled- by a.n lncrease in the rate of

aeroblc C02 outpuÙ, v*hereas the ra.te of C02 outpurt a'naerobl-

calIy ls not depend-ent on the suppl-y of G-I-P.

The ratlo G](N)/GI(0) ls hlgher when F-6-P served

as substrate than the ratio obtained- when any other lnter-

media.te served. as substrate, Hlgh concentratlon of /rTP

(the n.egatlve effector for PFK) inhiblts aeroblc glycolysi's

and this inhlbltlon is relleved by AJrtP (positlve effector

for PFK). The level of F-1r6-aiP ls l-ower ulLd.er aeroblc

tha.n und-er anaerobic cond-ltions. These suggest þUràt the

phosphorylatlon of F-6-P is rate limiting in 'bhe glycolysis

of the extracts from wheat embryoso

These flnÖlngs wlth the extracts from wheat embryos

confirm the resLllts reported for Fasc'1til3 hepatlc-a, muscle,
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ye¿ìSt and ascites tumor ce]l Pl.][{ (Iiansour ancl i'iansoLlr,

1962; Passonneau. and- Lorvry, L962; I¡Ju, 196l+rL965; and-

Salas et al, L965) " These repo¡ts state that aeroblc

glycolysis is controll-ed. by the regulation of PFK activi'by

and thaþ the inhibltion of the enzyme b¡' Sorne compound-s,

notably high concentration of A'IP, rnay be responslble for

the Pasteur effect "
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A methoct for the ¡:reparation of a 7-05-fold purified

phosphofrucùokinase f::om pea (Pisum sativum L' var. Tal-]

Tslephone sÍBnAl-d-erman) and- wheat (Triticum aestivqln L"

var.Selklrk) has been d.escribed..

The crud-e exüract is highly sensilive to maceratlon

and. dialysls. Addltion of sulfhyd"ryl groups to grlnd-ing

med.ium protects the ina-ctivation of the enzyme d.uririg ilace-

ra.tion ¿rnd- dlalysis'

I1he partieilly purlfied. enzyme 1s stable in the presen.ce

of sod"ium chloride"

The klnetic behaviour of phosphofru-ctokinase from

both peamea] and- lvheat emtrryos is generally símllar to tirat

of the enzyme from Escherlchla coIl, yea.st and animal tissues"

Activlty is maxlmal at pH B.O to 8,5, Besides frucÙose-

(-phosphate G-ó-P r,vas found- to be reaCtily phosphoryla.ted by

the enzyme,

Nucl-eotld.es other than ad.enosine triphospha.te, espec-

ia.l-}y gu¿rl.ìosine and- uridine triphospha.tes ancl ad-enosine

d"iphosphate, carl serve as phosphate donorsn

The affini-ty of the enzyme for fructose-6-phosphate is

decreâSêd by high concentraitons of ad-enoslne trlphosphate,

r,vhil-e the affini'by is lncreâ.S€d by ad.enosine monophospþate,

nsiglleslum and- inorga.ntc phosphaten

sigmold. rate curves, cnaracteristlc of regulatory

ellzynes, Were observed. for the plots of rate VerSuS fructoSe-

6-pho s¡:hate concentrat ions 
"

observations record.ed are coTÌsistent r'{1th the rnod'el
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prolrosed forbhe EschericLla co1l enzyme, tha.t the blncling

of adenosine-rnonophospha.be or adenosine triphospha-te at

Sone effecbor site leads 'bo confornatlonal changes that

inod"ify the affinity of the €fiz¡r¡1s for fructose-6-phospha'be*

Crude extracts f'rom wheat embryos supplementecl t"tith

necessary cofactors possessed com,olete glycolytic actlvl'by,

Glycolysi-s by the crud.e enzJ'me preparation was

inhibl'bed by aerot,j-c cond-itions, a find"lng that ls con-

slstent r,v-ith the d.efinlùions of the Pasteur effect,

The degree of aerol¡lc inhibitlon of glycolysls

lead-ing to the establishment of the Pasteur effect appear

to d"epend- largely on the regulation of phosphofructokinase

a.ctivity 
"
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