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ABSTRACT

The purification of phosphofructokinase (zbout 105-
fold) from higher plant tissue and some properties of the
enzyme are described, Plant tissue phosphofructokinase is
activated by sulfhydryl agents, both during msceration and
dialysis, and is protected by sgodium chloride during frac-
tlionation., The enzyme is highly unstable to storage,
however,storage in saturasted ammonium sulphate solution
maintalns its activity for 5 days,

Besides adenosine triphosphate, cytosine, guanosine,
and uridine triphosphetes and adenosine diphosphate can
donate phosphate to fructose-6~phosphate, Glucose=-6-phosphate
and ribulose-5=-phosphate are phosphorylsted, by the enzyme,
but frﬁotose—é-phosphate and magnesium-adenosine triphosphate
complex are preferred co-substrates,

The most potent inhibitors of the enzyme from peameal
and wheat embryos, are citrate and zinc (2nCls); sodium
pyrophosphate, imidazole and iron (FeCl3) are activators,

Clear evidence 1s obtained ag to the allosteric
nature of the enzyme, Sigmoidal plots of velocity versus
fructose-6-phosphate concentrations were obtained, Adenosine
trivhosphate and substrate for phosphofructokinase at low
concentration is a negative effector at high concentrations,.
adenosine monophosphate reverses the inhibitory effect of
adenosine triphosphate thus acting as a positive effector
for the enzyme,

iii



iv

The optimal pH for maximal phosphofructokinase
activity is between 8,0 and 8,5, Short duration of heat
activates while longer duration leads to rapid loss of
enzyme activity,

Benzimidazole (50 mg/litre) appears to maintain the
level of phosphofructokinase in wheat leaves,

& part of the studies carried out indicate that the
crude extracts from wheat embryos possess a complete
glycolytic system, and that the glycolytic activity of the
extracts 1ls inhibited by aerobic conditiouns,

Evidence is also presented that phosphofructokinase
is a rate-limiting step in the Embden-Meyerhof-Psrnas
pathway, and that the control of glycolysls by the inhibi-
tion of this enzyme may be responsible for the Pasteur

effect in plant tissues,
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ABBEEVIATIONS

Abbreviations used throughout the text:

AlMP, ADP, ATP - the 5-mono-, di- and triphosghates
of adenosine; Col - coenzyme I; CTP - cytosine triphosphate;
DEAE cellulose - diethyl aminoethyl celluloge; NADH-dihydro-
nicotinamide sdeninenucleotide; DPN - diphosphopyridine
nucleotide; EDTA - ethylene diaminotetracetic acid; F-6-P-
fructose=6-phosphate, F-1,6-diP (or ¥DP)-Fructose-1l, 6-
diphosphate; Gala-6-P-galasctose-b-phosphate; G=1-P, G=6-F-
glucoge-l- and =6=-phosphates; GIP-guanosine triphosphate;
HCl = hydrochloric acid; Pi-inorganic phogphate; MgClo-
magnesium chloride; um - micromolar; umole-micromole;
NaD - mnicotinamide adenine dinucleotide; NADP - nicotinamide
adeninine dinucleotide phosphate; PE-pasteur effect;
3=PGA~-3~phosphoglyceraldehyde; KCl-potassium chloride;
R~5~P~riboge~5-phosphate; Ru-5-P- ribulose-5-phosphate,
NaCl - sodium chloride; NaOH - sodium hydroxide; Tris-HCl-
Tris (hydroxymethyl) aminomethane hydrochloride; UTP -
urldine triphosphate,

G1(N) = carbon dioxide produced in nitrogen (anaerobic

condition)
G1(0) - carpon dioxide produced in air (aeroblc condi-

tion).




IHTRODUCTION

The purpose of this study was two-fold. Firstly to
pertislly purify the enzyme phosphofructokinsse (5.C., No,
2.7.1.,11) from higher plant tissues and study the kinetics
of the reaction it catalyzes, Secondly to ascertain the
role that this enzyme plays in the zeroblc inhibition of
glycolysis, & phenomenon otherwise referred to as the
"Pasteur Bffect",

Phosphofructokinase catalyses the phosphorylstion of
Fructose-6-phosphate according to the following irreversible

resction:

fructose-6-phosphate + adenosine triphosphate —————p

fructose=-1,06~-diphosphate + adenosine diphosphate

amongst all the enzymes in the Embden-Meyerhof gly-
colytic pathway, the role played by phosphofructokinase may
yet prove to be unique,

t al (1964,1965), lensour

Investigations of Atkinson
snd Mensour (1962), Mansour et al (1965), Hansour (1965),
Bitensky et al (1965), Parmeggiantend Bowmen (1963) among

1,

others heve establlished tThe kinetics of phosgphofructokinsse

in animel tissues and in microorganisms, while Wu (1964,1965),
Passomneau and Lowry (1962) and Terui et al (1965) hav
elucidated the possible role of this enzyme in the serobic

inhibition of glucose utilisation in animel tissues and

2
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in microorganisms, In plant tissue, however, very little
is known sbout the kinetics and properties of this enzyme,

Phosrhorylated compounds essentially form the back-
bone of most metabolic pathways, and through the mechanism
of action of kinases, phosphorylases, phosphatases, pyro-
phosphorylases and pyrophosphorylases binding of energy,
its transference and release are made possible. Since
phosphofructokinase plsys 2 primary role in the regulation
of the breakdown of carbohydrates, it becomes necessary
that its properties be understood, It 1is therefore wilth
this in mind, that the present studies were undertaken,

The enzyme was extracted from both viable wheat

exbryos (Triticum aestivum L., var, Selkirk) and pea

cotyledons (Pisum gativum L,, var, Tall Telephone or Alder-

man) ,

Parmeggiani and Bowman (1963), Atkinson et al (1964,
1965),and many others have established that animal tissue
as well as phosphofructokinase from microorganisms show allo-
steric properties, In these studles, the possliblility of
higher plant tissue phosphofruktokinase belng an allosteric
enzyme has been investligated,

With the application of the properties of wheat
phosphofructokinase as known, its possible relationship

to the Pasteur effect has also been investigated, In



plants it has been generally regarded that oxygen affects
directly or indirectly one of the enzymes involved in the
conversion of fructose-l,6-diphosphate into 3=-phospho-
glyceraldehyde, Hatch and Turner (1959). However, the
results of this study indicate that while 3-phosphogly-
ceraldehyde dehydrogenase may also be affected, the
primery enzyme affected by oxygen in carbohydrate break-
down leading to the esﬁablishment of the Pasteur effect

1s phosphofructokinase,



LITERATUEE REVIEW

A, ALLOSTERIC PROTEINS AND HETABOLIC HEGULATOK
SYSTEMS,

Since phosphofructokinase hesg been considered to have

s1losteric properties, snd 1t is the main enzyme studled

o)

nd discussed in this manuscript, the following 1s a review
of literature on the properties of allosteric protelus,

luch progress has been made in the study of regulation
and control of cellular metabolism, It is now clearly estab-
lished that in most organisms, even bacteria, there exists
e complex circult of regulstion systems which govern the
rate of flow of metabolites as well as the synthesis of
protein and other macromolecules,

Umbarger (1956,1958) supplied the initisl study on
the operation of regulatory controls through specific lnter-
zoctions of synthetic products with an enzyme in 1ts
synthesis, He provided the experimental demonstration of
such a control by showing that in extracts of disrupted
cells, isoleucine strongly and specifically inhibits
threonine dehydrase, the first enzyme in its synthetioc
pathway, He compared such & control to technological feed-
back control devices, Around the same perlod Yates and
FPardee (1956) unveiled the same type of regulstion in the
piogsynthneslis of pyrimidines,

Many of these control systems have been esnzlysed in



detzil and it has peen shown that the elementary interaction
involves & protein with a specific blological sctivity, and

generally a low-moleculsr weight metsbolite., The metabolite
either activates or inhibits the system,

These sysbems although very msrkedly different both
chemically snd in metabolic functlons, have & number of
kinetie features in common, In most cases, the kinetics
mey vary from tnormal' lMicheselis behaviour (formerly con-
sidered as first order reaction in substrate intersction
with enzyme) with a generally low value of substrate Ky,
to & sigmoidal relatiounship between rate snd substrate
concentration (formerly considered as higher order resc-
tion) with & mucn higher substrate concentration being
required for half-maximal reactlon velocity (itkinson, 196H).

Monod et al (1963) formulated certain generalisations
concerning the functiomal structures responsible for the
regulatory competence of controlling proteins. They pro-
posed & model schematlizing the functionsl structure con-
trolling protein, thatl,

. ..bhese proteins are assumed TO possess two,

or at least two, stereospecifically different,

non-overlapping receptor sites. One of these,

the zctive site, binds the substrate and it

ig respounsible for the biological activity of

the protein, The other, or sllosteric site,

ig complementary to the structure of another

metabolite, the allosteric effector, which 1t
binds specifically and reverslibly.

Monod et al further proposed that the enzyme-zllosteric

effector does not &ctivate & reaction involving the




effector itself, but only brings ebout & reversible altera-
tion of the molecular structure of the protein, Thus it
modifies the properties of the sctive site, and changes

one or more of 1ts kinetic parameters,

Since the absence of any chemical obligatory anzlogy
or reactivity between substrate and zllosteric effector
appears to pe of extreme biological significance, 1t
becomes necessary to establish a distinction between the
actlions of coenzymes, secondary substrates or substrate
analogues before one can establish a clear and proper
definition of allostério effects, In general, 1t can be
concluded that an asllosteric effect is obtained if:

(a) A moleculé (modifier) unrelsted to the
substrate 1g found to bind a particular pro-
teln,

(b) This molecule (modifier) after coambining with
the protelin should alter the kinetlic properties
of the active centre for The substrate, and,

(c) For such a modifier, sn enzyme-substrate-
modifier complex can be demonstrated.

iionod et al (1963) proposed that the specificity of any
allosteric effeet and its =ctusl menifestation is exclus-
ively dependent on the specific construction of the
protein molecule itself, that it is this comstruction

that enables it to undergo "reversible conformstional



alteration®, triggered by the binding of an allosteric
effector, The complexity of the mechanism of allosteric
protein is further intensified by the fact that the action
of certain coenzymes or other enzyme-effectors may involve
allosteric effects in zddition to their classical role as
translent reactants or transporters,

Koshland, (1958,1960) proposed the "induced-fit"
theory of enzyme action, His theory 1s based on the
following postulate:

(a) & precise orientation of catzlytic groups

is required for enzyme action;

(b} the substrate may causge sn spprecizble change
in the three-dimensilonsl relationshilp of amino
acids at the active site;

(c) the changes in protein structure caused by &
substrate will bring the catslytic groups into
proper orientation for reaction, whereas &
non-suostrate will not,

See also kinetic data (Koshland, 1963,1964),

fionod et al {(1963) proposed three models of inter-
action between a substrate and an inhiblitor bilnding res-
pectively with different groups on enzyme surface,
whereby they deduced that 2llosteric effects are caused
by "conformational slterstions®, To support thelr con=-

clusion, they reviewed kinetic data on beef liver glutamic




dehydrogenase, acetyl-Coi carpoxylase from adipose tissue,
nmuscle phogphorylase b and haemoglobin,

The sctual moleculear basis for modulation of enzymes’
kinetic behaviour by interaction with a small molecule is
however, still unknown, This has been & subject of con-
sidersble speculation, (Yates snd Pardee, 1956; Umbarger,
1958; Koshlsnd, 1958,196C; Gerhart and Pardee, 1962; lonod
et al, 1962,1963; Friedem, 1964; Gerhart and Perdee, 1964;
Atkinson et a2l, 1965; Monod et al, 1965).

It is sufficient to mention that the suggestions of
most of these investigators, totally or in part advocate
stereospecifically specific snd functiomal significant
interactions between proteins and small molecules,

Before the direct demonstration of end-product
inhipition for isoleucine-valine and pyrimidine pethways
by Umbarger (1958) and Yetes (1956) respectively, the only
type of feedback effects known was that due to repression
of enzyme formation, Umbarger (1958) emphasized the
unique role of the first and ususlly only one enzyme of a
sequence in feedback inhibition, in contrast, to many or
21l of the enzymes of a sequence that are often repressed
simultaneously - & sgitustion termed "co-ordinste repress-
ion", (Umbarger, 1964),

The mechanism of enzyme regulation, through induct-
ion znd repression of enzyme formation was establisghed in

the decade of 1950, Well defined single enzymes were used
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to establish this phenomenon, and were shown to occur with
many different enzymes in the same pathway, It was dis-

covered, for example, that an enzymic block late in a

sequence did not prevent an amino acid from repressing
formation of earlier enzyme in the sequence, Furthermore,

while intermedistes in a sequence could zlso repress, they

could no longer do so when a genetic block prevented them

from being converted to the end-product,., From these dis-

coveries, it became clear that the end-product plays a
special role in repression, Studies on intact cells, of
genetics of repression has led to most of the recent
developments of the concept of regulatory genes as opposed
to genes determining protein structure, It is a product
of this regulatory gene that combines with an appropriate
small molecule to form the repressor,

End-product repression has been demonstrated (in
midroorganisms) for most of the well-known biosynthetic

pathways, Notable among these pathways are: tryptophan

biosynthesis, (Cohen and Jacob, 1959), histidine biosynthe-
sis, (Ames and Hartmen, 1962), arginine biosynthesis, (Maas

et al, 1963), alkaline phosphate synthesis, (Gallant and

Stapleton, 1963),§ -galactosidase in E. coli (Loomis and
Magasanik, 1963), and lactose utilisation, (Jacob and
lMonod, 1961), From these studies, a model has emerged,

with the following features:




11

(a) A cytoplezsmic repressor, whose formation 1is

genetically determined)regulates the rate at

o)

which all the enzymes of & sy

w

tem are produced,
In the case of bilosyunthetic pathways the re-
pressor reqguires the end-product (for activity).

(b) The genes controlling the production of the

enzymes of a pathway are zdjacent to each other
on the linkage map znd thelr activities sare
controlled by a part of this genetic segment
called the operator (Meas et al, 1963).

Thig system constitutes a unit under the control of a single

cytoplasmic repressor, sund & genetic unit; a reglon of The

genetic materisl controlled by & single operator, This

nes been cslled an “Operon", (Jacob et zl, 1960),

1

"weedback inhibition implies thet nature has Tound

it economical to evolve certain enzymes with two kinds of
specificity" says Davis (1963), in reference to & group

of a2llosteric enzymes that are capable of binding with
their‘respective substrates to produce blological activity,
and &t some other site bind with snother smzll molecule
(modifier), reversibly to produce or create regulstory
metabolic systems, Feedback control of the kinetilc
beheviour of enzymes augments the repression system briefly

discussed above, It has thrown much light on the action

of zntimetabolites and inhibition of growth by some com-
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pounds, It has also provided some interesting problems
for protein blochemists,

Of the regulatory effectors thus far studied in
detall, adenylates appear to be of very significant import-
ance in the control of cellular metabolism, Recent obser-
vations have shown that both the inhibition by ATP and
stimulation by AMP play important roles in the regulation
of energy metabolism,

Mansour (1963) discovered that both AMP and cyclic
ANP stimulate guinea pig phosphofructokinase, which in the
present day connotatlon means that both these mononucleotides
act as positive effectors for the enzyme, Similar effects
of AMP on phosphofructokinases have been reported by
Pagsonneau and Lowry (1962) and Hamaih et al, (1964), Other
systems in which ANMP acts as positive or negative effector
are clted in Table I, NAD was found to replace AP as
g positive effector for the DPN-gpecific l1lsocitric dehydro-
genase from animal cells,

ATP has also been shown to influence the kinetic
properties of citrate synthetase (Hathaway and Atkinson
1965), and AMP aminohydrolase (Cunningham and Lowenstein
1965), The significance of these findings cannot be over-
estimated, especially in the regulation of phosphofructo-
kinase, DPN-specific isocitrate'dehydrogenase and cltrate
synthetase - all of which participste in the utiligation of

carbohydrate which is directly connected with the generation
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Enzyme Type of
affected Bffector Bffector Heference
Phosphofructo- AMP Positive lensour, 1963;
kinase L£TP Negative Passonneau &
Lowry 1963;
Bamaiah et al
1964
DPN-specific LIP Positive Hatheway and
igocitrate Citrate Fositive Atkinson,1963;
dehydrogenase Chen snd Plaut
1963; Bernof-
sky & Utter,
1964 ; Sanwal
et al,196L;
Senwal &
Stachow,1965
Citrate ATP Negsative Hathawey &
Synthetase Atkinson,1965
Glutamine phos- AVP Caskey et 8l
phoribosyl- ADP 1964
pyrophosphnate ATP Negative
amido trans-— Gilp ,GDP
ferese Mp
Glutamate dehy- Bitensky et al
drogenase ADP Positive 1964
Purine Blosyn=- Adenine & Negative May snd Xock,

Guenine 1964
Compounds

- 2o oaey o s . o e o B o o2 oy ] At AR A s o g U S o D ot AT B3 SO ok SE ) TS T v T e U ey e e S e ke it S

thesis enzymes

Avien glutamine 6-mercapto

rivogylpyro- purine, Negative McCollister et
phosphate 5- B=z.z8- al, 1964
rhosphate amldo guanine

transferase

——.-...-._.......——....._..—.-._..——___.....-.—-—_—.-___.__-.—_.———_——_.—-.--——-—..-—-—_—.-——..———

continued
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TABLE I CONTINUED

Enzyne Type of
Lffected Effector affector Reference
I-glutanine~D- UDP-li- Konfeld et &al
Fef=P trans-  acetyl Negative 196
aminese glucos~-
amine
Glutamete L= Bitensky et al
dehydrogen- leucine ? 1964
ase
Thymidine Thymidine Positive Ives et al,
kinase ATP 1963
Thymidine d-thyml- Negatlve Ives et al,
kinase dine 963
triphos-
phate

of energy %n form of ATP by oxidative phosphorylation,

Atkinson (1965) has proposed & schematic illustration
emphasising the role of adenylates in regulation of energy
metabolism,

Other regulatory effectors, the systems affected and
references are shown in Table I.

The biological significsnce of allosteric systems céan
be appreciated in the light of the fact that this class
of interactions plays & special role in the control of
living systems, There are other types of mechanisms such
cs mass sction effects which augment cellular control
mechanisms., Metabolic feedback regulations appear tO

work in the same direction as does mass action, &lthough
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it 1s & much more powerful system, Feedback controls and
mainteinsg metabolites at relatively constant concentrations,
whereas mass action 1s dependent on thermodynemic equilibriumn,
The thnermodynamic significance of specific control systeums
(Moncd et al, 1963; atkinson, 1965), is that they success=-
fully circumvent thermodynamic equilibrium, This statement
is 1llustrated by
(a2) the synthesis of glycogen from glucose-l-phosphate
and,
(b) the interconversion of F6P and FDP,
In case (&) Krebs and Fischer, (1962); Rell and Sutherland
(1961); =2nd Leloir (1961) have made it clear that the same
pathway 1s not used by cells in the synthesis and degreda-
tion of glycogen, that each of the pathways is governed by
specific controls, involving hormones and metabolites,
none of which themselves particlpate directly in the
reactions., A&tkinson (1965), pointed out that in case (b)
if there were no control on the enzymes that catalyse tne
interconversion, both reaction would occur &t the same Time

snd in tne direction shown below:
ATP + Hzo-wmw?-ADP + HSP04

& condition that would lead to & short circult in the cell's
energy metabolism, "This fatal result is prevented by the
control of both enzymes by ATP and AME", 4tkinson celled

this 'advantage' - "Irreversibility loopsh,
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Tt would sppear that mess actlion slone cannot satisfy
the conditions necessary or required to control these
systems, since the synthesis and degradation of glycogen
are thermodynsmically end physiologically reversible, and

the following reactions (interconversion of F6P and FDP):

F6P + ATP —> HDP + ADP

FDP + HpO0— 6P + H3P04
ore catalysed by two different enzymes that ere oppositely
directed,

The speculation that "genetic repression" mey control
proteln synthesis - when proven - will be of great signifi-
cance,

Although most of the regulatory systems discussed
here have been easlest to study in single-celled organisms,
there can be no question that they also exist in the cells
of most higher organisms, Control mechanisms have demon-
streted that there is a direct parallel between unl- and
multicellular orgenisms, They heve also provided that
there exists some relevancy between them, differentiation
and regeneration phenomena both of which are common to
higher orgenisms, Feedback inhibition and repression
jnvolve negative feedback; they keep metabolic levels in
s cell constent, while differentiation on the other hand
brings about differences among cells that will be mein-

toined in each cell and 1ts progeny. It therefore could
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be assumed that differentistion is governed not only by
negative feedback but 2lso by positive feedback, On the
vasis of all these considerations, the most important
consequence of feedback control to biology is perhaps

the fact that it makes "irreversibility loops" possible,
B, THE PASTEUR mFERCT

With the possibility thet phosphofructokinase hes
allosteric properties, 1t coculd be a regulatory enzyme
in controlling the Pasteur effect, The following is a
review of literature on the Pasteur effect,

The repression  of carbohydrate breakdown by living
orgenisms in the presence of oxygen was first observed by
Pasteur (1876). Pasteur found tuat alcoholic fermentation
of yeazst was severely reduced 1ln the presence of gaseous
oxygen, Pasteur also observed that in the presence of
increaged concentration of oxygen, fermentation wes
progressively replaced by the syntinesis of cellular met-
erisls., Several investigators since then have demonstrated
and established that carbohydrate utilisatlon in normally
serobic organisms, e.g. plants, snimels and microorganisms,
pecomes significantly increased uunder anaeroblc conditions,
These investigations have equally confirmed that on transgfer
from anoerobiosis to aerobiosis, the rate of carbohydrate
utilisation becomes significantly reduced.

Dixon (1937); Burk (1939); Turner (1951) and Fidler
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(1948), observed that carbohydrate loss under snaerobic
conditions far exceeded that under aerobic conditions.Fidler
(1951) in his experiments with apples observed these same
conditions.

Although the rate at which respiratory intermediates
are utilized under serobic conditions is much decreased,
aerobic respiration is nevertheless considered & more
efficient process, Thig efficiency 1s baged on energy
production by the two processes., There is more sugar
breakdown and less energy release under anseroblc con-
ditiong while the reverse is true for aefobiosis. The
conserving effect of oxygen on carbohydrate and respiratory
intermediates leazding to the pfevention of imefficient
drain of foodstuffs that would occur if fermentatlon were
to operate independently and unlimited is called the
"pasteur Effect", after rasteur who first observed the
phenomenocn,

The existence of the Pasteur Effect has long been
establishned in yeast end in enimsl tissues, It has also
been reported that this phenomenon occurs 1in the Tilssues
of meny higher plants - apple fruit, pea, rice, barley,
parsnip roots, potato tubers are a few of the plent tissues
in which the Pasteur Effect has been demonstrated,

Blackman (1928) amongst early workers on the elucldation

of the Pasteur Effect, prepared a formal catalytical scheme
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for apple respiration, "Glycolysis" sald Blackman,
"siznified the counversion of a reactant C to another resc-
tant DY where C is an activated hexose, znd D & substrate
for the last stages in sugar breakdown, It is this lest
stege according to Blackmen that has alternative fates in
air (oxygen) and nitrogen (enaercbiosis). Blackman called
his reactant D, trioses,

Turner (1951) expanding on Blackman's views defined
glycolysis as "the degradation of hexoses by & geries of
reactions involving an oxido-reduction with the production
of & simpler substrate D, which hes elternative fates 1in
2ir and in nitrogen"., Turner conjectured that his sub-
strate D could possibly be pyruvate,

The literature is full of definitions proposed toO
describe the Pasteur effect, in terms of the rate of car-
bohydrate utilisation or formation of fermentation end —
products, Dixon (1937) proposed & very convincing defini-
tion of this effect as "the action of oxygen in diminishing
carbohydrate destruction, and in suppressing or decreasing
the accumulation of the products of anaerobilc respiration',
Burk (1939) who did not subscribe to the Dixon schocl of
thought proposed that "Pasteur effect is the suppression
of fermentation by oxygen", Burks arguments egalnst
Dixon's definition were:

(2) That there are few experimental determination

of carbohydrate loss
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(b) That in the aerobic cells, anserobic processes
with carbohydrate ag substrates may often g0
on fast enough to mask the conserving effect
of oxygen, and,

(¢) That the diminution of carbohydrste destruction
does not always sccompany suppression of fermen-
tation,

Burk's arguments have become inadequste on the bagis of
recent studies and reports, The literature now shows that
several experiments have been conducted on carbohydrate
loss and the significance of this end its relationship to
the Pasteur Effect, Also it is now clear that most organ-
isms do not carry out all of the processes of glycolysis
&t the same time thet respirstion is going on, so the
second argunent becomes untenable., Many experimental
results have equally shown that there is more formstion

of fermentation products under snzerobiosis than under
serobiosls, thus liguidating Burk's third argument against
Dixon's definition,

Meyerhof and PFiala (1950) defined the Pasteur effect
in a very specific manner as "the strictly reversible and
non-progressive inhibitlion produced in zir or oxygen on
the steady rate of glycolysis®, 4nother definition pro-
posed by Merry and Goddard (1941) is that "The inhibition

of fermentetion by oxygen is known as the Pasteur Effect!,
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leany theoriles have been put forward for explaining
the Pasteur effect, a few of them are mentioned here,

The rasteur effect 1s usually ascribed to either
increasgsed glycolysis in the absence of oxygen and of its
accompanying respiration or to oxidative anabollism accom—
paenying respilration, The above is based on two assumptions:

(1) (8) That Pasteur effect is due to "the oxidative
removal of acetaldehyde", Dixon (1937), a substance necessary
for the continuation of glycolysis, No substantiative
explanatlion was offered for this assumptlon until Bsll (1939)
stated tnat "Suppression of fermentation is duvue to the
oxidstive removal of acetaldehyde, and the subsequent in-
abllity of COI (i.e., DPN or NAD) to be returned into the
oxidized form after it has been reduced'. Gottshalk,(1941),
picked the argument up where Bell left 1t, and postulated
that in the presence of oxygen, somehow part of the COI in
yeast cell 1s put out of action becsuse 1t persists in
the reduced state, The application of Gottshalk's theories
to higher plant cells yielded very little evidence in
support of this theory, Gottshalk's scheme 1s known toO
work well 1f pyruvate were oxidized in air via the Tri-
carpoxylic Acld Cycle, This process produces excess NﬁDHZ
which has to be removed oxidatively. Such az mechanism hasg
been shown to exist in barley by James (1946), in pea by
Lockhart znd Davidson (1939,1950) and in wheat by Waygood

(1950), It hes now been shown that NAD (DEN) can be
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oxidized by the coupled oxidstion-reduction system as

Pal

shown in the following system:

Glucose

- - . NAD CoHgO0H
3-Phosphoglyceralde- .
hyde
(oxidation) Reduction
of Heoxildetion
Coenzynme
Jghosmhoolyoewlc
acld NADHZ CHBCHO

3-Fhosphoglyceraldenyde 1s oxidized to 1,3~diphosphoglyceric
zcid, end BaD 1s reduced to WADH,. While W4DH, is reoxi-
dized to WAD, scetaldehyde is oxidized to ethanol., This
system works very nicely in Nitrogen (anserobic conditions).,
The link between this scheme and the Pasteur effect 1s that,
when sceteldehyde is removed serobically, reoxidation of
[4DH, stops. Under this condition the system Iis unzble

to proceed, since WADH, accumulates and the rotio NaDHo/NAD
increases so much so that the rate of oxidatlon of 3-PGA

is decreased, The decrease is eventually followed by a
decresge in the rate of glycolysles and zn increase in
fermentation rate., Gottshalk (1941) demonstrated that no

oxidative anabolism goes on in yeast cells, and argued

that reoxidation of NADH», 5> NAD by acetaldehyde is

presumably the cause of the Pasteur Effect in veast,
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(b) aAnother way in which a change from aeroblic to
anaeroblc conditions might increase the rate of glycolysis
thus leading to the establishment of the Pasteur Effect,
is @scribed to the phosphate cycle, Gottshalk postulated
that the concentration of coenzyme I may limit the rate

of glycolysis through the resction:

3-phosphoglyceraldehyde + P; + coenzyme I + LDP
> phosphopyruvic acld + coenzyme IH2 + LTP

one of the steps in the glycolytic cycle, Johnson (1941)
argued that the Pasteur Effect is due to & reduction of
glycolysis in air, a condition brought about by the lower-
ing of the concenbtration of phosphate acceptors, because
of the rspid esterification of phosphate in respiration,
Direct evidence for this hypothesis has not been reported

for plent tissues,

(2) Blackmen (1928, proposed the name "oxidative
anabolism® to the anserobic reaction conserving carbon in
air,  Barlier, Meyerhof (1925) had proposed that the Pasteur
Effect was due to the existence of "oxidative resynthesis',

Among other hypotheses proposed to explain the Pasteur

Effect are thosge postulating the inhibition of certain

L)

enzymes, Passonneau and Lowry (1961), Lowry and Passonneau
(196L4), in their experiments with yeast, ascltes tumor

cells, diaphragm and skeletal muscle proposed that the



enzyme reaction primarily responsible for the Pasteur
Effect is phosphofructokinase (PFK). Their study was
based on the measurement of substrate levels. They
observed that when ATP, the negative effector of PF, is
lowered and P;, & stimulator of PFK, is raised, the
activity of the enzyme is increased 40-fold. The studies
of Wu (1965), also based on measurement of substrates
confirm that substances that stimulate PFK activity also
stimulated glycolysis. Imidazole, high level of inorganic
phosphate are two of the agencies reported to stimulate
PFK and glycolysis (Wu, 1964). Wu (1965) also reported
that inosine and some other compounds that have inhibi-
tory effects on glycolysis do so, by affecting (inhibiting)
PFK activity. Mansour and Mansour (1962) suggested the
possible relationship between the increase in PFK activity
that accompanies low levels of ATP and glycolysis. Salas
et at (1965); Parmeggiani and Bowman, (1965), have estab=-
lished that citrate inhibition of PFK has direct relation-
ship to glycolysis, in yeast and rabbit skeletal muscles,
respectively.

Other explanations include the role of phosphate.
This states that ahigher concentration of phosphate is
essential for glycolysis than for respiration. High levels
of phosphate probably act by stimulating the activity of

.the kinases, notably hexokinase and PFK.

2L .



25

Barker et al (1964) explained the Pasteur Effect
by postulating that mitochondrial ATP which tnough
is readily avaeilable to cytoplasmic enzymic systems 1s
not freely accessible to the sugar phosphorylating enzymes,
They postulated that there is sn initial acceleration of
PEP kinase reasction in uniltrogen, which results in a
greater rate of production of glycolytic G6P and FLP, and
this hastens glycolysis., They do not, however, indlcate
the mechanism by which the FEP kinase reactlion 1s accele-
rated,

Of the meny possible causes of the Pasteur Effect

reported in the literature, the following are cited

(a) Oxidative synthesis of carbohydrates from
products of glycolysis (lMeyerhof,1925; Blackmen,
1951; Turner, 1958).

(b) Disturbance of the phosphate cycle under aerobic
conditions (Gottshalk,l941), Johnson, (1941),

(c) Hate of generation of NAD from HaDH, during the
oxidstion of the triose phosphates (Gottshelk,l1941;
Ball, 1939; Dixon, 1937; Turner,1951).

(d) High ratio of ATP;aDP in oxygen (RBowsn gt al,

19565 kowan snd Turner,1957; Wu snd hacker,
1959b; Beevers, 1960).
(e) Availsbility of mitochondrial ATP to the phos-

phorylating enzymes ( Lynen and Hartmenn,1959;
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Lynen,1963; Barker et a2l,1964),

(f) Inactivation of certzin enzymes of the glycoly-
tic cycle - PFK, 3-phosphoglyceraldehyde dehydro-
genase and hexokinese - by oxygen or aerobic
conditions, and high ATP? level (Hatch and Turner,
1959; Passsonneau snd Lowry,1962; Wu,1964;
salas et al, 1965).

The hypotheses (f) regarding the inactivation of Pfk
appear to be the most plausible cause of the Pasteur Effect,
Hecent studles appear to support it.

The existence of the Pasteur Effect has long been
established in most living organisms, This 1s based on
severel lines of evidence, The Pasteur Bffect 1ls con-
sidered to be operating in a respiring cell or tissue, if:

(2) On passsge of the cell or tissue from that
oxygen concentration known as the extinction
point (E,P,) or from air to anaeroblosis, carbon
loss 1s relatively increassed,

(b) The I/N ratio, where I = CO, production in the
abgsence of oxygen, and N = CO, production in
oxygen or im air, assuming that aeroblc CO2
production is represented by

CgHy 0 +605 ——> 6HQ0 + 6C05
end esneerobic COp production by

CgH1 20 ——22CH50H + 2C0,
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is greater than 1/3, The retio 1/3 is expected on the
basis of the following assumptions:

(1) that the relationship can be expressed by
a simple retio, that the CO, produced in alr
and in nitrogen do not drift along parallel
paths, since, otherwise the ratlio will vary
with tTime,

(ii) that the rate in alr 1is the only aerobic rate,
since, if aerobic COjp production should vary
with oxygen concentration, the I/N rabio will
also vary and become inconsistent,

(1ii) that sugar continues to be consumed at the
same rate both in sir and in nitrogen.

There have been many arguments agalnst basing the operstion
of the Pasteur Effect on this ratio, since 1t was shown
that CO2 production in nitrogen 1s lizble to wide fluctua-
tions. Blackman (1928) extrapolated his data to correct
these fluctustions, The assumption that 1f I/%>71/3
indicstes the operstion of the Pasteur effect hes Dbeen
seriougly challenged, Phillips (1947) pointed out that
this ratio can only be validly accepted 1T it has been
demonstrated that the fermentation is purely alcoholic and
that all the CO, 1s of the fermentstive origin, It is now
sccepted that i1f I/N ratio 1s greater then unity, that

one csn infer that the Pasteur effect exists,
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121 L7, J
(¢) X= |CGGF * 42>-(%%{]_‘7 0

where I = rate of enserobic CO0, production, and

i represents smount of carbon loss
. . - s a s . 12N
N = rate of zerobic CO, productlon, and [
represents amount of carbon loss, and
17" — ey s ok fa) o 1 h 1 d t L] 8 d 24%
Z = rate of alcohol production, and =g
represents amount of carbon loss,
These figures are obbained by determining fermentation

products,

(4) The Meyerhof Quotient 7> 1/3, The ratio is arrived
st Dby subtrecting the amount of CO» produced in air from
COp produced in nitrogen and dividing by the amount of
oxygen produced, l.€.,

CO0- in nitrogen - COo in air (oxygen)
M Q = 0o uptake

(e) If there ig an incredse in ¥DP level 1n nitrogen
over that in sir znd a corresponding decrease 1in FoP level
in N,, over thet in air; a condition attributed to the
activaetion of PFK by increased contents of &P, P3j and to
e decreased content of ATP, coupled with increased CO2
production, Different substrates in the glycolytic cycle
sre measured before and after experiments in air and in
nitrogen to arrive at these conclusions,

Fach of these lines of evidence or a combination have

been used to establish the existence of the Pasteur effect

in living orgenlsms,




Inhibitors and Activators of the Pasteur Lffect

Certain compounds are capable of abolishing or
stimulating the Pasteur effect.

Hatch and Turner (1959) demonstrated that removal of
oxygen, increased DPN concentration, addition of cysteine,
and reduced glutathione (GSH) reversed the aerobic inhi-
bition of glycolysis by pea extracts. Dinitrophenol, N=-
ethylmaleimide, and M-ethyldiamino diphenoxyhexane, all of
which stimulates glycolysis show inhibitory efflects on the
p.E. Indoleacetic acid which stimulates glycolysis by
lowering the amount of intracellular ATP, is also capable
of inhibiting the P.E. (Marre and Bianchetti, 1961). Wu
(1965) also demonstrated that high levels of P; and imida-
zole will stimulate glycolysis to the extent that the P.k,
can be significantly decreased. Sodium fluoride at high
concentrations will also act as an inhibitor of the P.E.

Ferricyanide, which asserts its effect by lowering
intracellular P;, uridine, cytosine and 5-fluorouridine,
acting bY depleting intracellular Pj; and lowering the réte
of glucose uptake and inosine on the other hand stimulate
or activate the Pasteur effect. These compounds are cap-
able of inhibiting aerobic glycolysis while they stimulate

or show no effects on anaerobic glycolysis.
C. KINASES

The large majority of phosphorylation utilize ATP as

29.
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the phosphate donor. The enzymes involved in the reac-
tions are known as kinases (sub-groups 2.7.l-L; Dixon and
Webb). The kinases are of wide distribution in plants,
animals and microorganisms. The feactions catalyzed by
them which involve the transferring of energy from one
system to another in the form of energy-rich phosphate
vondsare of very significant importance to the biological
systems. In the majority of the cases, the phosphate is
transferréd to a hydroxyl group in a sugar or an alcohol.

The reactions they catalyze may be irreversible as in

ATP 4 D-Hexose ——— ADP 4 D-Hexose=phosphate
and such othér reactions catalyzed by galactokinase,
phosphofructokinase, ribokinase and fructokinase to mention
a few, or reversible as is the case of the reactions cata-
lyzed by acetate kinase, carbamate kinase, aspartate
kinase, creatine kinase etc. The extent of reversibility
of these reactions is dependent on the location of the
high energy bonds. In the first examples given, the high
energy bond is only on the substrate side of the reaction
while the product has a low energy ester bond, thus making
it thermodynamically impossible to reverse the reactions.
In the reversible reaction, high energy bonds are located
on both sides of the reaction with no thermodynamic barrier
preventing reversal.

It has been shown that most of the enzymes that
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vhosphorylate sugarsg do sO specifically at one or the
other terminsl carbon, The preference however, as hés
been shown is for the formation of an ester on the terminal
primery hydroxyl group, l.€. position 5 or 6 and position
1 in the ketoses. The enzymes sre also capable of forming
glycosidic phosphates,

Bublitz znd Kennedy (1955) showed that the same end
of the glycerol molecule 1ig always phosphorylated by gly-
cerol kinsse, Burnett and Kennedy (1955) also demonstreated
that protein kinases always and exclusively phosphorylate
the serine hydroxyl groups of proteins. These workers
demonstrated the specificity of these enzymes.

inother set of kinases that have been recognized
are those that catalyze the transfer reactions involving
the nucleoside polyphospheates, These grours catalyse &

reaction such as

ATP + AMP > ADP + ADP
To further demonstrate the specificity of these enzymes,
there is another group (the adenylate kinsseg) which
catalyses a reaction similar to the one &above, however,
it is essentizlly restricted to the adenosine derivatives.,
Some transfer pyrophosphate groups (e.g. ribosephosphate
pyrophosphate kinase) while others form glucosyl-pyrophos=-
phate, (e.g, thlamine pyrophosphokinese), a group that 1s

escential in the synthesig of nucleotides,
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Another group of enzymes that have been recently
discovered are the pyrophosphorylases., These enzymes
catalyze the traunsfer of & substituted phosphate group
from a pyrophosphate to another pyrophosphate group to
form & new pyrophosphate bond in the product, NAD pPyro-

phosphorylase which catalyzes the resction:

ATP + nicotinete ribonucleotide ——> pyrophosphate
+ degamino WAD

is typical of this group,

©



MATERTALS AND HETHODS

ATP, ADP, ANMP, UTP, crep, ITP, GTP, G-1-F, G=6-P,
#-6-p, F,1-6-diphosphate, 3-PGa, E-5-P, galactose=6-P,
#-l-P, WAD(DPN), NADH (DFNH) , EDT4, cystelne, rabbit
muscle aldolase andiinglyoerophosphate dehydrogenase +
triose isomerase crystals were purchased from the Sigme
Chemical Company, St. Louls, Missouri; Clelend's reagent
(dithiothreitol) from Celbiochem, Los angeles, Inosine
from Fabst Laboratories, lillwaukee, Winsconsin, U.S.i.,
benzimidazole and imidazole from Eastman Organic Chem-
icels, HRochester, New York, U.S.4,, DEAE cellulose from
Brown Compsny, Hesearch and Development Department,
Berlin, New Hampshire, carbazide reagen: and sephadeX
from British Drug Houses, Toronto, Canazda,

The barium salts of the sugar phosphates were con-
verted into their respective sodium salts before use,
The suxllliary enzymes vere prepared in 0,02 K Tris-

Hel buffer, pH 8,0, and dialysed before use,
411 other chemical compounds were used without fur-

there purification,
B, PHEPARATION OF DEFATTED PEAMEAL

Approximately 145 g batches of pea cotyledons
Pisum sativum L, var, Tall Telephone Syn. Llderman) -

33
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obtained from Steele-Briggs Ltd., of Winnipeg were cooled
to about 4O and homogenized in a cooled Waring blendor for
20 seconds. The homogenized tissue was sieved through

1L and 28 mesh Tyler sieves. The fractions on and below
the 28 mesh were collected while the fraction on the 1k
mesh was re-homogenized for 20 secs and sieved., The frac-
tions on and below the 28 mesh were again collected and
combined with the first fractions, and were then processed
according to the method of Hatch and Turner (1957) as
follows.

The sieved peameal was poured into a beaker contain-

ing ether (1:3 w/v), stirred for two minutes and allowed

to stand for fifteen minutes, after which the ether-fat

layer was decanted off. Defatting was repeated three times
or until no more chlorophyllous material appeared in the
ether-layer. Residual ether was filtered from the defatted
peameal, with the aid of suction. The resultant defatted
peameal was air-dried in a fume cupboard and stored at 1,0

until required. The yield was about 72%.
C. PREPARATION OF DEFATTED WHEAT EMBRYOS

Viable wheat embryos (Triticum aestivum L. var. Selkirk)

were prepared according to the method described by Johnston
and Stern (1948) and stored at 4°. The embryos were

defatted by homogenizing for 2-3 minutes with ether (1:3,
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w/v) in a mortar, The homogenized tissue was allowed to
stand for 15 minutes, following which the ether-fat layer
wes decanted off, Homogenization was repeated until the
ether-layer was clear, Following this, the ether was
filtered off by suction, and then the defatted wheat

embryos were 2ir dried in a fume cupboard, and stored at 4°,
D. CULTIVATION AND TREATMENT OF WHEAT LEAVES

The primary leaves of Triticum aestivum L, var,

Selkirk, were excised when 7-9 days old, except otherwise
stated. Selkirk wheat leaves were grown in flats under
greenhouse conditions in the summer and fall, end in growth
chambers during the winter months when they mature late under
greenhouse conditions, Growth chamber conditions included a
photoperiod of 16 hours at a light intensity of 1000 ft-c
at 27°,

To study the effect of benzimidazole, five granm
batches of 7=9 day =~old leaves were harvested, washed,
dried between paper towels and floated on 500 ml of 50 mg/
litre benzimidazole or deionized water contained 1n a glass
tray., The trays were covered with Saran wrap to mailntaln
a high humidity, and were immediately transferred to a
growth chamber, where they were allowed to remain until
required for enzyme extraction. This usually was after

one, three, and five days.
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BE. BNZYME PREPARATIONS

(1) Peameal

Fifty grams of defatted peameal was susrvended in
eporoxzimately 4 volumes of either 0,02 M Tris-HECl, or one
of the following: 0,02 M Tris-HCl, 10=3 M EDTA; 0,02 M Tris-

C1. 1073 ¥ oysteine; 0,02 M Tris-HC1, 1070 W EDTA, 1077 H
3 3 3

cysteine; 0,02 M Trig-HCl, 0,03 M KF; 0.02 I Tris-HC1,

4

ZLO"3 M Cleland's reagent (dithiothreitol) buffer, pH 7ol

e

0.03 M K¥, and mechsnically stirred at 4° for sixty min-
utes., The extract was pressed througnh four layers of
cheese cloth, and the homogenate was centrifuged &t 20,000
x g for 20 minutes. The supernatant fluid was dislysed

. o , o)
gainst 20 volumes of the extracting buffer at L~ for

Sy

short periods, The dislysed extract is referred to as the

"erude peameal enzyme,"

(2) wWheat Embryos

Defatted or non-defatted embryos (6.5 gm) were homo-
genized in a mortar with 8 volumes of buffer used for the
enzyme preparation in (1), The brel was pressed through
8 layers of cheese cloth and the homogenate centrifuged
at 20,000 x g at 0° for 30 wminutes. The supermatant fluid
was dialysed for four hours at 4O against 20 volumes of
the extracting buffer, The dialysed extract 1is

referred to as the "crude wheat embryo enzyme", The enzyme
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from the defatted embryos generally showed lower activity
then the non-defatted embryos, but the former were

preferred because defatting offerred some purification,

(3) VWheat Leaves

Five grams of 7-9 days old Selkirk wheat leaves
either immediately detached or floated on either water or
benzimidazole were ground in a chilled mortar with or
without acid-washed sand, and 5 volumes of buffer, prefer-
sbly 0.02 ¥ Tris-HCl, 1073 1 Cleland's reagent, pH 7.l
(see Section E (1), page 36). The brei was pressed
through four layers of cheese cloth and the homogenate
centrifuged at 20,000 x g at 0° for 15 minutes., The super-

netant fluid is referred to as "crude wheat leaf enzyme',

(L) Spinsch Leaves

Spinach leaves (obtained from the supermarket) were
washed Tirst with tap water and then with distilled
water, dried between paper towels and ground in & chilled
mortar with buffer as above, The brel was pressed through
4 layers of cheese cloth and the homogenate centrifuged
at 20,000 x g at 0° for 15 minutes., The supernstant thereof

is referred to s the "crude spinach enzyme",
B, FEACTIONATION WITH AFMONIUM SULPHATE((NH@)ZSOq)

Only the "crude peameal enzyme" and crude wheat
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embryo enzyme were fractionated with (NHy)pS0y. The
procedure for fractlonation of the peamezl enzyme included

concentration of 33%

)

the addition of solid (NH4)2304 to
N s e d e s .. 0 . J
(v/w) with mechsnical stirring at 4° for 60 wminutes, The
protein precipitate (if any) was removed by centrifugation
o . o

at 10,000 x g at 0~ for 10 minutes., The (WHy) 50y
concentration in the supernatant fluid was ralsged to 65%
(v/w) end after a further 60 minutes stirring, the protein

Py i

ation at 10,000 x g at

o

precipitate was collected by centrifu

<

OO, for 10 minutes, This was suspended in 2 small volume

of the extracting buffer, and dialysed ageainst 20 volumes
of the same buffer for four hours at 4°, Tﬁe resulting
preparation 1s referred to as the "33-65% ammonium sulphate
fraction', & "20-40% ammonium sulphate fraction® was
obtained from the "crude wheat ewmbryo enzyme', by the sane
procedure described for the enzyme prepsration from pea-

meal,
G, CHROMATOGHAPHY

(1) Paper Chromatography: This was used for the

separation of sugar phosphates, specifically F-6-P, F-1,
6-d 1 ~PG4 and G-1-P Spot treaks of samples were
6-diP, 3-PGA and G . oSpots or streaks of samples I
placed on Whatman No,1 filter paper (unweshed) and
developed in phenol:water (72:28) solvent for 10-1l2 hrs.

The chromatogremg were sprayed with both anlline hydrogen
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phthalate (930 mg aniline and 1,6 gm phthalic acid in
100 wl of water saturated with n-butanol) and acidic
naphthoresorcinol (4,75 ml of 2% napththoresorcinol +
o

b,75 ml of 2% agueous trichloracetic amcid + 0,5 ml 60%

HC10y), 2nd heated at 85° for 5 minutes,

(2) Column Chromgtography

Twenty grams of diethylaminoethyl cellulose was
washed with 0,5 N NaOH, 0,5 N HCl, and distilled water
successively to remove all yellow colour appearing in the
washings, The DEAE cellulose was then suspended in 0,02 M
Tris-HCLl, pH 8,0, and packed into a column (measuring
35 cm x 2,5 cm) and equilibrated sgainst the same bulfer
by passing two litres of the buffer slowly through the
column, Twenty milliliters of elither the "33-65% ammonium
sulphate fraction" of the peameal enzyme or *20-40% smmoniun
sulphate fractlon" of the whest eﬁbryo enzyne" was loesded
on to the column, and the proteln eluted with a linear
gradient, ¥Five milliliter-fractions were collected and
assayed for aldolase as well as phosphofructokinase activity,
Those fractions contalning phosphofructokinase activity,
the "partially purifiled enzyme" were pooled and combined,
Fifty milliliter-portions of the combined fractlons
(generally about one hundred milliliters) was loaded on tO

a (-25 Sephadex column{measuring 55 cm x 2 cm), and
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equlibrated against 0,02 M Tris-HC1l buffer, pH 8,0 to
remove NaCl and excess Tris buffer, The eluate was quan-

titatively collected in 10 ml aliquots,
H, ASSAYS FOR PHOSPHOFRUCTOKINASE

(1) Colorimetric Method

The method used was based on a modification of that
given by Dounce and Beyer (1948) and Sibley and Lehnlnger
(1949) which makes use of colorimetric determination of
trioses, Hydrazine is used to fix the trioses formed,

At the end of the incubation period (30 minutes), the reac-
tion is stopped by the addition of 10% trichloroacetic aclid,
The resction mixbure is then centrifuged at 10,000 x g for
2 minutes, and aliquots are removed and made alkaline with
0,75 M NaOH, followed by addition of acid-2, L-dinitrophenyl-
hydrazine, The mixture 1g incubated in a water bath at 380
for 10 minutes, snd again made alkaline with 0,75 M NaOH,
Following this a characteristic color due to 2 2,4=-dinitro-
phenylhydrazine derivative of the trioses developed, This
derivative exhibits a maximum absorption at 540 mp, and the
intensity of the color 1is directly proportional to the
triose concentration (Sibley snd Lehninger, 1949), The
color was measured on a Spectronic 20 colorimeter (Baush
and Lomb) after 10 min,

The assay system contained:
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0,025 M Tris-HC1l buffer, pH 8,5 0,30 ml

0,5 M Hydrazine sulfate, pH 8,6 0,15 ml
0,041 M/ml FDP, pH 7.0 0,10 ml

or

,025 11 F6P, pH 7,0 0,10-0,2 ml
0,020 M/ml ATP, pH 7,0 0,05 ml
0,05 W Nap=KH,POy, PH 7.0 0,1 ml

0,1 1M MgCIyp 0,05 ml

1 mg protein/ml of ,025 M Tris-HCL
buffer, pH 8,5 commercial aldolase

or Pea aldolase 0,05 ml
Enzyme preparation 0,1-0,4 ml
Hy0 to a total volume of 1,50 ml

A unit of PFK is defined as the amount of the

enzyme which will cause an 0D change of 0,01 at 540 mp,

(2) Spectrophotometric lMethod

Phosphofructokinase activity wes measured at 25 to
290 by & procedure described by Fassonneau snd Lowry
(1962), This involved coupling the phosphofructokinase
resction to the < - glycerophosphate dehydrogenase and
triose isomerase reachbion, the favoured end product being
glycerol phosphate, The velocity of the reaction was
measured in silica cuvettes of 10 mm light path, by
following the rate of disappearance of NADH at 340 my,
The measurement was done on & Gillford optical density
converter, model 220, serisl 603 attached to a Hilger
gpectrophotometer and & recorder with a chart drive, The
recorder curves were extrapolated and the slopes taken
s initial velocities, The reaction mixture which consisted

of:

@&wmwm%%
LIBRARY |
NJF paniToBR




L2

0,025 M Tris~HCL buffer, pH 8,5 1,0 ml
0.1 I NgClp 0,1 ml
0,05 M Nap=-KH,PO, , pH 7.0 0.1 ml
8 mg/ml NADH In Tris buffer, pH 8 0,06 ml
1 mg protein/ml «-glycerophosphate

Dehydrogenase - triose phosphate isomerase 0,05 ml
1 mg protein/ml aldolase (Rabbit muscle) 0.05 ml
0,025 M F6P, pH 7.0 0,20 ml
0,020 ¥M/ml ATP, pH 7.0 0,05 ml
Enzyme preparation 0,10-0,4 ml
and

Ho0 to a total volume of 3.0 ml

was started by adding ATP or ¥6P, A unlt of phosphofructo-
kinase is defined as that amount of it that will cause an

optical density change of 0,01 at 340 mp/minute.

(3) Menometric Methods

Standard Warburg respirometers were used for tThe
estimation of carbon dioxide evolution, aerobically and
anaerobically, In the anaeroblc experiments, reactlion
vessels were gassed with 99,995% nitrogen-containing 0,.005%
oxygen and a trace of hydrogen- for 15 minutes, COo pro-
duction was measured over 10 minutes and 15 winutes inter-
vals at 250 after equilibration and tipping in, of the
substrate and the cofactors., Carbon dioxide was determined
by the "direct method", Umbreit et al (1964), The resction

nixture contained:

Enzyme preparation 1.0 ml
0,05 M Na,-KHoPOy, PH 7.0 0,1 ml
0,025 M Tris-HCl, pH 8.5 0,3 ml
0,1 M MgCly, 0,15 ml
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(0,1 M AD (DPN) pH 7.0 0,10 ml
(0,1 M **GIP, pH 7.0 0,40 ml except other-
Sa( wise stated,
(0,1 M ATP, pH 7.0 0,05 ml
0.1 M KCl 0,06 ml
Water to a total volume of 3,0 ml
Note:

* Sa = (side arm) %% F6P,FDP,3 PGA were also used,
with 0,2 ml of 40% KOH in the central well where required,
Ethanol, sugar phosphates etc., were estimated from samples

from the reaction mixtures after 1-2 hours,
T, ANALYTICAL METHODS

(1) Erotein Determinstlons

Protein contents of crude enzyme preparatlions were
calculated from determinations of total nitrogen by a
Micro-Kjeldahl procedure (Kock and lMcleekin, 1924) using
peroxide digestion as described by Conway (1957) In the
partially purified enzyme preparations, protein was deter-
mined according to the method of Warburg and Christian,

(1941),

(2) Ethanol Determination

Enzymic digest samples were steam distilled after
stopping the reactlon with 10% trichloroacetic acld, and
the ethsnol in the distillate was determined, (a) colori-
metrically according to the method of Willlams and Reese
(1950) and (b) iodometrically according to the method of

Peel (1951),
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(3) Sugar Phosphate Determination

Sugar phosphates were determined from the same
enzymic systems from which COp evolution was estimated.
At the end of 30, 60, 90 and 120 minutes of incubation,
the reaction was stopped with 10% trichlorocacetic acid.
Following certrifugation, the aliquots were collected and
concentrated. One hundred lambda of the concentrated
samples were applied to chromatography papers, developed
and sprayed as outlined in chromatograply procedure, (Section
G (1), page 38). The spots were cut out and eluted with
water and estimated using the anthrone reagent test for
sugars ( Harrow et al, 1960). This procedure consists of
placing five milliliters of freshly prepared anthrone re-
agent (1 gm/100 ml conc. H2804) in a test tube, and the
samples carefully overlaid. This is followed by rapid mixing
of the two phases, and boiling at 90° for 16 minutes. The
color developed was measured at 625 mp. The values in umoles
were read off a standard prepared from known concentrations

of individual intermediates determined.




EXPERIMENTAL RESULTS

A, PURTFICATION OF PHOSPHOFRUCTOKINASE

Phosphofructokinase from either peameal, wheat
enbryos or spinach and wheat leaves was extracted as des-
cribed under Methods, It was found that for maximal initial
activity, addition of sulfhydryl compounds to the extracting
medium was essentlal, Of the sulfhydryl compounds tested
Cleland's reagent (dithiothreitol) proved most active,
Little or no initial activity was obtailned in wheat or
spinach leaf extracts, 1f sulfhydryl compounds were not

present in the grinding medium,

(1) Purification on DEAE Cellulose Column

Twenty millilitre portions of the 33-65% (NHy) S0y
fraction of the peameal or 20-40% (NHy)pSOy fractiom of the
wheat embryo enzyme preparations were loaded on to a DEAE
cellulose column prepared as described in Methods, The
protein was eluted from the column with a gradient of
increasing salt concentration, A five-hundred milliliter
linear gradient was generated with a gradient devise having
two chambers of equal volume and diameters, The mixing
chamber initially contained 250 ml of 0,05 M Tris-HCl -

0.2 M NaCl buffer, pH 7.4, and the reservoir chamber, 250 ml
of 0,5 M Tris-HCl - 0.2 M NaCl buffer, pH 7.4, Fractlons
of 5 ml were collected at a rate of one milliliter per

minute, The fractions containing enzyme of hilghest activity

b5
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FIGURE la.
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(fractions 20-40 or 34-54) were pooled (Figs la and 1b),

(2) Fractionation on Sephadex G-25 Column

A 50 ml aliquot of the pooled fractions from the
DEAE cellulose column was loaded on a Sephadex G-25 column
prepared as described in Methods, The protein was eluted
with 0,02 M Tris-HCl buffer, pH 7.4, Fractions of 10 ml
were collected, This process was included primerily to
remove salt and excess Tris-HCl buffer, and resulted in a
further purification, However, these fractions were highly
ungtable., Unsuccessful attempts were made to stabllize
these relatively pure fractions with the addition to the
eluting buffer of low concentrations of one of the follow=
ing, F6P, ATP, AMP and Mg-ATP,

A summary of the procedure aund the purification for

the enzyme from wheat embryos is given in Table 11,
B, PROPERTIES

(1) Protection and or Activation by Sulfhydryl
Compounds , -

Phosphofructokinase is very unstable during macera=
tion and dilution in the absence of sulfhydryl compounds,
This is particularly so with the wheat leaf enzyme (Table
III). Maceration in the absence of added sulfhydryl com-
pounds yielded very little or no initial activity, whereas
on addition of either cysteine, or a combination of EDTA,

cysteine and gelatin or ﬁv-mercaphoethanol, or Cleland's
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TABLE II. Purification of Phosphofructokinase
from Wheat Embryos.

Total Acti-  Specific
Protein vity PFK Activity
Fraction mg/ml (Units) Unit/mg. Purification
I, Crude Ixtract 7024 230 0,33 X
II. Ammonium Sulphate
(0.20 - OOLI-O) 390 350 0090 2.7
IIT,. DEAE Cell\llose 0065 20 3008 93 33
10.5 35 106,06

IV. Sephadex G-25 0.30
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TARLE IIT. Effect of Some Sulfhydryl Compounds on the
Activity of Wheat Leaf Phosphofructokinase.

Extracting Addition to Enzyme Activity
Medium Extracting Medium in Units
0.02 M Tris-HCl Buffer
PH T.4 - 70
n 10~> M Gysteine 80
n 10™2 1 Cyst., 107M EDTA | 60
n 107 u f~-mercaptoethanol 90
n 102 M EDTA 50
n 10-3 M Cyst, 10> M EDTA,
10~4 M MgClp 120
" 10-3 M Cyst, 103 M EDTA,
1% Gelatin 95
0,02 M K2Hp04, pH 8.0 - 25
" 0.05 M Fructose, 107 U
EDTA, 10-3 M Cyst. 150
" 10~3 M EDTA, 10~3 M Cyst.,
1% Bovine serum 170
0.02 f{l gribrs—HCl Buffer, 10~3 I Cleland's Reagent
Pr e (Dithiothreitol) 270
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FIGURE 2. Enzyme concentration effect.
Enzyme concentration effect on the partially

purified wheat embryo PFK.-
Enzyme activity was determined spectro-
photometrically.
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reagent (dithiothreitol), there is an improved initial
activity., Higher initial activities were also obtained for
the pea and wheat embryo enzymes following the addlition

of any of the sulfhydryl compounds shown in Table III, For
this reason, a sulfhydryl compound was added to the grinding
or extracting media, Table III shows the activation of

wheat leaf phosphofructokinase by some of the compounds
tested, Dithlothreitol proved to be the most potent acti-
vator at a concentration of 1 x 10"3 M, It was also observed
that addition of fluoride to the extracting medium or fluo-

ride by itself resulted in increased initial activity.

(2) Protection by Sodium Chloride

Following fractionation on Sephadex G=-25, a step
devised to remove sodium chloride which was used as the
eluting agent with DEAE cellulose, PFK becomes highly un-
stable,

From meny different experiments 1t appeared that NaCl
was stabilizing the enzyme 1ln some manner,

Mansour et al (1965) found that purified sheep heart
PFK is in the form of aggregates of several sizes and
that these dissociate to gmaller polymers when diluted
with or in the presence of high concentrations of NaCl,

On removal of NaCl by dialysis, however, the smaller poly-

mers revert to the aggregate forms,.
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It is significant that in the studies carried out
here, the partially purified plant PFK becomes highly
unstable followling removal of NaCl by column chromato-
graphy, This suggests that the purified enzyme (in the
presence of NaCl) is probably in the form of smaller
polymers at which it is fairly stable, and that removal
of NaCl reverts the enzyme into the aggregate form which

is highly unstable,

(3) Effect of pH

The pH optimum was measured in the range 6.5 0 9.5,
It was found that the pea enzyme had a broad plateau of
activity from}pH 8,0 to 8.5 (Fig 3a) and the wheat embryo
enzyme has a broad peak at pH 8,0 (Fig 3b). The activity

decreased markedly above and below these values,

(4) Effect of Temperature Treatment

A dialysed ammonium sulphate fraction of the wheat
embryo PFK was heated in a water-bath at 59° for 10 minutes,
550 for 10 minutes and at 50O for 60 minutes, Precipitated
protein was removed by centrifugation and the supernatant
fluid tested for PFK activity at various time intervals,

A very short time at 59° results in activation of the enzyme
while longer period at 590 pesults in repid loss of enzyme

activity., Flgure 4 shows typical results obtained,

(5) sStability in Storage

Attempts were made to store the enzyme under varying
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conditions, By far the most successful of these attempts
wasg storage in a saturated solution of ammonium sulphate,

A dialysed smmonlum sulphate fraction of the enzyme was
stored in 65% (NHy),SOy at 4° for a period of 14 days and
assays were made on the dialysed enzyme at various time
intervals, At 5 days, the enzyme preparations had retained
about 80% of its initial activity, After 6 days storage,
the enzyme rapidly lost its activity, and at the end of

8 days less than 20% of the original activity was retained
(Table IV),

(6) Beactivation of Inactive Phosphofructokinase

Enzyme preparations that had undergone complete
inactivation were incubated with ATP, ATP=-Mg, ADP, AlP,
P4y and F6P at various temperatures for varied periods,
Very weak reactivation was obtained with ANMP, AMP'and Pi
together, while no measurable activity was recorded after

incubation with ATP, ADP, F6P, or Py alone,
C. SUBSTERATE STUDIES

(1) Effect of Fructose~-6-Phosphate Concentrations.

It was found from many experiments that similar to
the phosphofructokinase from the yeast and animal tissues,
the enzyme from plant tissues falls into the category of
those enzymes the kinetics of which are expressed by
slgmoidal curves of reactlon rate against substrate concen-

tration, A typical sigmold curve in the plots of velocity
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TABLE IV. Effect of Storage on the Activity of
Wheat Embryo Phosphofructokinase.

Activity” in

Days Stored Enzyme Units % Activity
0 (freshly prepared 550 100
enzyme)
1 500 9069
2 505 92
3 500 90.9
L 480 873
5 450 81l.8
6 300 5545
7 100 19.2
8 50 9.6
9 30 565
10 -

#Results represent the mean of three different experi-
ments, each of which followed the same trend. 20-40%
(WH )280 fractions of the enzyme preparation from
whe%t enBryo Were stored in 65% saturated solution of
(NHA) S0, at 4°, Two millilitre aliquots were withdrawn

d%al sed before assay by the colorimetric method.
The amount of enzyme used in each assay is O.l1 mle.
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FIGURE 5. Effect of increasing F-6-P concentra-
tiori.on wheat embryo PFK., A total of 0.40 ml
of 'the partially, purified .enzyme was used in
the colorimetric assay method. '
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against F-6-P concentration is shown in Figure 5, The
double reciprocal plots (same data as the ones plotted
in Fig 5) gave a parabolic curve instead of the linear

relationghip found with classical enzymes,

(2) Effect of 4denosine Triphosphate Concentration

Adenogine triphosphate together with F-6-P and Mg++

form the substrate complex for the reaction:

F-6~P 4 ATP ey F-1,6-DiP + ADP
catalysed by phosphofructokinase, It is relevant to note
that this nucleotide which serves as a substrate for PFK
at low concentrations has been shown to have inhibitory
effects on the enzyme at high concentrations. The inhibi-
tory effect of ATP on the enzyme from liver fluke (Mansour
and Mansour, 1962); rabbit muscle (Passonneau and Lowry,
1962), Escherichia coli (Atkinson and Walton,1964) and
yeast (Vinuela et al, 1963; Atkinson et al, 1965) has been
investigated and it has been concluded that ATP may have
a regulatory effect on PFK,

In the present studies, it was observed that phospho~-
fructokinase from higher plant tissues - particularly from
pea cotyledons and wheat embryos, 1s also inhibited by
high concentration of ATP, Beyond & concentration of
1,0 umole, with 2,50 mmoles of F-6-P, ATP begins to show
inhibitory effects (Figs 7 and 8). The Kp of 2,7 x 107 H

calculated from Fig 7 compares very well with 3.0 x 1072 u
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reported for the rabbit muscle enzyme by Ling et al (1955).

Several investigations have been carried out on
the mechanism of action of ATP as & negative effector
for PFK, It has been suggested that the enzyme 1is probably
a flexible protein (Atkinson and Walton,1965), the confor-
mation of which is changed by binding of ATP or AVMP, at
one or more effector sites, Vinuela et al (1963) suggested
that ATP may be considered as the end product of the path-
way whose first irreversible step is the PFK reaction,
thet the end-product inmhibition by ATP possibly acts as
a feedback control, In this investigation, no attempt
has Dbeen made to demonstrate how ATP may regulate PFK
activity., It is however shown that other nucleotides
tested do not have such a pronounced inhibitory effect
on the enzyme, also that AMP, Pi and Mg™t are capable

of reversing or overcoming ATP inhibition,
D, SUBSTRATE SPECIFICITY

The purified wheat embryo PFK requires F6P, ATP,
Mg™" and aldolase (Colorimetric Assay), F6P, ATP, Mg’ T,
aldolase, h~glycerophosphate dehydrogenase and triose
igsomerase (Spectrophotometric Assay), for activity, Table
V shows the specificity of wheat embryo PFK, From the
data it would appear that the enzyme can only phosphorylate
the No.l carbon astom, Glucose-6-phosphate and not G-1-P

was phosphorylated up to about 75% of the control (F6P),




TABLE V. Substrate Specificity of Phosphofructo-
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kinase.
Activity
Co-Substrate Activity As & of
Substrate and and in F6P+ATP
Concentration Substitutes Enzyme Units (Control)
*2.5 ymoles F6P * ymole ATP 59.0 100
n ® ADP 26.0 Il
" no AMP nil nil
n n CTP 20,0 34
n v GTP L7.0 80
n n UTP 30.0 50.8
2.5 pmoles GIP 1 ymole ATP nil nil
] GHP ] 1 440 7h .5
u  FDP n " 190.0 322.3
" 3PGA n 1 nil nil
#®  Ribulose=5-P U i L0 6.8
" Galactose-6-P n n nil nil

\s,

f‘The concentrations given were in a total volume of 1.5 ml.

The system for the assay is the same as described for colorimetric
methods under Materials and Methods.
enzyme was used.

Purified wheat embryo
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The phosphorylation of G-6-P probably may be due to the
presence of a glucose phosphate lsomerase (EoCoN0o56361.9)0
Ribulose-~5-phosphate was very weakly phosphorylated while
Galactoge-6-phosphate showed no activity, The results
obtained with F-1,6-4iP serving as substrate agrees with
that of Atkinson and Walton (1965), who found that in their
control experiments in which F-1,6-diP was added to assay
mixtures lacking F6P, the change in absorbance at 340 mu
corresponded toO F—l,6~diP levels between 97 and 100% of
the known amounts added,

Fructose-1,6-diphosphate is probably an activator
of the wheat embryo PFK., In the assay systems in which
F-1,6-diP served as substrate instead of F6P (Table V),
it is noteworthy that a higher activity than that obtained
for F6P, was recorded, Although the possibility of this
high actlivity beling due to aldolase, which has to be
added to the assay system is not over-ruled, but in
other control experiments, the assay of which did not
require aldolase, a higher activity with F-1,6-d4iP as
substrate over F6P was also recorded.

It is also interesting that ADP which actually
inhibits the activity of the enzyme in the presence of
ATP, can by itself serve as a phosphate donor, Also of
interest is the fact that some of the sugars that were

not phosphorylated (Table V) do not appear to have any
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particular effect on the enzyme, Adenosine monophosphate
which is unable to donate phosphate to FOP, reversed the

inhibitory effect of high ATP concentration,
E, EFFECT OF NUCLEOTIDES AND COFACTORS

(1) BEffect of Nucleotlides

Table V shows the effect of the nucleotides tested.
Adenosine diphosphate, cytosinetriphosphate, guanosine
triphosphate and uridinetriphosphate can all donate phog=
phate to 6P, These results do not agree completely
s#ith those of Atkinson and Walton (1965) who reported that
CTP and GTP have only slight activity as phosphate donors,

with the enzyme from Escherichia coli, Although CTP, GTP,

and UTP are less effective than ATP at low concentrations,
these nucleotides are not inhibitory at concentrations
much greater than that optimal for ATP, Beyond & concen-
tration of one umole, ATP begins to inhibit the activity
of wheat embryo and peameal PFK, whereas no inhibition

by GTP for example, 1s observed until well beybnd 1.5 umoles,

(2) Bffect of Cofactors

Of the divalent cations tested magnesium showed
the highest activity in the reactlon, Other cations
tested with the exception of Fet*t showed inhibitory effects
(Table VI), even in the presence of Mg++, The results

obtained are consistent with the hypothesis thet an lg-

ATP complex is the actual substrate for the kinase reactions,
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TABLE VI. Effect of Activators and Inhibitors on
Higher Plant Tissue Phosphofructokinase.

Enzyme Ion %

Ton Source Concentration Activity
Sodium Acetate a 107% u 116 (=)¥
Ferric Chloride a,b " 114.7 (103)
Pyrophosphate (Na) a,b " 110  (106)
Tmidazole b " - (107)
Ammonium Chloride a u 105 (-)
Formate (Na) a,b u 104.4 (103)
Fluoride (Na) a,b " 104.1 (102)
Mercuric Chloride a i 97 (~)
EDTA a,b " 95.5 (98)
Cyanide (K) a,b " 94,1 (70.8)
Arsenate (Na) a,b U 92.6 (94.3)
Sodium Azide - a,b n 85.3 (82)
Ammonium Molybdenate a " 83.8 (=)
Cupric Chloride a,b , " 8243 (75.4)
Inosine b u - (80)
Na-K-Tartarate a " 76k (=)
Zinc Chloride a,b " 5hely (472)
Citrate (Na) a,b n L5 (50)

tat refers to Peameal enzyme
tht refers to Wheat embryo enzyme.

% Figures in bracket are those for wheat embryo enzyme.
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Magnesium significantly reversed aTP inhibition of
wheat embryo (snd peameal) PFK, while P3y did so very weakly.
Figure 9 shows the effects of Mg++ and Py on wheat enmbryo

PFK in the presence of an inhibitory level of ATP,
F, EFFECTOR FOR THE WHEAT EMBRYO PFK

Direct evidence for the inhibition of PFK by excess
ATP and its counteraction by some metabolites has been

reported for Fasciole hepatica, muscle, yeast and Escherichia

coli (Mansour and Mensour, 1962; Passonneau and Lowry, 1962;
Ramaiah et al, 1964; Atkinson and Walton, 1965; and Atkinson
et al, 1965).

Following the observation that high ATP concentra-
tion inhibits the activity of both peameal and wheat embryo
PFK, some experiments were carried out to test the effect
of AMP, ADP, P; and Mg++ on the enzyme at an inhlbitory
level of ATP,

As shown in Table VII, the effector for peameal znd

wheat embryo PFK is simllar to that of yeast and Escherichia

coli enzymes, Adenosine monophosphate serves as a posi=-
tive effector while ATP at high concentratlons serves as a
negative effector, It is also observed that beyond a
certain concentration of AMP, at which perhaps the enzyme
is saturated, further addition of AMP to the system tends
to decrease the rate, These results (Table VII) are

similer with those of Atkinson and Walton (1965).
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TABLE VII. Adenosine=-5t-monophosphate as a Specific
Positive Effector for Peameal and Wheat
Embryo Phosphofructokinase.

Experiment Concentration  Addition to System PFK Activity
No. of ATP and Concentration in Enzyme Units
1,0 pmoles - 1he5
2.0 ymoles - 10
n 0.5 ymoles ADP 11
I " 1.0 qmole ADP 8
] 2.0 n n 6
n 0.5 u AMP 18
n 1.0 " 1 15
1 2.0 " n 12
1.0 pmole - 14,0
2,01 - 6
i 0.5 pmoles ADP 5
] 1.0 ] ] L
T 1 2,0 1 i 2
" 0.5 " AMP 17
n 1.0 n n 1
i 2,0 n ] 8
0,50 pmole - 55
2.0 it - 26
" 0.5 pmoles ADP 21
] l.o 4] 1 2]_
111 u 0.2 1 " 18
" 0.5 " AMP 50
1 1.0 it 1t L1
u 2.0 n 1 31
1,0 qmole - 18.5
2,01 - 16.5
n 0.5 ymoles ADP 16.5
n 1.0 n " o5
v ] 2,0 1] 1 15
i 0.5 " AP 17.5
it l‘O 1t n 18
1 2.0 ] 1 16

Partially purified peameal PFK was used in Experiments I and II; an
(NHA)2804 fraction of the peameal engzyme preparation in Expt.III, and
partially purified wheat embryo enzyme in IV; and the activity in IV was
measured with spectrophotometer.
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Atkinson and Walton, suggested that the decrease 1in rate
is due to the fact that AMP, beyond these concentrations

ot which it reverts ATP inhibition of Escherichia coll,

depresses the maximal velocity., It is quite possible that
ANMP also depresses maximal velocity in its interactions
with F6P, ATP and the peameal snd wheat embryo PFK. It
has been mentioned previously (Table V) that AMP does not
react with F6P in the absence of ATP, It also shows no
discernible effect at low ATP concentrations, This probably
suggests that the effector site is unoccupied in these
cases,

Adenosine diphosphate which was slso tested (Table
VII) shows no activity as a positive effector for elther
the peameal or the wheat embryo enzyme, Any concluslons
drawn on the role of ADP in these studies are probably
not plaugible, since no specific attempt was made tTO
ascertain that the partially purified enzyme preparatlions

were absolutely free of adenylate kinase,
G. BFFECT OF TNHIBITORS AND ACTIVATORS

A number of substances were tested for possible
effects on the activity of PFK from peameal and wheat, It
ig significant to observe that citrate at 1 x 10"1‘P M was
epproximately 50% inhibitory, This ig consistent with
the findings of Salas et al (1965) who showed that citrate

inhibited the activity of PFK, and thereby triggers the
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operation of the Pasteur effect, Table VI shows that

zntt, sodium azide and inosine inhibited the activity of
the enzyme from wheat embryo and peameal, The inhibition
by inosine and szide, while imidazole, NaPP, KF, Fett+¥
activate these enzymes is significant., Wu (1965) pointed
out that inosine inhibits aerobic glycolysis, perhaps 1t
does so indirectly by its effect on PFK activity., Wu (1965)
also reported that imidazole stimulates aerobic glycolysis.
On the basis of the results in this study, it is quite
possible that igidazole stimulates PFK activity 1n such

a way as to overcome aerobic inhibition of glycolysis,
H, EFFECT OF DIALYSIS

. Yeversl diamlysing media were tested, Table VIIT
shows that the effect of dialysis on plent tissue PFK 1is
dependent on both time and the dialysing medium, With
the addition of sulfhydryl compounds more of wheat leaf PFK
activity is preserved,

Attempts made to preserve the total initial activity
after dialysis failed. Although dialysis does not have
such a severe effect on wheat embryo and peanmeal PFK
activitlies, nevertheless, 1t was observed that additions
of sulfhydryl compounds to the dialysing medium, coupled
with.short period of dialysis maintained and often increaséd

the enzyme activity,




TABLE VIII. Effect of Dialysis on the Activity of

Wheat Leaf Phosphofructokinase.

Expt. Activity
and Duration in Activity
Age of Addition to the of Enzyme as %
Leaves Dialysing Medium Dialysing Medium Dialysis Units of Control
I Control (no dialy-
9 day sis) - - 100 100
o . 0.02 M Tris-HCL
Buffer, pH 8.0 - 16 hrs. 0 0
0,02 M Tris-HCL
Buffer, pH 8.0 - g n 275 275
0.02 M Tris-HCL
Buffer, pH 8.0 - L n 30 30
II Control (no dialy-
sis) - - 115
0,02 M Tris-HCL
Buffer, pH 8.0 - Lo 35 304l
u 10~3 M Cleland's
Reagent L on 375 32.6
n 107> 1 EDTA L o 15 13.04
Deionized Water - L om 75 6.5

£9
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I. INHIBITION AND ACTIVATING EFFECT OF WHEAT LBEAF
EXTRACT

Because of the low activity of the enzyme from wheat
leaves, 1t was tested for its inhibitory effect on the
enzymes in pea and wheat embryos, It was observed that
crude wheat leaf extracts prepared as described in Methods
significantly inhiblited the activities of the enzyme from
pea and wheat embryo, The neutralized supernatant of
the extract after perchloric acid precipitation showed no
inhibitory effect, but in some experiments 1t activated
the system, to some extent, However, no detalled studiles
were made on the active and inhibitive principle of the
crude wheat leaf extracts.
J. EFFECT OF BENZIMIDAZOLE ON THE IEVEL OF PFK IN

WHEAT LEAVES,

Cultivation and light treatment of wheat leaves
were carried out as described in Methods, Leaves were
floated for 1, 3 and 5 days respectively. At the end
of each floatation period, enzymes were extracted from
the leaves according to the procedure described under
Methods, In leaves floated on water, the level of PFK
activity remains steady after 2L hours and decreased
rapidly thereafter, On the other hend, in leaves floated
on benzimidazole (50 mg/litre) the level of PFK activity
wasg found to be comparable to those in the immediately

detached leaves (Table IX) even after 5 days,
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TABLE IX. Effect of Benzimidazole on Phosphofructokinase
Level in Detached Selkirk Wheat Leaves.

Enzyme units Enzyme units Enzyme units
Expt. Days after in immediately leaves floated leaves floated
No. detachment  detached leaves on Water on Benzimidazole
0 110 - -
Il 1 - 87.5 100.0
3 - 75.0 102.5
5 - 62.0 10725
0 100 - -
l - 9205 llOoO
I 3 - 8250 107.25
5 - 60,0 106,25
0 50 - -
5 1 - 45,0 550
IIT 3 - L3.75 52.0
5 - L}-6025 -
0 35 - -
2 l - 25 co 37 050
IV 3 - 2000 36.25
5 - 25.0 32050
0 45 - -
2 l - 15 00 1+2 050
V 3 - 15 oO 36025
5 - 5.0 3750
0 7245 - -
3 1 - 50,0 7375
VI 3 - 1+5 oo 72-5
5 - 25 oo 72 05

Superscripts 1, 2 and 3 refer to leaves grown in the Green House
in the Fall and in the Winter, and Growth Chamber at constant
temperature and light intensity (in winter) respectively.
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K, WHEAT EMBRYO PHOSPHOFRUCTOKINASE AND THE
PASTEULR BEFFECT

Inhivition of fermentation or of glucose uptake in
the presence of oxygen has been observed in many organisms
and tissues and it is generally referred to as the "Pasteur
Effect", The relation of the phosphofructokinase reaction
to the Pasteur effect has been suggested for many years,
Kecent evidence clearly suggests that the reguletion of
vhosphofructokinase activity in animals and in micro=-organ-
isms, 1s fundauwental in the control of glycolysis,

It has been suggested that the control of the Pasteur
effect could be achieved via a series of feed-back mechan-
isms (Sols et al, 1963; Passonneau and Lowry, 1962, 1963,
1964), or through the endproduct imhibition of phospho-
fructokinase activity by ATP in certain tissues (Vinuels
et al, 1963; wWu, 1965), and or by an additional feed-back
involving the effect of citrate on phosphofructokinase
activity in yeast cells (Salas et al1,1965).

In the light of this evidence, some experiments were
conducted in order to ascertain whether the properties of
the phosphofructokinase from wheat embryos (studied in the
previous sectiong)could be related to the control of gly-
colysis in extracts of wheat embryos,

(1) CGlycolysis by the Crude Wheat Embryo Extracts

Preliminary investigations showed that the crude
extracts from wheat embryo possessed complete glycolytic

activity, Glucose-l-phosphate or glucose-l-phosphate and
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fructose were utilized and carbon dioxide was produced
(Fig 10). The glycolytic sctivity of the crude extract
measured by CO, output was lower, if either G-1-F or ATP
was omitted from the system, Maximum activity in the
absence of these compounds wWas generally about 30% of the
control {(Fig 10). The absence of ATP always increased the
lag period,

The partislly purified extract (20-40% (WHy)250y
fraction with high PFK actlvity possessed little or no
glycolytic activity (Fig 10), Accordingly, crude wheat
embryo extracts were used in all Subseqdent gstudles,

(2) Aerobic Inhibition of Glvecolysis

Tt was found that in the presence of oxygen (air)
glycolysis Dby the wheat embryo extract was considerably
inhipited, There was a significant decrease in both
carbohydrate loss and COp output in systens incubated under
serobic conditions (Fig 11 and Tables X and XI), The
smount of carbon dloxide produced in air is only about
35% of that produced under anaerobic condition,

Clear evidence that the Pasteur effect operates 1in
the wheat embryo extract was obtained, In all experiments

conducted and reported here

GL{N)
G1(0)

where GL(N)

COo production in anzerobic glycolysis
and,

G1(0) = CO, production in serobic glycolysis

clearly exceeds unity.
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TABLE X. Aerobic Inhibition of Glycolysis

Glycolytic
Expbe Activity GL(10)
Noe Substrate GL(11) GL(0) GL(0)
T ¥Flucose-l-phosphate 51 L8 1.1
" 113 91 1.2
n 190 174 1.1
II n 107 97 1ol
IIT n 63 L2 1.5
o *Glucose;iaphosphate 160 139 1.2
s Fructose 79 51 1e3
i 51 31 1.6
v " 99 56 1.7
VI " Li 22 2,0

% (1P concentration = 40 pmoles

3% Fructose concentration = 10 pmoles

System contained 1.0 ml of wheat embryo extract
in a total volume of 3.0 ml.

GL(N) and GL(O) are expressed in pl COz/hour/S.O mle




TABLE XT. Carbohydrate Loss and CO, Production by Crude
Extracts from Wheat Embryos Under Aerobic and
Anaerobic Conditions.

Initial Time
Conc. . of
Expt. of Final Conc. of Carbohyd. CO» Produced GL(N)  Incubate.
No. Carbohydrate Carbohyd. Anaerobic Lerobic GL(N)  (GL(0) GL(0) in Min.
GLP 1,060 1.40 (=39.20)  5.20 (=35.40)
T FéP 1.80 5020 (+ 440 ) 9,20 (+ 7.40) 40 28.2 1.4 30
F-1,6~diP 2,70 9,80 (+ 7.10) 9,00 (+ 6.30)
B“PGA 2010 0080 (- 1930) 2060 (+ 0050)
GLP 42,10 2.0 (~-40.10) 5,40 (=36.70)
F6P 5655 6.60(-+ 1.05) 7.40 (+ 1.85) 115.6 56.80 2.03 60
Iz F-1,6~diP 6.0 13.80(+ 7.80) 11,00 (+ 5.0)
3-PGA - Le65 0.80(~ 0.85) 2.60 (+ 0.95)
GLP 50,66 0.20(=40.46) 0.48 (~40.18)
177 F6P 1.65 1.0 (- 0.65) L0 (+ 2.35) 5le43  31.02 1.7 60
F-1,6-diP Lo05 L o20(+ 0.15) 160 (= 2.45)
B-PGA. 1080 1020(—‘ 0060) 1-!-.16 (i 2.36)
G]-P 14-0066 OoéO(‘l}OoOé) l{-.lpo ("'36026)
7 F6P 2.10 3.20(+ 0,11) 7.20 (+ 5,10) 29.20 8,46 3y 30
F—l,é—dip 3630 7aO (+ 3070) 6.20 (+ 2090)
3-PGA 1.95 2.20(+ 0.25) 490 (+ 2.85)

In these experiments (Table XI) 40.0 ymoles of GLP were added as substrates and endogenous
levels of the substrate and indicated intermediates were determined in the extracts.

The values are given in pmoles/3.0 ml containing 1.0 ml of enzyme preparation,

GL(N) and GL(0) are as previously stated.
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gtudies based on measurement of the level of substrate
and intermediates of glycolysis clearly indicate that there
i1g less carbohydrate breakdown in air than in nitrogen,
(Table XI). The ratio of breakdown of F6P in nitrogen
as compared to air indicates a greater logs of this inter-
mediate under anaerobic conditions, In the case of Fel,6-
diP the ratio indicates a greater breakdown of this com-
pound under aerobic conditiomns, or that F-1,6-d1iP accumulates
to a greater extent under anaerobic conditions., This would
be expected if PFK is involved in the Pasteur effect. A
carbon balance sheet has not been calculated owing to the
large losses of GIP which 1is probably due to phosphatase
actlivity in the crude extracts, Further evidence 1in
support of this conclusion 1s repofted later in the manu-
seript, Although the results obtained (Tables XI and XII)
confirmed the findings of Hatch and Turner (1959) that
glyceraldehyde~3~-phosphate dehydrogenase is affected by
oxygen, however in these studies, it is clearly shown that
more than one enzyme is affected by oxygen, in the aeroblc
jnhibitlon of glycolysis. Hatch and Turner (1959) indi-
cated that the inhibition of glycolysls in pea-seed
extract was due to "oxidative inactivation of glyceralde-
hyde~3~phosphate dehydrogenase", that oxygen exerts its
effect "on a step beyond F-1,6-diP in the glycolytic

system", The results thus far given which are similar to




TABLE XII. Aerobic Inhibition of Glycolysis of
Various Substrates. Glycolytic activity
is Expressed as an Average of the First
2 Hours of Steady-rate Activity.

Glycolytic

Expte % Activity GL(N
No. ‘Substrate GL(N) GL(0) GL(0)
GLP 127 116 1.09

F6P 51 16.5 3.09

I F-1,6~diP 80 72 1.11
3-PGA 93.2 Th 1.25

G1P o5 8L.5 1.15

T F6P 71 50 L1oh2
F-1,6~diP 732 6l.2 1.19

3-PGA 110.6 8l 1.31

Gp 92,5 85.6 1.08

TTT F6P 48 L0e5 1.19
F-1,6-diP 56 54 1.03

3-PGA 5446 L5 1.20

GLP 112 9.6 1.18

v F6P 62 60 1.03
F-1,6-diP 5945 59 1.0
3-PGA 72.6 57.2 1.26

* 40,0 ymoles of each substrate were used in the
assay systems; and GL(N) and GL(O) are as previously
stated.
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those reported for animal tissues and micro-organisms
(Passonneau and Lowry, 1962, 1963, 196k; Parmegglani and
Bowman, 1963; =nd Wu,,1965) strongly support that an
enzyme (PFK) operating prior to glyoeraldehydeeﬁ—phOSphate
dehydrogenase in the E.,M,P, pathway is also affected Dby
oxygen and that it 1s probably primarily responsible for
the Pasteur effect,

(3) Effect of Glucose-l-Phogphate Concentration

on the Glycolysis in the Extracts from
Wheat Embryos.

The data plotted in Figure 12 reveal that the avall-
ability of G-1-P is also capable of controlling aerobilc
glycolysls, Increasing.the concentration of G-1-P led
to a greater stimulation of both aerobic and anaeroblc
glycolysis, but the Pasteur effect was almost abolished,
An increase from 20 pmoles to 80 pmoles of GIP decreased
the Pasteur effect by about 30%., The G1(N)/GL(0) ratio
at low G-1-P concentration (20 wmoles) is equal to 1,2,
whereas with G-1-P at 80 umoles, the ratio 1s reduced to
0.89 (Fig 12)., These results closely parallel those
reported by Wu (1965) for Ehrlich Ascites tumor cells,
He showed that when the concentratlon of glucose was
increased 10-fold, the rate of aerobic glycolysis was
doubled, and an increase in the Pk from-éo% at high

glucose levels to 80% at low glucose levels was obtained,
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FIGURE 12. Effect of increasing glucose-l-phosphate on
glycolysis by crude wheat embryo extracto,
Reaction mixture contained 1.0 ml of the
enzyme preparation. '
Systems la, 1lb contained 20 jpmoles G-1-F;
2a,2b contained 40 ymoles G-1-P; and systems
3a,3b contained 80 ymoles G-1-F in addition to
the other reagents indicated in Methods
(see text p.42).
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(4) Effect of Aerobic Conditions on the Utilisation
of Glycolytic Intermediates Serving as substrates

Tn order to further determine the point (in the EMP
pathway) at which oxygen asserts its effect, some experi-
ments were carried out in which the crude wheat embryo
extract was incubated with G-1-P, F-6-P, F-1,6-diP and
3-PGA respectively.

The breakdown of F-6-P was generally inhibited 1n
air more than any of the other compounds (Table XII).

This appears to indicate that the activity of the enzyme
converting Fé6P——3p F-1,6-diP, 1.€, phosphofructokinase 1s
being inhibited by oxygen, rather than any of the enzymes
converting F-1,6-diP to the Trioses, There 1s however
some evidence that one, perhaps more enzymes are affected,
Table XI also shows that under anaeroblc condition the
ratio of F6P accumulating generally exceeds that of 3-PGA
accumulating - this also is a clear indication that
phosphofructokinase 1s perhaps more severely effected than
glyceraldehyde-3-phosphate dehydrogenase, These results
supplement those of Hatch amd Turner (1959) in that the
serobic utilisation of F-6~P and 3-PGA are both inhibited,

(5) Effect of Adenosine Triphosphate Concentration
on the Aerobic Inhibition of Glycolysis

It has been reported in this manuscript (see page 53
that 4TP a2t low concentrations serve as substrate for PFK,

while at higher concentratlions it serves as & negative
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effector, an observation that is consistent with those of
others for the enzyme from ofther sources (cf,) Atkinson
and Walton (1965); Atkinson et al (1964); Salas et al
(1963) ; Passonneau and Lowry (1962,1963), and Mensour and
Mansour (1965), It has been speculated that the regulatory
effect of ATP on PFK probably confers on it the unique
property of controlling glycolysis (Lardy and Park,1955;
Mansour and Mansour, 1962; and Wu,1964), It is interesting
that the results (Fig 13) show that ATP at low concen-
tratlons operates as a substrate, while at higher concen-
trations both aerobic and anaerobic glycolysis of wheat
embryos extract are inhibited. As shown in Table XIII,
both anaerobic and aerobic CO, production are decreased

at a2 high ATP concentration, From these results it can be
concluded that this effect of ATP on glycolysis 1is

brought about by its control on PFK, & speculation that
will be consistent with the view that the inhibition of
PFK by high level of ATP may be responsible for the Pasteur

effect (Lynen et al, 1959; Mansour and Mansour, 1962 ete),

(6) Effect of AMP

Passonneéu and Lowry (1962); Atkinson and Walton
(1965), amongst others reported that the inhibition of PFK
activity by ATP was relieved by AMP (seé also results
obtained on AMP as a positive effector for wheat embryo
PFK, page 59 ). When the crude wheat embryo extract was

incubated with ANMP at an inhibitory level of ATP (Fig 14)
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TABLE XIIT. Effect of Some Compounds on Aerobic and
Anaerobic Glycolysis in Crude Wheat
Enbryo Extracts.

Glycolytic
% Concent- Activity GL(N)
Substrate Addition ration. GL(N) GL(0) GL(O)
G-1-P Control (no addi-
tion) - 82 62 1.32
Pi 10 90 72 1l.25
" 20 a7 76 1.14
u No addition - 130 88 L7
ATP (inhibitory) 20 90 69 1,30
InhATP + AMP L 82 83 0.98
n 10 86 102 0.84
u no addition - 140 123 1.13
Inosine 10 139 118 1.17
" - - L3 37 1.16
Imidazole 10 69 L5 153
" - o= 81{, ® 6 83 1 .Ol
Benzimidazole 10 63 L5 -
n - - 133 93.8 1.4l
Benzimidazole 10 yal -85 -

e

v

Systems contained 40.0 ymoles of GLP as substrate.
These sets of results were repeated 3 to 4 times
with similar resulbs, and those on inosine,imidazole
and benzimidazole are averages of three such results.
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it was found that it reverses the aerobic imhibition of
glycolysis markedly, while it appeared to act as a negative
effector on anaerobic glycolysis, In some of the experi-
ments conducted, after 60 - 90 minutes of imcubation, it
was observed that aerobic COp production in the presence
of AMP far exceeded anaerobic COp production, The
stimulation of aerobic glycolysis found in these experi-
ments 1s significant, in that it agaln makes it possible
. to agree with the postulate that, PFK most certainly
controls glycolysis, Wu (1964) showed that in aerobic
experiments with kidney cortex silices, there was always
a high level of ATP and a low level of AMP, The reversal
of the inhibitilon of aerobic glycolysis by AMP is tThere-
fore significant, The level of intracellular AMP must
have been raised by its addition, thus enabling it to
play its role ag a positive effector for FPFK,

(7) Effect of Imidagole, Inosine etc,, on herobic

and Anserobic Glycolysls of Wheat Embryo
Bxtracts

Wu (1965) has shown that imidazole activates and
that inosine inhibits the glycolysis of Ascites tumor cells,.
Accordingly these compounds and others were tested for
their effect on glycolysis in wheat embryo extracts.,
Typical experiments are shown in Table XIII, The crude
wheat embryo extracts were incubated in the usual assay

system, Inorganic phosphate and imidazole activated both




a4

aerobic and anaserobic glycolysis., On the other hand
inosine inhibited aerobic glycolysis, and showed no
discernible effect on anaerobic glycolysis, Adenosine-5"'-
monophosphate stimulated and reversed the inhibitory

effect of ATP on aerobic glycolysis, and intensified the
inhibition of anaerobic glycolysis., The results obtained
here are consigstent with those of Wu and Racker (1959,1963);

and Wu (1964,1965).




DISCUSSION

Experiments have shown that the properties of the

phosphofructokinase from pea (Pisum sativum L, var, Tall

Telephone syn, Alderman) and wheat (Triticum aestivum L,

var, Selkirk) show some unique features, which are con-
sistent with the view that this enzyme falls into a class
of enzymes that serve a regulatory function in vivo, The
term 'allosteric protein' was coined for this group of
enzymes (Monod et al, 1963).

Phosphofructokinase was isolated from various plant
material and partially purified. During the course of
isolation and purification, it/g%gerved that maceration
leads to inactivation of the enzyme particularly the
enzyme from wheat and spinach leaves, It is however
relevaht to add that addition of a sulfhydryl compound
e.g., Cleland's reagent (dithiothreitol) partially stops
this inactivation., The protection offered by Cleland's
reagent for example suggests that in all likelihood, PFK
possesses an -SH group in its active centre or centres,
that this group or groups are probably exposed and being
exposed they are easily destroyed or interferred wlth
during maceration, The addition of sulfhydryl compound
probably supplies the lost -SH group,

It is also suggested that PFK is a flexible proteln,
the flexibility of which confers on it, the ease of under-

going conformational changes at maceration., It 1s also
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significant that in some experiments in which 0,05 M fructose
was added to the extracting medium a 6-fold increase in
initial activity was obtained; addition of 10'4 M MgClo

also led to a 3-fold increase (Table III), This suggests
that these compounds probably bind to the enzyme surface,

in such a way that the active centre or centers are no longer
exposed to imactivation by maceration,

Experiments also show that plant tissue PFK is not
only sensitive to maceration, but also to dialysis, &after
dialysis, it was observed that wheat leaf PFK retalned
1ittle or no activity., The behavior of this enzyme is
similar to most others particularly glucose=-6-phosphate
dehydrogenase which is imnactivated by dialysis and reacti-
vated by warming or addition of NADP (Kirkman and Hendrick-
soa,l962). The fact that dialysis leads to reduction or
complete loss of activity suggests that the activity of
the enzyme is due to a small moleocule or molecules, Chroma-
tography on Sephadex G=25 column (a step used to remove
NaCl) leads to instability of the enzyme, It is probable
that loss of activity during dialysis is due tO eXeess
loss of NaCl,. and this will be comparable with the result
obtained following removal of salt from the partially
purified enzyme, That this might be the case, 1is supported
by the fact that after the enzyme has been dialysed for

16 hours, no activity was detected, whereas after dialysis
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for 8 hours or 4 hours, 25-30% of the initial activity

was retained (See Table VIII, in the text, Although

the addition of Cleland's reagent to the dialysing medium
restored the activity to about 35% of the undialysed extract,
the mechanism of action of this sulfhydryl compound, 1in

this respect, 1is not understood,

Other treatments that inactivate this enzyme include,
storage for over five days, heat under any conditions beyond
a time of 30 seconds and high acid and alkaline pH,.

Adenosine-5"'-monophosphate, in the presence of Pj
weakly reactivated the inactive enzyme, It 1s relevant
again to note that this is consistent with the view that
AMP is a positive effector for the phosphofructokinase from
wheat embryo and peameal,

It has been shown in these studies that certain divalent
metals and some compounds are potent inhibitors or acti-
vators of plant tissue PFK, Notable amongst the inhibitors
are citrate, inosine, cutt, Zntt and cyanide, while acetate,
imidazole, pyrophosphate and rettT are activators, The
inhibition by citrate, inosine and Zn™", and the activation by
imidazole, Py andMg++ are of particular interest, since
all these compounds have been shown to be tied up with the
controlling effect of PFK on glycolysis (Salas et al, 1965,
Parmeggisni and Bowmsm, 1963; and Wu, 1964, 1965),

The generally low activity obtained from the wheat leaf
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extract led to experiments in which the effect of these
extracts were tested on phosphofructokinase partially
purified from both peameal and wheat embryos, The finding
that the extracts inactivated peameal and wheat embryo
PFK also led to the speculation that some inhibltory
principle might have been involved. Neutralised super-
natants after perchloric acid precipitation however showed no
inhibitory effect, Since no conclusive result was obtained,
it is suggested that a different approach for the isolation
of the inhibitory principle be made to obtain & more success-
ful result,

In these studies experiments show that benzimidazole
maintained the level of PFK in Selkirk wheat leaves even
5 days after detachment., Results in this laborstory have
indicated that benzimidazole treated Khapll wheat leaves
generally show high soluble sugar levels (Mishra,1963),
There is probably a link between these two observatlons.
The increase in soluble sugar content in benzimidazole
treated leaves may be due to more active phosphorylation
due in part to ample or sufficient supply of phosphofructo-
kinase,

The enzyme is probably specific for F-6-P, although
G=6-P and R-5-P were phosphorylated (Table V), The doubt
as to the specificity of the enzyme for F-6-P 1s based

on the fact that the partially purified enzyme might not be
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absolutely free of glucose isomerase, On the other hand,
it is quite clear that the enzyme is non-specific for ATP,
the second substrate.Cytosine, guanosine and uridine-
triphosphates and even ADP camn substitute for ATP, In
fact it is significant that if ATP 1is substituted by GIP,
there is no inhibition by excess nucleotide within the
same range, This findlng does not completely support the
view of Atkinson and Walton (1965) who indicated that
nucleotides other than ATP only have slight activity as
phosphate donors,

The effects of changes in concentrations of substrates
and or other compounents in a reaction, such as cofactors,
on the binding of other reactlon components by the enzyme
ig & standard method employed in the study of enzyme kinetics,
For @ reaction which follows the true Michaelis prediction,
optimal concentrations for each reaction component can be
calculated, The Vygy and the Ky in such clrcumstances
vividly define the rate-substrate curve, In the case of
an enzyme (allosteric) reaction which deviates markedly
from the normal Michaelis pattern, calculation of Ky or
Vmax and inhibitlon constants mean very little, if at all,
in elucidating the true and actual properties of the enzyme,
These conventional methods for the study of sllosteric
enzymes are inadequate, but they would have to be employed,
if only for the fact that they 2id in determining what enzyme
resction follows the normal Michaelis predictilons, and

which ones do not,
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Kesults in these studies show that the plot of rate
as a function of F-6-P concentration is markedly silgmoid,
when ATP serves as a phosphate donor, The curve appears
much less so when GTP serves as & phosphate donmor, Also
when reaction rate is plotted as a function of ATP concen-
trations, with F-6-P at 2,5 or 5,0 pmoles (Figs 7 and 8)
the velocity attains & maximum value at about 1,0 pmole ATP,
and decreases at higher concentrations. The affinity of
the enzyme for F-6-P appears to be decreased by high ATP
concentrations., The inhibition caused by ATP is most
probably due to its effect on enzyme-substrate binding
sites,

Adenosine-5'=-monophosphate which increases the
affinity of the enzyme for F-6-P, increases the reactlon
rate a2t high ATP concentrations, probably by replacing ATP
at the effector site, As the concentration of AMP 1s
increased, however, a point is reached at which further
addition of AMP temds to decrease rate, This is probably
due to the fact that F-6-P becomes the limiting factor,
Since the binding of ATP to the effector site on the
enzyme appears to favour the inactive form of the enzynme,
and the binding of AMP favours the active form, 1t could be
concluded that ATP is a negative effector, while AMP 1s
the positive effector for both peameal and wheat embryo
phosphofructokinase,

Although no specific model is proposed, it would appear
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that the conformstion of both the peameal and wheat embryo

PFK are similar to the Escherichiz coli enzyme (Atkingon

and Walton,1965) which is easily changed or modified by
the binding of AMP or ATP at some specific sgite,

Passonneau and Lowry (1962,1964); Sols et al (1963);
Vinuela et al (1963); and Wu (1965) have supplied evidence
that the regulation of phosphofructokinase activity from
various tissues of living organisms may control glycolysis
in these organisms,

Experiments reported here support this view, Firstly,
the breakdown of hexose and hexose phosphates to carbon
dioxide and ethanol by the crude extracts from viable wheat
embryos suggest the operation of a complete glycolytic
system, Additional evidence was obtained by the conver-
sion of F=-6-P, F-1,6-diF and 3-PGA into carbon dloxide
and ethanol by the extracts,

There is a clear evidence that no altermetive pathway
was opersting to any significant level, The ratio of COp:
ethanol was generally less than 60%, and this is far short
of a greater than unity ratio, expected, 1f the breakdown
of hexose end hexose phosphates was by the pentose phosphate
pathway,

Secondly experiments conducted under aerobic and anae-
robic conditions showed that there is more CO, production in

snaerobiosis then in aerobiosis - a condition suggestive of
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the operation of the Pasteur effect, Generally, in all

experiments, the ratio

GL(N) (CO? production in nitrogen(anaerobic)
G1(0) COp production in air (serobie) )

far exceeded unity, Further evidence for the operation of
the Pasteur effect was provided by experiments based on
measgurement of the levels of certain intermediates of the
glycolytic system , The breakdown of sugar phosphates was
found to be much higher under anaerobic conditions than
under aerobic conditions, Critical evaluation of the data
presented, clearly indicate that the control of glycolysis
and consequently the operation of the Pasteur effect 1s
due to inactivation of PFK, partly by ATP and possibly
by other compounds. Salas et al (1965) and Parmeggisani
and Bowman (1963), suggested, the inhibition of PFK by ATP
alone cannot explain the control of the Pasteur effect,
They showed that citrate also particlpates in the inacti-
vation of the enéyme, and in the control of glycolysis.
Although the effect of citrate on glycolysls of the extracts
from wheat embryo was not directly investigated, the fact
that citrate is one of the potent inhibits of the enzyme
appears to support this view,

Raising the concentration of ATP 1s paralleled by a
decrease in CO2 output, both under aerobic and anaeroblc

conditions., This again offers a clear evidence that
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inhipition of PFK certainly controls glycolysis, It will
be recalled that in the kinetic sgtudies high ATP concen-
tration markedly imhibited PFK from wheat embryos,

Perhasps the most interesting and significant finding
is that AMP should again relieve the inhibition of glycoly=-
sis by a high concentration of ATP, It would be recalled
that

(a) AMP increases the affinity of PFK for F=6-P

(b) It has been suggested that AMP possibly replaces

ATP at the effector site, on PFK molecule, in
order to achieve situation (a),
with this in mind, the conclusion that the regulation of
PFK activity controls glycolysis of wheat embryo extracts
can again bé made,

Analysis of data obtailned by measuring the level of
intermediates, showed thet F-1l,6-diP accumulates more under
anaserobic conditions than under aerobic conditions, fructose-
6-phosphate on the other hand accumulates more under
serobic conditione than under anserobic conditions. This
suggests that The enzyme converting Feb=Puwy F-1,6-d1P is
being inactivated in air, or that it is more active in nitrogen
than in air. The extent of inhibition of PFK by ATP has
been attributed to the level of intracellular Py (Wu, 1965).
The lower the Py level, the greater the inhibition, Although

the Py level has not been measured in these studies, evidence
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was obtalned in support of this view, By raising the con-
centration of P; in the assay system, Dboth anaeroblic and
aerobic glycolysis, lncreased, with s wmore pronounced
increase in the aerobic system, Imidazole showed the same
effect as P;, while inosine and benzimidazole showed inhi-
bitory effects on aerobic glycolysis. Benzimidazole also
inhibited anaerobic glycolysis, while inosine shows no
discernible effect, Wu (1965) suggested that inosine
inhibited aerobic glycolysis in ascites tumor cellg by
lowering the intracellular P3; level, No evidence 1ls pres-
ented on thisg view, but it would appear reasonable to assume
that the effect of inosine on aerobic glycolysis of wheat
embryo extracts probably follows & similar pattern,
remembering that the lower the Py level, the higher the
inhibition of PFK by ATP, If inosine lowers the Pj level
asg Wu (1965) suggested, then ATP will show more inhibitory
effect on PFK and consequently on glycolysis,

Other than the activation and inactivation of PFK,
there appears to be some other gubsidilary rate-limiting
factors, Hatch and Turner (1959) reported that the aercbic
inhibition of glycolysis in pea extracts was due to oxi-
dative inectivation of 3-phosphoglyceraldehyde dehydro-
genase, There wag more CO, production under anaeroblc
condition than under aserobic condition when 3-PGA served

as substrate., There was more accumulation of 3-«PGA 1in ailr



88

than in nitrogen, All these would appear to support that
there ig in fact inactivation of 3-PGA dehydrogenase, The
ratio GL(N)/G1l(0) was however generally less in experiments
where 3-PGA served as substrate than that obtained when
T-6-P served as substrate, The ratio of F-6-P lost in air
to thet lost in nitrogen is generally higher than the ratio
of 3PGA lost under the same conditions,

Another factor that contributes to the control of gly-
colysis observed in these studies 1s the availability of
glucose-l-phosphate, Raiéing the concentration of
G-1-P ig closely paralleled by an increase in the rate of
aerobic CO, output, whereas the rate of CO, output anaerobl-
cally is not dependent on the supply of G-1-P,

The ratio GL(N)/Gl(0) is higher when F-6-P served
as substfate than the ratio obtained when any other inter-
mediate served as substrate, High concentration of ATP
(the negative effector for PFK) inhibits aerobic glycolysis
and this inhibition ig relieved by AMP (positive effector
for PFK). The level of F-1,6-diP is lower under aerobilc
then under anaerobic conditions, These suggest that the
phosphorylation of F-6-P ig rate limiting in the glycolysis
of the extracts from wheat embryos,

These findings with the extracts from wheat embryos

confirm the results reported for Fasciola hepatica, muscle,
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yeast and ascites tumor cell PrK (Mansour and Mansour,
1962; Passomneau and Lowry, 1962; Wu, 1964,1965; and

salas et al, 1965), These reports state that aerobic
glycolysis is controlled by the regulstion of PFK activity
and that the inhibition of the enzyme by some compounds,
notably high concentration of ATP, way be responsible for

the Pagteur effect,




SUMMARY

A method for the preparation of a 105-fold purified

phosphofructokinase from pea (Pisum sativum L, var, Tall

Telephone syn,Alderman) and wheat (Iriticum aestivum L,

var,Selkirk) has been described,

The crude extract 1s highly sensitive to maceration
and dialysis, Addition of sulfhydryl groups to grinding
medium protects the inactivation of the enzyme during mace-
ration and dialysis,

The partially purified enzyme 1is stable in the presence
of sodium chloride,

The kinetic behaviour of phosphofructokinase from
both peameal and wheat embryos is generally similar to that

of the enzyme from Escherichia coli, yeast and animal tlssues,

Activity is maximal at pH 8,0 to 8,5, Besides fructose-
g-phosphate G-6-P was found to be readily phosphorylated by
the enzyme,

Nucleotides other than adenogine triphosphate, espec-
ially guanosine and uridine triphosphates and adenosine
diphosphate, can serve as phosphate donors,

The affinity of the enzyme for fructose~b6~phosphate is
decreased by high concentrations of adenosine triphosphate,
while the affinity is increased by adenosine monophosphate,
nagnesium and inorganic phosphate,

Sigmoid rate curves, characterilstic of regulatory
enzymes, were observed for the plots of rate versus fructose-
6-phosphate concentrations,

Observations recorded are consistent with the model
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proposed for the Escherichia coll enzyme, that the binding

of adenosine-monophosphate or adenosine triphosphate at
gome effector site leads to conformational changes that
modify the affinity of the enzyme for fructose-6=phosphate«

Crude extracts from wheat embryos supplemented with
necessary cofactors possessed complete glycolytic activity,

Glycolysils by the crude enzyme preparation was
inhibited by aerobic conditions, a finding that 1s con-
sistent with the definitiong of the Pasteur effect,

The degree of aerobic inhibition of glycolysis
leading to the establishment of the Pasteur effect appear
to depend largely on the regulation of phosphofructokinase

activity.
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